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Abstract10

A remote sensing approach permits for the first time the derivation of a map of the carbon dioxide 11

concentration in a volcanic plume. The airborne imaging remote sensing overcomes the typical 12

difficulties associated with the ground measurements and permits rapid and large views of the 13

volcanic processes together with the measurements of volatile components exolving from craters.14

Hyperspectral images in the infrared range (1900 – 2100 nm), where carbon dioxide absorption 15

lines are present, have been used. These images were acquired during an airborne campaign by the 16

Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) over the Pu`u` O`o Vent situated at the 17

Kilauea East Rift zone, Hawaii. Using a radiative transfer model to simulate the measured up-18

welling spectral radiance and by applying the newly developed mapping technique, the carbon 19

dioxide concentration map of the Pu`u` O`o Vent plume were obtained. The carbon dioxide 20

integrated flux rate were calculated and a mean value of 396  138 t·d-1 was obtained. This result is 21

in agreement, within the measurements errors, with those of the ground measurements taken during 22

the airborne campaign.23
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1. Introduction27

Volcanoes rarely erupt without warning; magma degassing, in the form of volcanic plumes or 28

fumarolic fields, represents one of the signals that are indicative of the magma activity and its 29

presence near the surface (Scarpa and Tilling, 1996). In recent years, many studies have indicated 30

the important role of the volatile elements in the eruption processes. In particular, carbon dioxide is 31

one of the most relevant volatile elements, which is attributed to its abundance and its property of 32

exolving easily from magma and releasing into the atmosphere (Papale and Polacci, 1999). Since 33

CO2 has the lowest solubility of all the volatile compounds in the basaltic magma (Gerlach and 34

Thomas, 1986), it is a potential precursor of volcanic eruptions and can help in assessing the 35

associated hazards (Symonds et al., 2001). The correlation between the CO2 flux rate and the 36

magmatic activity has been demonstrated by many authors (Harris and Rose, 1996; Gerlach et al., 37

2002; Allard et al., 2005; Shinohara et al., 2003; Wardell et al., 2001).38

After exolving from magma, the CO2 reaches the surfaces not only through the main conduits of the 39

volcano but also through other paths. These additional contributions generate diffuse ground 40

emissions, whereas the main conduit degassing generates the volcanic plume. Although CO2 is 41

helpful in understanding the volcanic behavior, in practice the measurement of CO2 inside the 42

plumes is difficult due to the inaccessible nature of the summit sites and the high CO2 atmospheric 43

background. The diffuse ground emissions are measured by dedicated surveys or by ground 44

geochemical networks if available (Badalamenti et al., 2004). Traditional plume measurement 45

techniques require in situ sampling at the vent, posing several practical problems, mostly due to the 46

operator risk exposure and rarity of measurements in volcanic plumes since they are restricted to 47

accessible vents. Efforts for a long-term CO2 monitoring program were addressed at Kilauea 48

volcano through the investigation of CO2/SO2 variations in the volcanic plume (Sutton and Elias, 49

1994). Techniques capable of measuring volcanic plume CO2 are in-plume flights using the infrared 50

analyzer LI-COR (Wardell et al., 2001; Allard et al., 1991) and remote measurements using OP-51

FTIR spectrometer (Francis et al., 1998). These instruments were introduced to overcome some 52
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difficulties associated with the in situ measurements. However, both present limitations in 53

measuring CO2 in a volcanic plume (Burton et al. 2000). The LI-COR instrument needs to directly 54

sample the CO2 concentration in the plume and the OP-FTIR needs an emitting source such as lava 55

fountains, or an artificial source behind the CO2 plume. Moreover, both of these techniques provide 56

integrated measurements of CO2, depending on the flight path or on the path geometry of the 57

source.58

In order to substantially improve the measurement frequency and to clarify the spatial distribution 59

of CO2 emission rates, remote sensing can be very effective, as already demonstrated for volcanic 60

