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Abstract

The volcanological community has a powerful new tool in the spaceborne moderate resolution imaging spectroradiometer

(MODIS), which, from its synoptic perspective, provides satellite imagery of every volcano on Earth every 2 days. MODIS has

the spectral characteristics to be able to utilise previously developed retrievals that quantify volcanic ash, ice, sulfates and sulfur

dioxide using their thermal infrared (8–12 Am) transmission signature. In this paper, we present a detailed description of the

methodologies, based within the thermal infrared region, that are being applied to MODIS data. MODIS data for two eruptions,

Hekla, Iceland and Cleveland, Alaska are presented to show results from the ice, ash and SO2 retrieval schemes. We look at

current problems with the retrievals used to quantify volcanic emissions, detail recent developments within the field that can be

applied to MODIS data, and suggest areas where improvements need to be made in the future.
Published by Elsevier B.V.
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1. Introduction limited to: (1) aircraft hazard mitigation-ash can
During an eruption, volcanoes can produce large

amounts of gas (H2O, SO2, CO2, HCl, HF, H2S,

etc.) and aerosols (aqueous phase droplets—typical-

ly sulfates—ice and silicate ash, suspended in either

volcanic gases and/or air), which are studied from

several perspectives. These include, but are not
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be extremely hazardous to aircraft through ingestion

into jet engines (Casadevall, 1994); (2) climatology-

ash, and particularly sulfates derived from degass-

ing, can perturb the climate system (Lacis et al.,

1992); (3) local environment effects, such as dam-

age to crops and the local population’s health

(Baxter et al., 1999); and (4) volcanology-gas,

liquid and solid phase emissions contain information

pertaining to the volcanic system of origin (Rose et

al., 2000, 2001).

Following its launch on 18 December 1999, the

moderate resolution imaging spectroradiometer
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(MODIS) sensor, aboard NASA’s Terra platform, has

captured images of volcanic eruptions worldwide.

MODIS is NASA’s flagship sensor system with 36

spectral bands in the visible and infrared (from near to

thermal) region of the spectrum (0.4–14.4 Am). Two of

its bands operate at a nominal spatial resolution of 250

m at nadir, with five bands at 500 m and the remaining

29 bands, including the thermal infrared bands of

interest, at 1000 m. A F 55j field of view from the

Terra orbit of 705 km altitude a.s.l. achieves a 2330-km

swath and provides global coverage every 1–2 days

(http://modis.gsf.nasa.gov).

MODIS has the ‘split-window’ channels [31,32] at

ca. 11 and 12 Am used to observe (Prata, 1989a,b) and

quantify silicate ash (Wen and Rose, 1994) and ice

(Rose et al., 1995). It also has a channel centred at

8.65 Am [29] that can be used (with the ‘split-

window’ channels) to quantify SO2 burdens (Realm-

uto et al., 1994, 1997; Realmuto and Worden, 2000).

We can also incorporate recent modifications includ-

ing an atmospheric correction (Yu et al., 2002) and

multi-band sulfate retrieval, using all channels, in-

cluding the 9.7-Am channel [30] (Yu and Rose, 2001),

and a new SO2 algorithm using the 7.3-Am channel

[28] (Prata et al., 2003, in review). All these algo-

rithms use the spectral attenuation of infrared terres-

trial radiation, between 7 and 13 Am, by volcanic

species to quantify emissions during and after a

volcanic event.

Each of the algorithms was designed using a

particular combination of bands from differing satel-

lites and airborne sensors (Table 1). We have taken the

retrievals, previously developed for other sensors such

as the spaceborne Advanced Very High Resolution

Radiometer (AVHRR) and Geostationary Operational

Environmental Satellite (GOES) or the airborne Ther-

mal Infrared Mapping Spectrometer (TIMS), and

applied them, with some modifications to MODIS
Table 1

Applications of MODIS TIR channels

Channel

number

Wavelength

(Am)

Applications Resolution

(km)

28 7.175–7.475 H2O, SO2 1

29 8.400–8.700 SO2, SO4
2� 1

30 9.580–9.880 SO4
2�, O3 1

31 10.780–11.280 ice, ash, SO4
2� 1

32 11.770–12.270 ice, ash, SO4
2� 1
data. Some of the retrievals, such as those based about

TIMS, were designed specifically with MODIS in

mind (Realmuto, 2000). Some specific examples of

retrievals using MODIS are in Bluth et al. (in prep.)—

the Nyamuragira eruption (2001) and Rose et al.