SO2 (Realmuto et al., 1994; Realmuto et al., 1997).61

Remote sensing plume mapping provides the advantage of including inaccessible sites and of 62

having rapid data acquisition and synoptic perspective, if frequent airborne flights are scheduled. 63

For this purpose, hyperspectral imaging spectrometers were employed, since they can detect gas 64

species absorption lines, depending on gas concentration, instrument sensitivity and wavelength 65

range. Green (2001) used hyperspectral remote sensing to detect variations in atmospheric CO2. In 66

this article, the hyperspectral capability for detecting the volcanic CO2 over the atmospheric 67

background has been demonstrated, deriving the first volcanic CO2 concentration map. To achieve 68

this, we have developed a mapping technique using hyperspectral images acquired over the Pu`u` 69

O`o Vent during an airborne and ground-based measurement campaign at Kilauea volcano, Hawaii. 70

Moreover, the CO2 flux rate has been estimated from the map.71

Improved measurement frequency is also important in understanding the contribution of volcanoes 72

to the carbon cycle. Volcanoes represent one of the natural processes in the Earth’s system, which 73

add carbon dioxide to the atmosphere (Houghton et al., 2001). The global volcanic emission rate74

has been only approximated, resulting in 34  24 Mt·y-1 (Williams et al., 1992); the high uncertainty 75

is primarily due to the unavailability of long-term measurements for most of the volcanoes and the 76

highly variable nature of volcanic plumes in the eruption processes. Otherwise, the measurements 77

of CO2 fluxes are rare and the quality and frequency are not ideal (Francis et al., 1998). 78
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Nevertheless, it is necessary to continually quantify the volcanic plume degassing rate in order to 79

fully establish its role in the global cycle (Fiocco et al., 1994; Gerlach, 1991), as the terrestrial 80

component of the carbon cycle is less well understood (Robock, 2000).81

82

2. Kilauea Volcano – Hawaii83

The Kilauea volcano, with an elevation of 1277 m a.s.l., has been active for 300,000–600,000 years, 84

with no prolonged quiescence periods known. Hawaii is a particular volcanic system called a Hot 85

Spot. This means that magma penetrates the tectonic plate and rises up to the surface crust, leaving 86

a string of volcanoes as the plate moves (Decker et al., 1987). The Hot Spot is merely an anomalous 87

zone where heat is concentrated and transferred constantly from the Earth's interior to the surface. 88

In the Kilauea volcano, beginning in 1983, a series of short-lived lava fountains formed the massive 89

cinder and spatter cone called Pu`u` O`o (Wolfe, 1988). This eruption of Kilauea has been ranked as 90

the most voluminous outpouring of lava on the volcanic east rift zone over the past five centuries. 91

The cone with a circumference of 300 m is situated approximately 21 Km east of the summit of 92

Kilauea and 37 Km from Hilo town, in the East Rift zone of Hawaii ‘Big Island’ (Fig. 1).93

94

3. Data Set95

An airborne campaign was performed on the Kilauea volcano using the Airborne Visible/Infrared 96

Imaging Spectrometer AVIRIS on April 2000. AVIRIS is an optical hyperspectral sensor with 30 97

degree field of view recording digital images of the surface. Each image element (pixel) gives the 98

measurement of up-welling radiance acquired in 224 contiguous spectral channels ranging from 400 99

to 2500 nm, with 10 nm spectral resolution (Green et al., 1998). Thus, each measurement is 100

composed of 224 spectral images for each flight line. AVIRIS flies on the NASA ER-2 jet aircraft 101

platform. The ER-2 is a U2 aircraft that flies at approximately 20 km above sea level at 730 km·h-1.102

The radiometric and spectral performances of AVIRIS are tested before and after each measurement 103

campaign (Green et al., 1996; Green et al., 2001). Moreover, radiometric coefficients to calibrate 104
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the data are accurately retrieved by the in-flight calibrations using a known spectral source of 105

internal radiation (Eastwood et al., 2000; Green and Parvi, 2001).106

The flights on Kilauea volcano took place in the spring, which is an ideal period for acquiring good 107

quality data since the humidity values are low (Brown and Changery, 2000). Several flights were 108

performed in order to acquire different scenes of the Kilauea volcano site. The flight altitude was 109