(2003).

One significant improvement in using MODIS

data to observe volcanic emissions is that we can

now measure co-erupted species from the same

image. This facilitates observation of the fates of

volcanic species, particularly conversion rates of

SO2 to SO4
2� as both products can be mapped

within the same image. It also allows us to observe

separation of species, for example through either

early release of SO2 before a paroxysm or gas-ash

separation of the drifting cloud through wind sheer

effects.

The aims of this paper are to provide an overview of

volcanic emission detection using MODIS (and other

new thermal infrared sensors) and a detailed, coherent

description of the methodologies currently being

employed and tested. There are many potential

improvements that can be made to the retrievals devel-

oped for MODIS, particularly in the understanding of

how volcanic species interact with each other through

time, and the complex spectral effects of other volcanic

species and the atmosphere on remote sensing techni-

ques. It is hoped that this paper will illuminate these

problems and suggest potential solutions, as well as

bring the issues to the attention of a wider audience.
2. Nomenclature

We attempt to standardize the nomenclature of

previous work into a single scheme. Where significant

differences occur they are explained. We have consis-

tently used the subscript c for volcanic cloud (and/or

plume), k for spectral terms, a for atmospheric and g

for ground parameters.

d cloud thickness

h cloud height

Ld downwelling radiance (ambient, sky radi-

ance at the ground)

Ls at-sensor radiance

Lu upwelling radiance (ambient, sky radiance at

the sensor)

 http:\\www.modis.gsf.nasa.gov 
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Lucb upwelling radiance at the cloud base (Is in Yu

and Rose, 2000)

rc reflectivity of the cloud

rg reflectivity of the ground

re effective radius

ta transmission of the atmosphere

tc transmission of the cloud

Tcb cloud base temperature

Tct cloud top temperature

Tg ground temperature

DT brightness temperature difference (BTD) of

channels at approx. 11 and 12 Am
Qabs absorption efficiency factor derived from

Mie theory

N particle number density

B Planck function

ec emissivity of the cloud

eg emissivity of the ground

k wavelength

sa optical depth of the atmosphere

sc optical depth of the cloud

[28] MODIS channels are contained within

square parenthesis
Fig. 1. (A)MODIS spectral response functions for channels [28–32];

(B) total (solid line), absorptive (dotted and dashed line) and

scattering (dashed line) transmission spectra of andesitic ash, re = 3.0,

N= 5� 106 particles/cm2; (C) total (solid line), absorptive (dotted

and dashed line) and scattering (dashed line) transmission spectra of

ice, re = 3.0, N= 5� 106 particles/cm2; (D) transmission spectrum of

SO2 showing relative strengths of 7.3 and 8.6 Am absorption features

(E) total (solid line), absorptive (dotted and dashed line) and

scattering (dashed line) transmission spectra of 75% sulfate, 25%

water droplets, re = 3.0, N= 5� 106 particles/cm2; (F) transmission

spectrum of a dry, northern latitude summer atmosphere.
3. Theoretical overview

3.1. Silicate ash

Prata (1989a,b) first proposed using the thermal

infrared transmissive properties of volcanic ash clouds

to track, by discriminating volcanic clouds from back-

ground, within satellite images. The transmission spec-

trum of volcanic ash clouds is strongly wavelength

dependent and has a broad absorption-related feature

between 8 and 12 Am (Fig. 1B), typically centred near 9

Am but varying according to composition. A two-

channel difference model was proposed based upon

the absorption feature and the location of the 11- and

12-Am channels [4,5] of the AVHRR, analogous to

channels [31,32] of MODIS. It was shown that the at-

sensor radiance can be approximated as:

Lsce�scBðTgÞ þ ð1 � e�scÞBðTcÞ ð1Þ

and that the difference between the at-sensor radiances,

and thus Planck brightness temperatures, observed in

two channels located at ca. 11 and 12 Am (i and j in the
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original paper), respectively, are negative (�DT) if the

ash cloud is partially transparent and that Tg>Tc. This is

due to the fact that ash attenuates, mostly through

absorption, more strongly at 11 than at 12 Am (Fig.

1B). Discrimination from non-volcanic (background)

pixels is made possible by the fact that water in any

phase will have a positive effect on the brightness

temperature difference (BTD or DT). As an aside, it

is worth noting that, as water vapour has an effect

countering that of volcanic ash, it is possible to mask

the negative BTD signal from ash with water vapour,

liquid droplets and ice (see Section 6).

Wen and Rose (1994) built on early work (Prata,

1989a,b) and developed a retrieval scheme that quan-

tifies the effective scattering radius (the radius asso-

ciated with the average surface area) and optical depth

(and hence the mass) of a volcanic ash cloud. Starting

with an analogue of Eq. (1), Wen and Rose (1994)

defined the at-sensor radiance as:

Ls ¼ tcBðTgÞ þ ecBðTcÞ ð2Þ

as

tc ¼ e�sc and ecc1 � e�sc ð3a and bÞ

However, an extra consideration, the cloud reflec-

tivity, was added to the equation as:

ec ¼ 1� tc � rc ð4Þ

Rearrangement and substitution of Eq. (4) into Eq.

(2) yields Eq. (2) from Wen and Rose (1994):

Ls ¼ ð1� rcðre; scÞÞBðTcÞ þ tcðre; scÞðBðTsÞ � BðTcÞÞÞ
ð5Þ

Given a theoretical radiance pair (Lsi and Ls j),

calculated by defining re and sc, the corresponding

brightness temperatures can be calculated using the

Planck function. This allows a theoretical look-up-

table (LUT) to be generated for sets of variations of

both re and sc a function of brightness temperature,

and hence a value of re and sc to be retrieved for any

given brightness temperature pair.

3.2. Ice

The methodology for the ice retrieval (Rose et al.,

1995) is very similar to that of ash, except that ice’s
+DT signal is used to locate and quantify the volcano-

genic ice clouds (Fig. 1C). In principle, it is assumed

that the ice signal from a volcanogenic source will be

more positive than the surrounding atmosphere. Again,

this is due to the position of an absorption feature, this

time centred at 12 Am. Hence, the transmission of

infrared radiation, and thus the brightness temperature,

is lower at 12 Am compared to 11 Am, making the

brightness temperature difference signal for ice posi-

tive. The mass retrieval (Wen and Rose, 1994) was

straightforwardly adapted simply using ice’s refractive

index instead of ash’s.

3.3. SO2

The SO2 retrieval is also based on the wavelength

dependence of absorption features (Fig. 1D). Again,

the theoretical basis for the retrieval began with another

slightly altered, general expression of the at-sensor

radiance, from Realmuto et al. (1994):

Ls ¼ fegBðTgÞ þ ð1 � egÞLdg ta þ Lu ð6Þ

Here, two additional (atmospheric) terms (Lu and Ld)

are included that describe the column-integrated am-

bient (sky) radiance at the sensor and the ground,

respectively. The downwelling term is multiplied by

the reflectivity of the ground (the transmissivity of the

ground is defined as 0 so rg = 1� eg) and added to the

emission term to yield the ground-leaving radiance

(defined within the curly brackets). The spectral

emissivity of the ground is calculated using spectral

normalization (Realmuto, 1990), where the maximum

ground emissivity is set by the user. The ground-

leaving radiance is then multiplied by the transmission

of the atmosphere and the upwelling radiance is

added. Eq. (6) is solved for Tg for the channels outside

the SO2 absorption feature to yield the ‘true’ ground

temperature. The upwelling and downwelling radian-

ces and the transmission of a user-defined atmosphere

are derived using the MODTRAN radiative transfer

code (Berk et al., 1989). Then Eq. (6) is solved for Tg
for the channel(s) inside the absorption feature yield-

ing the ‘apparent’ ground temperature. The difference

between the true and perceived ground radiance is a

function of the SO2 burden (given the absence of

other attenuators).
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3.4. Sulfates

Extending the work ofWen andRose (1994) permits

investigation of co-emitted sulfate and ash (Yu and

Rose, 2001). Rearranging Eq. (2), and using the Beer-

Lambert law, Yu and Rose (2001) constructed a general

expression for the at-sensor radiance using a new

term—the upwelling radiance at the cloud base (Lucb).