19400 m a.s.l., giving a 18 m ground resolution. Kilauea was partially cloudy during AVIRIS 110

acquisition flights and only one clear image of the degassing plume of the Pu`u` O`o vent was taken 111

on April 26. The mean value of temperature was 13.8 ± 0.5 °C, a relative humidity of 80 ± 5 %, a 112

pressure of 884 ± 3 hPa, and a wind speed of approximately 5 m·s-1 based on measurements at the 113

cone altitude by the radio-sounding from Hilo. AVIRIS flew E NE (70°N) while acquiring the data 114

on Pu`u` O`o vent. The plume was well illuminated by sunlight (80.8° of elevation and 228° of 115

azimuth) and extended 5.6 km toward S SW.116

The selected AVIRIS data have a radiometric and spectral calibration precision of 1% and 3·10-3 %,117

respectively, over the SWIR wavelength range.118

Contextually to AVIRIS airborne campaign, ground gas measurement was available. The Hawaiian 119

Volcano Observatory regularly measures volcanic gases in several locations in the Kilauea summit 120

area and in the east rift zone using different techniques (Sutton et al., 1992; Elias et al., 1998; Elias 121

and Sutton, 2002). Fumarolic gas analyses from Kilauea’s east rift site at and near Pu`u `O`o, from 122

1983 through early 2002, show a nearly steady molar ratio [CO2]/[SO2] = 0.19 ± 0.02 for more than 123

210 measurements spanning nearly 15 years of monitoring (Gerlach et al., 1998). Airborne 124

measurements of the plume-integrated [CO2]/[SO2] agreed with the fumarole-based ratio (Gerlach 125

et al., 1998). Using this ratio and the SO2 emission rate (Gerlach et al., 1998), the CO2 emission rate 126

is calculated according to the following relation:127

128

ECO2 = 0.13(ESO2) (1)129

130
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where ECO2 and ESO2 are the emission rates and 0.13 is a scaler relationship based upon the molar 131

[CO2]/[SO2] and the formula weights of the two gases.132

On 26th April 2000, ESO2 was quantified at 1777 t·d-1 by vehicle-based COSPEC (Elias and Sutton, 133

2002). Accordingly, ECO2 results 230 t·d-1 with an uncertainty of this value of 40% or about ± 90 134

t·d-1 (Sutton, 2002).135

136

4. Plume Mapping Inversion Algorithm137

The remote sensing technique CIBR ‘Continuum Interpolated Band Ratio’ (Carrere and Conel, 138

1993) is a well-known differential absorption technique that can be used to derive the columnar139

abundance of atmospheric water vapor (Carrere et al., 1990). In the present work, the basic concept 140

of the CIBR has been implemented and adapted to retrieve the volcanic CO2 columnar abundance 141

and then the CO2 concentration, developing a new mapping technique in the wavelength range from 142

1900 nm to 2100 nm where CO2 molecules have absorption lines. This new technique is based on 143

the assumption that CO2 absorption lines in the spectrum are related to the CO2 concentration in the 144

atmospheric column; the higher the gas concentration, the deeper are the gas absorption lines.145