They defined the at-sensor radiance as follows (after

some nomenclature change and substituting the expres-

sions (3a) and (3b)):

Ls ¼ scLucb þ ecBðTcÞ ð7Þ

where Lucb is similar to the ground leaving radiance Lg
in Eq. (2) but can incorporate the downwelling term

fromEq. (6). Again,MODTRAN is used to derive Lucb.

Eq. (7) is solved with respect to sc for each wavelength
and then related to the scattering properties of the two

species through the equation:

s ¼ N1pr
2
e1Qabs1d þ N2pr

2
e2Qabs2d ð8Þ

where the subscripts 1 and 2 relate to the separate

species. A LUT is generated using 2300 pairs of radii

and the non-negative best fit between the LUT and the

optical depths from Eq. (7) are determined to be the

effective radii of the ash and sulfate particles. SO4
2� has

a more complex transmission spectrum (Fig. 1E) and

hence requires more pieces of information to adequate-

ly constrain the particle size distribution, especially

given the fact that the concentration of aqueous SO4
2�

can vary. The refractive index of SO4
2� is sensitive to

its concentration within the droplet, and the sulfate’s

transmissive properties are also very sensitive to

changes in size distribution.

I.M. Watson et al. / Journal of Volcanolog
Table 2

Previously developed algorithms applied to MODIS infrared data

Species Sensor Sensor

channels

MODIS

channels

References

Ash AVHRR 4, 5 31, 32 Prata (1989a,b)

Ash AVHRR,

GOES

4, 5 31, 32 Wen and

Rose (1994)

Ice AVHRR,

GOES

4, 5 32, 32 Rose et al.

(1995)

SO2 TIMS,

MODIS

1–6 29–32 Realmuto et al.

(1994, 1997, 2000)

SO4
2� HIRS/2 5–10 30, 31–34 Yu and

Rose (2001)
4. Recent developments

4.1. Atmospheric correction of ash retrievals

Recent literature has highlighted the important role

the atmosphere, in particular atmospheric water vapour,

plays in infrared retrievals of volcanic emissions (Simp-

son et al., 2000; Realmuto and Worden, 2000; Prata et

al., 2001). Yu et al. (2002) have developed a simple,

empirical correction for atmospheric water vapour,

which was analysed using a model based around
MODTRAN, for theWen andRose (1994) ash retrieval.

The correction uses a ‘cutoff’ based upon brightness

temperatures and brightness temperature differences,

rather than solely brightness temperature differences.

This allows for more complex definitions of how pixels

are classified and has the effect of correctly classifying

most ‘non-volcanic’ pixels in the image. The other

criteria for volcanic pixels is their contiguity—if pixels

are classified as volcanic using the cutoff method, but

are separate from the core of the cloud (defined as

BTD< 0) then they are assigned non-volcanic.

It was found that for dry, high latitude clouds water

vapour interference tended only to mask the fringes of

the volcanic cloud (Yu et al., 2002) and that, whilst the

cloud area increased significantly (ca. 50%), the effec-

tive radius, mean optical depth and, most importantly

the fine ash mass, were relatively unaffected ( < 20%).

The effects of tropical water vapour upon the ash

retrieval were, as expected, more significant. The cloud

area increased by a factor of 5, and the effective radius

halved as more fine ash, at the fringes of the cloud, was

observed. Again the total tonnage was relatively unaf-

fected, suggesting that the core of the cloud, observable

in almost all cases, contains the bulk of the ash mass.

4.2. SO2 mapping water vapour correction

It is vital to understand the effects of atmospheric

water vapour upon retrievals based in the thermal IR

(Realmuto, 2001). In the first generation of SO2 map-

ping algorithms, a atmospheric profile was used to

calculate the contribution of atmospheric water vapour

to the at-satellite radiance (through ta, Lu and Ld in Eq.

(6)). These parameters were subsequently applied to
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the entire image. It was subsequently realised that water

vapour is highly variable, even at the spatial scales of

the imagery (Realmuto and Watson, 2001) and that,
Fig. 2. (A) Channel [1], 0.62–0.67 Am, MODIS image of the Hekla erupti

resolution; (B) the same image as (A) using red–green–blue [28,31,32]

single channel [28]—showing location of SO2 cloud relative to geograph
given the perceived ground temperature is wavelength

dependent and the ‘true’ ground temperature is wave-

length independent, following a correction for emis-
on cloud, acquired at 1115 UT on 28 February 2000 at 250-m spatial

composite at 1-km resolution; (C) the same image georeferenced—

ic boundaries.
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sivity, spectral variations in the ground temperature can

be attributed to atmospheric absorption and emmision.

Thus, in principle, it is possible to use MODTRAN to

calculate the amount of water vapour needed to ‘flatten’

the perceived ground temperature by iterating through

water vapour concentrations until the flattest spectrum

is achieved. As each pixel has a specific perceived

ground temperature spectrum, it is possible to map

water vapour on a pixel-wise basis. Early results

suggest that, while the model requires additional runs

of MODTRAN per pixel, it is possible to map water

vapour (and potentially ozone) using this method, and

that the SO2 retrieval is more robust.

4.3. Forward modelling sensitivity analysis

We have written an aerosol forward model, based

around Mie scattering code, and embedded it in a

MODTRAN-based atmospheric model (Watson et al.,

submitted for publication). The model allows us to
Fig. 3. Brightness temperature difference map from an image of the Hekla

positive BTD values indicative of ice. The total mass of the ice cloud wa
perform a sensitivity analysis of the ash and sulfate

retrieval schemes, and more importantly, to quantify

the effects of atmospheric water vapour on the various

retrievals. The model requires the definition of the

aerosol, the atmosphere and the primary source of the

infrared radiation, usually the ground. The aerosol is

defined by a particle size distribution, a wavelength

dependent refractive index and a total burden (in either

units of number or mass). The atmosphere is defined by

pressure, temperature and relative humidity profiles

typically acquired by radiosonde. The ground is de-

fined in terms of its temperature and spectral emissivity.

The model produces spectra of transmission of both

the aerosol and the total system and at-satellite radiance

(or brightness temperature). Water vapour concentra-

tions can be varied to test the sensitivity of the ‘split-

window’ retrieval. Preliminary results suggest that the

tropospheric water vapour burdens are more than

sufficient to mask all but the strongest negative signal

associated with ash. The water vapour above Soufriere
volcanic cloud acquired at 1350UT on 27 February 2000 showing

s ca. 200 kt.
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Hills volcano has a positive effect of as much as 3.5 K

upon the brightness temperature difference signal

(Watson et al., submitted for publication).

4.4. 7.3 lm channel SO2 quantification

SO2 has a second, stronger absorption feature

centred at 7.34 Am (Fig. 1D), which can also be

used to quantify volcanic SO2, using MODIS (Prata

et al., in review) and TIROS Operational Vertical

Sounder (TOVS) (Prata et al., 2003) data. A com-

plete description of the retrieval schemes for both

sensors is given in the above papers. Briefly, as the

atmosphere is opaque at this wavelength (Fig. 1F),

due to water absorption, the retrieval uses the fact

that the water vapour itself emits at that wavelength,

and that SO2 above the water vapour, contained

mostly (95%) in the bottom 6 km of the atmosphere,

will absorb upwelling radiance from the water va-

pour. The method has its limitations as the SO2 must

be well above the penetration depth (ca. 3 km) of the

vertical sounding 7.3-Am channel [28] of MODIS.
Fig. 4. Brightness temperature difference map from an image of the Cle