The mapping technique operates on each individual pixel of the hyperspectral images providing the146

volcanic CO2 concentration, thus creating a two-dimensional map of the plume.147

A spectral radiance simulation under standard atmospheric conditions and using the AVIRIS 148

spectral resolution (about 10 nm) shows three different CO2 absorption bands in the absence of 149

water vapor. These CO2 lines partially overlap with the water vapor lines. The presence of water 150

vapor influences the CO2 absorption bands cancelling the signal of the first CO2 absorption band151

and modifying the other two CO2 bands depending on the amount of water vapor. Therefore, the 152

amount of water vapor in the plume must be taken into account by applying an appropriate 153

correction.154

The retrieval is based on solving the following equation:155

156
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where:159

- CIBR is given by the following ratio:160

161

)()( 2211  LbLa

L
CIBR m


 (3)162

163

- Lm is the band interpolated radiance, i.e. the radiance corresponding to the minimum of the gas 164

absorption band in the spectral curve;165

- )( 11 L  and )( 22 L are the two neighbouring channels radiances outside the absorption 166

region (named ‘continuum’ radiances);167

- a and b are weighing coefficients (a + b = 1) defined by the following expression:168

12

2







 ma (4)169

170

12

1







 mb (5)171

The CIBR mathematically represents the depth of the absorption bands in the spectral radiance 172

curve.173

- [CO2] is the unknown carbon dioxide columnar abundance (kg·m-2);174

-  ( w ) and  ( w ) are the parameters related to the model variables, volcanic water vapor 175

concentration and volcanic aerosol, respectively.176

177
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In Eq. (3), the radiance of the continuum L1 corresponds to 1 = 1981 nm, L2 to 2 = 2031 nm, 178

and the minimum of the absorption Lm to m = 2011 nm. The corresponding weighing coefficients 179

are a = 0.4 and b = 0.6, since these channels are unequally spaced.180

It has to be underlined that the total CO2 present in the atmospheric column is derived by inverting 181

Eq. (2). In order to obtain the volcanic contribution, the atmospheric background has to be 182

subtracted using atmospheric CO2 independent measurements. If these measurements are not 183

available, values extrapolated from the data itself in the zones far from the volcanic plume can be 184

used.185

186

5. Signal Sensitivity Analysis187

Before processing the AVIRIS data, a detailed study was performed to determine its sensitivity to 188

the presence of volcanic carbon dioxide. As already described, the mapping technique is based on 189

the relation between the gas absorption lines and its concentration. Variations in CO2 concentration 190

induce variations in the CO2 absorption lines in the spectral image; these variations can be detected 191

only if the instrument has an appropriate sensitivity; it critically depends on the accuracy of the 192

radiance measurement. In practice, the instrumental noise must be smaller than the variations in the 193

absorption line. The AVIRIS instrument sensitivity, known as the noise-equivalent radiance (NeR), 194

was deduced from laboratory and in-flight instrument tests (Eastwood et al., 2000; Green and Parvi, 195

2001).196

In order to quantify the signal sensitivity with respect to the variations in the CO2 absorption line, a 197

sensitivity function F(D) was defined according to the following equation:198

199

F(D) |
D() |m

D() | 
1C
D() |

2C

| (6)200

201
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where:202

- indicates the spectral channel, m = 2011 nm indicates the CO2 absorption channel;  C 1
= 203

1981 nm and  C 2
= 2031 nm indicate channels in the ‘continuum’ (i.e. the wavelength radiances 204

adjacent to the absorption band);205

- D = (RPlume - RAtm), where RPlume is the volcanic plume radiance and RAtm is the atmospheric 206

radiance outside the plume. RPlume and RAtm were computed taking into account two areas of the 207

image. The first area is the volcanic plume area and the second one was selected following signal 208

homogeneity criteria outside the plume. The mean values of the spectral radiance for the two areas 209

and the corresponding measurement errors are shown in Fig. 2.210

Values of F(D), calculated from the CO2 absorption band  m , are shown in Fig. 3. The CO2211

concentration retrieval is possible only if the AVIRIS signal contains the information on volcanic 212

CO2, i.e. where F(D) assumes values greater than the noise equivalent radiance:213

214

F(D)  F(NeR) (7)215

216

In order to isolate the volcanic contribution with respect to the atmospheric one, the condition (7) 217

has to be satisfied. The F(D) values satisfying condition (7) mostly correspond to the crater area 218

source of the plume. This is consistent with the fact that high signals correspond to expected high 219

gas concentrations.220

221

6. Pu`u`O`o Plume Mapping Result and Discussion222

In order to map the CO2 plume from the spectral radiances measured by AVIRIS, Eq. (2) needs to 223

be inverted for each pixel of the image. The Modtran radiative transfer model (Berk et al., 1989) 224

was used to simulate the AVIRIS radiances. In order to adequately represent the atmospheric and 225

measurement conditions, the model was tuned using the following input information:226
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- atmospheric vertical profile (pressure, temperature, humidity, and wind speed), as measured at  227

the Hilo site during the AVIRIS flight;228

- atmospheric CO2 concentration equal to 372 ppmv, as derived from in situ air samples 229

collected at Mauna Loa Observatory (Keeling and Whorf, 2005);230

- surface reflectance equal to 0.1 for basaltic lava rock in the SWIR wavelength range, as 231

derived from the USGS reflectance data base (USGS, 2000); surface reflectance was 232

considered constant in the SWIR range. The ground reflectance measurements in a volcanic 233

area (Spinetti et al., 2007) support this hypothesis.234

- geometrical parameters, i.e. flight altitude, sensor view angle, volcano and plume altitude, and 235

solar position;236

237

Using these input parameters, Modtran simulates the radiance spectral curve for the atmospheric 238

CO2 measured at the ground level. Starting from this curve, the modified version of Modtran used 239

in this work allows the stimulation of many absorption curves for additional CO2 concentrations in 240

the column. These additional CO2 concentrations were rescaled in the column by dividing it into 241

layers by applying the hydrostatic equation (Berk, 1996).242

Simulations of AVIRIS spectra were performed by applying the convolution between the radiance 243

simulated by Modtran and the AVIRIS spectral response functions.244

245

A relevant aspect to be taken into account in the simulations is the presence of water vapor, which 246

in a volcanic plume is highly concentrated, being the principal volcanic plume component. Spectral 247

features of CO2 in the AVIRIS spectra are influenced by water vapor absorptions. The CIBR 248

technique involving the 940 nm water vapor absorption band was used into derive the columnar 249

abundance of plume water vapor (Spinetti and Buongiorno 2004). The AVIRIS image has been250

divided into 5 areas along the volcanic plume, following columnar content of water vapor ranging 251

from 23 to 40 kg·m-2.252
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Another effect that has to be taken into account is aerosol scattering, since it can influence the 253

results. Rayner et al. (2002) has demonstrated that CO2 absorption bands are affected by aerosol 254

scattering; the aerosols are present in large amount in a volcanic plume as they are formed during 255

the interaction between the volcanic gases and the atmosphere.256

257

Using the same AVIRIS image in the visible wavelength, the AOT map was retrieved with an 258

already developed technique (Spinetti et al., 2003). Subsequently, the plume was divided into areas 259

where the AOT ranged from 0.1 to 0.8. These values are typical for the quiescent Pu`u`O`o plume 260

(Porter et al., 2002).261

For each set of water vapor content and AOT retrieved, radiance spectral curves have been 262

simulated by varying the CO2 concentrations. The CIBR is calculated from equation (4) using the 263

simulated radiances. The CIBR vs. CO2 abundance determines the model calibration curve (Fig. 4). 264

By fitting the calibration curves, the parameter values  (w)  and  (w )  are calculated. Values 265

have been accepted when fit correlation parameter is R2 > 98% (Table 1).266

Using the measured AVIRIS radiance data in Eq. (3) and the calculated values of  (w)and 267

 (w ) , Eq. (2) is inverted pixel by pixel and the spatial distribution of the volcanic CO2 columnar 268

abundance is obtained. In this inversion process, the atmospheric CO2 is subtracted.269