showing negative BTD values indicative of ash. The total mass of the as
However, the method also has distinct spectral

advantages as, unlike the 8–12-Am channels [29–

32], the shorter IR channels are not strongly affected

by the presence of either silicate ash or sulfate

aerosol. The only species that will really interfere

with the 7.3-Am channel is ice, as its transmission

reduces below 8.0 Am (Table 2).
5. Example results

We have chosen two quite different eruption

clouds, early in the MODIS data archive, to eval-

uate the current status of the current suite of IR

retrieval schemes. These eruptions are those of

Hekla volcano, Iceland on 26–28 February 2000

and Cleveland volcano, Alaska on 19–22 February

2001. The cloud produced by Hekla is likely to be

relatively poor in fine ash (Rose et al., 2003) in

contrast with Cleveland’s ash-laden cloud. The

presence (or absence) of solid-phase species has

significant effects on the different SO2 retrievals.
veland volcanic cloud acquired at 2310 UT on 19 February 2001

h cloud was ca. 20 kt.
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5.1. Hekla Volcano, Iceland (63.9N, 19.7W)

The Hekla volcanic system, located in southern

Iceland near the southern end of the east rift zone, is

comprised of a central shield-like vent and a series of

basaltic fissures and is one of Iceland’s most active

volcanoes. Its latest eruption began on 26 February

2000 at 1819 UT as a 6–7 km fissure opened

producing an eruption column that reached initial

heights of >12 km (Rose et al., 2003). The plume

generated was observed to be paler than most ash-rich

eruption columns suggesting a higher water content.

This assumption was borne out by satellite imagery

that indicated the presence of significant amounts of

ice in the drifting cloud (Rose et al., 2003).

The Hekla volcanic cloud can be seen quite clearly

in the raw level 1b MODIS visible radiance data (Fig.

2A) and in the infrared channels (Fig. 2B) from an

image acquired at 1115 UT on 28 February 2000. Fig.

2B is a red–green–blue (rgb) composite of channels

I.M. Watson et al. / Journal of Volcanolog
Fig. 5. SO2 map derived from a MODIS image of the Cleveland volcanic c

2001. The total mass of the SO2 cloud was ca. 60 kt.
[28,31,32]–7.3, 11 and 12 Am, respectively from the

same image. The cloud is highlighted as channel [28]

is highly sensitive to SO2 and the longer wavelength

channels are not. The cloud and its shadow can also

be clearly seen in the visible image (2A) re-emphasis-

ing the importance of using channels outside the

thermal infrared to track volcanic clouds under certain

circumstances. The cloud height can be determined

from this image, using shadow clinometry, and is

approximately 10F 2 km. Fig. 2C is a geolocated

map of channel [28]–7.3 Am, showing the position of

the drifting SO2 cloud.

Fig. 3 highlights the effect of ice on the bright-

ness temperature difference images derived from

MODIS data. The volcanic cloud can be discrimi-

nated from the background using the criterion that,

specific to this image only, the ice-laden volcanic

cloud has a BTD of >3 K. This image, actually

earlier than that in Fig. 2, shows the drifting cloud

detached from the source. The relatively high cutoff
loud, using the 8.6-Am method, acquired at 2310 UT on 19 February
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(3 K) of the image is required to remove a poten-

tially ice-rich storm system from the image, and

therefore the cloud shown is likely to be only the

ice-rich, more concentrated core of the cloud. The

total mass of the cloud, assuming that it is solely

comprised of ice, is calculated to be ca. 200 kt using

the Wen and Rose (1994) method.

The SO2 tonnages derived from the Total Ozone

Mapping Spectrometer (TOMS) are in relatively good

agreement with the IR retrievals (Rose et al., 2003).