Fig. 5 shows the AVIRIS data and the resulting map of volcanic CO2 concentration. In the map, the 270

crater zone shows the highest values reaching 350 ppmv. The CO2 concentration becomes rather 271

low in the zone far from the cone where the plume is dispersed over a large area. Here, the 272

contribution of volcanic CO2 to the measured radiance absorption is too small to be distinguished 273

from the atmospheric CO2 background. Therefore, out of the plume, no significant pixel values 274

appear, meaning that the diffuse degassing shows contribution below the instrumental sensitivity 275

given by condition (7).276

Some spot zones in the central plume area above the crater shows low concentration of CO2, as it is 277

evident in a plume section (transect) of Fig. 6. This could be due to different causes. As first, the 278
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plume source in the crater is not uniform (Johnson et al., 2005). This is consistent with the ground 279

observations of the crater structure (Fig. 7). As the Pu`u `O`o crater has large dimensions, gases are 280

released by different vents where the crust is fractured (Heliker et al., 2003). In the zones out of the 281

vents, it is reasonable to find low CO2 concentration values. As second, a few pixels show the signal 282

saturation probably due to high infrared emission under the plume; the present technique cannot be 283

applied if the effect is to overwhelm the CO2 absorption lines. These hypothesis can explain why in 284

some pixels in the central part of the plume the detected CO2 concentration is zero.285

In order to compare the retrieved map with ground measurements, the CO2 flux rate is estimated. 286

The flux, as a mass across a unit area orthogonal to wind direction in a unit time, is computed using 287

the following equation:288

289

(CO2)  A  C
i1

n

 O2(i)  v  dx(i) (8)290

291

where:292

- i indicates the transect pixel number;293

- A is conversion factor for obtaining the flux in t·d-1;294

- CO2 shows the values of CO2 concentration along the transect;295

- v is the wind velocity;296

- dx is the pixel dimension.297

298

A constant wind speed along the plume is assumed with a value of 5 m·s-1 as measured using the 299

radiosounding at crater altitude, assumed to be the plume altitude.300

Following equation (8), the CO2 flux along the plume axis is 396  138 t·d-1. The estimated value is 301

the mean CO2 flux obtained considering different transects along the plume axis. All the points 302

composing the transects in the map concentration are considered as plume CO2, as from a bi-303
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dimensional map it is not possible to differentiate the plume CO2 from diffuse CO2. It has to be 304

noted that CO2 from diffuse degassing generally has lower concentration compared with volcanic 305

plume one. Thus CO2 from diffuse degassing poorly influences the measured radiance. The error is 306

estimated using a statistical method based on the retrieved map uncertainty (Carrere et al., 1990) 307

and taking into account also the uncertainty in wind speed.308

To validate the flux retrieved value, we compare it with the value discussed in Section 3. The 309

ground measured flux is 230  90 t·d-1. The comparison of these results shows a rather good 310

agreement, within measurement errors, validating the retrieval obtained using the developed remote 311

sensing technique.312

313

7. Conclusions314

For the first time, a volcanic plume CO2 concentration map has been obtained using airborne 315

AVIRIS hyperspectral data developing a new remote sensing technique. The AVIRIS instrument 316

has been shown to have the necessary sensitivity to measure the signal induced by volcanic CO2317

over the atmospheric background. The mapping technique has been based on a differential 318

absorption algorithm in the short-wave infrared wavelength range from 1900 nm to 2100 nm where 319

CO2 molecules have absorption lines. Applying a complex fit between the simulated up-welling 320

radiance and the measured one, including volcanic water vapor and the aerosol content in the form 321

of aerosol optical thickness, the technique mapped the volcanic CO2 concentration of the Pu`u` O`o 322

plume situated in the Kilauea East Rift zone, Hawaii.323

The results obtained using this new technique in the crater area range from the highest volcanic CO2324

value of 350 ppmv to the lowest of 40 ppmv above the ambient CO2 concentration of 372 ppmv325

measured during the airborne campaign at Mauna Loa Observatory located 50 km NE. As expected, 326

the maximum volcanic CO2 concentration value was measured at the crater source. The 327

concentration decreases far from the source, where the plume is dispersed over a large area and 328

atmospheric CO2 background becomes dominant with respect to the volcanic values. The upper 329
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value is limited by the volcanic emission: it can be argued that much higher values can be measured 330

as well. The lower value is limited by the noise in the detector itself: the lower the noise, the lower 331

is the instrumental sensitivity. In these respects, also the pixel dimension influences the retrieval 332

capability: a pixel larger respect to the volcanic plume dimension averages high focused emitting 333

points, which are well retrieved, with dispersed emissions.334

Using this volcanic plume mapping technique, different CO2 sources inside the Pu`u` O`o crater 335

were differentiated without any risk for personnel and equipments in direct sampling. However, the 336

technique gives integrated values of CO2 concentration in the atmospheric column without 337

discerning between volcanic diffuse or focused sources, even if the signal contains both. In the map 338

no uniform and spots are present. Since are in the range of sensitivity the results are reliable. The 339

interpretation of variation on the map more information are need.340

The remotely mapped mean flux value of 396  138 t·d-1 is in agreement with the flux deduced 341

from the contemporaneous ground-based measurements of the Pu`u` O`o vent plume. Indeed, the 342

deduced flux error could be higher if the local wind field may not be constant, as was assumed. We 343

noted that saturated pixels are present, possibly indicating the presence of infrared emissions.344

Future work will attempt to address improvements in the technique in an effort to derive also the 345

gas concentration in the zone of the plume where the ground is made of molten lava, which often 346

occurs, particularly during an eruption. The causes will be investigated in the radiation emission 347

from the ground and from the plume complex thermodynamics.348

In eruption cases, this technique is useful to estimate CO2 emission flux, particularly when other 349

ground techniques are not applicable or are too dangerous.350

The use of airborne hyperspectral instruments to map volcanic CO2 represents a suitable method to 351

add information to volcanic studies, improving the measurement frequency, including inaccessible 352

sites. The method is potentially applicable over different surfaces only if the reflectance shows 353

smooth spectral features in the wavelength range where CO2 absorption lines are present. It has to 354

be noted that hyperspectral data suitable for applying the technique should satisfy condition (7), 355
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which represents the main limitation of the technique applied to existing hyperspectral data. In this 356

perspective, satellite hyperspectral sensors, such as Hyperion, can be potentially useful, only if the 357

signal-to-noise ratio is appropriate to detect the absorption lines of CO2 molecules. The interesting 358

perspective of the presented technique is to retrieve volcanic CO2 using satellite data and the 359

possible combination with the retrieved volcanic SO2 using the same satellite data, thus meaningful360

help in volcanic monitoring purposes.361

362
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TABLES550

551

Table 1. Fit parameters.552

Index W (kg·m-2) (w) (w) Fit correlation (R2)

0 23 0.0160669 0.740992 0.989785

1 28 0.0141277 0.759783 0.986303

2 32 0.0133723 0.766998 0.984544

3 34 0.0135917 0.763602 0.984492

4 40 0.0141354 0.756234 0.985672
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570

FIGURE CAPTIONS571

572

Fig. 1. Location map of Kilauea on Big Island, Hawaii, U.S.A. (Johnson, 2000).573

574

Fig. 2. Mean spectral radiance of two different areas located 100 m and 1 km away from the Pu`u 575

`O`o crater.576

577

Fig. 3. Sensitivity function.578

579

Fig. 4. AVIRIS radiance simulated with different carbon dioxide concentrations. The dashed curve 580

corresponds to the background atmospheric carbon dioxide concentration.581

582

Fig. 5. Map of volcanic plume carbon dioxide on the left-hand side and AVIRIS image of Pu`u `O`o 583

Vent plume acquired on 26th April 2000 in RGB composition on the right-hand side.584

585

Fig. 6. Map transect values (with reference to A-B transect in Fig. 5).586

587

Fig. 7. Image of the crater (photograph by J.P. Kauhikaua, April 11, 2002).588
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