TOMS is a series of ultraviolet (UV) spectrometers

with an at-nadir footprint of 25–62 km that has

observed over 200 eruptive events since the first

sensor’s launch in 1978 (Carn et al., 2003). TOMS

retrievals produced a total cloud mass of SO2 of 60 kt,

compared to 200 kt for the 7.3-Am retrieval and 130 kt

for the 8.6-Am retrieval. The ‘underestimate’ of TOMS

in this case is likely to be due to parts of the cloud being

too far North for TOMS to observe. The difference

between the two IR methods might be explained by the

presence of ice, causing an overestimate in the 7.3-Am
scheme. The positive BTDs associated with ice dimin-
Fig. 6. SO2 map derived from a MODIS image of the Cleveland volcanic c

2001. The total mass of the SO2 cloud was ca. 5 kt.
ish and the correlation between the two IR-derived

tonnages improves as the cloud ages, suggesting a

removal of ice during transport (Rose et al., 2003).

5.2. Cleveland volcano, Alaska (52.5N, 167.6W)

Mt. Cleveland is a stratovolcano located on the

western side of Chuginadak Island and is one of the

most active volcanoes in the Aleutian island arc. It

erupted explosively on 19 February 2001 and gener-

ated an ash-rich eruption cloud that was tracked for 3

days using satellite data (Dean et al., 2002). Figs. 4–6

are derived from a MODIS image from early in the

cloud’s evolution, approximately nine hours after the

start of the eruption (1400 UT). Due to the remoteness

of the volcano, the eruption was monitored by the

Alaska Volcano Observatory (AVO) using mostly

satellite imagery.

The volcanic cloud’s characteristic ash signal

(negative BTD) can be seen in Fig. 4, derived from

a MODIS image acquired at 2310 UT on 19 Febru-

ary 2001. The core of the cloud has the strongest
loud, using the 7.3-Am method, acquired at 2310 UT on 19 February
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negative BTD signal, a ubiquitous feature of ‘split-

window’ imagery of volcanic clouds. The total mass

of the ash in the cloud is calculated, using Wen and

Rose (1994), to be ca 20 kt. Fig. 5 shows the

location of co-erupted SO2 during the eruption.

The high latitude of the cloud suggests that the

interference of water vapour upon the ash retrieval

should be minimal.

SO2 cloud burdens were calculated using the

8.6-Am retrieval (Realmuto, 2000) and used to

derive a total cloud tonnage for the 19 February

image. The ash and the SO2 appear to be well

correlated spatially suggesting little gas-ash separa-

tion at this time. This may also be because the 8.6-

Am retrieval is ill-equipped to deal with the pres-

ence of ash in the cloud, and may be assuming that

attenuation of terrestrial radiation by ash is actually

caused by SO2, leading to an overestimate of the

burden. The algorithm was specifically designed to

observe passively degassed SO2 with little or no

ash content and additional work is required to
Fig. 7. SO2 map derived from a TOMS image of the Cleveland volcanic clo

SO2 cloud was ca. 20 kt.
enable both the SO2 and ash algorithms perform

better when both species are present in significant

amounts.

The total mass of the SO2 cloud derived using the

8.6-Am algorithm is approximately 60 kt. This seems

like an overestimate compared to TOMS (15 kt) and

the 7.3-Am algorithm (5 kt). 60 kt is likely to be an

overestimate due to the presence of ash, whereas 5 kt

is likely to be an underestimate due to the eruption

cloud’s height near vent. The 7.3-Am retrieval is

extremely sensitive to cloud height, relative to the

altitude of water vapour contained in the atmosphere.

The eruption cloud from Cleveland seen in the

MODIS image is still attached to the vent, where it

is at a lower altitude than the northern-most tip of

the vent (Fig. 6). As proximity to the cloud increases

the 7.3-Am retrieval can be seen to break down, as

the cloud becomes beneath the altitude limit of the

sounding channel.

TOMS also captured an image of the Cleveland

eruption on 19 February 2001, just an hour before
ud acquired at 2200 UT on 19 February 2001. The total mass of the
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the MODIS image. Although TOMS spatial resolu-

tion is significantly larger than that of MODIS (one

TOMS pixel (at-nadir) contains about 1500 MODIS

pixels (near-nadir)) the respective SO2 maps (Figs.

5–7) are in general agreement. All three SO2

images show a SW–NE-trending SO2 cloud ob-

served in the ash retrieval (Fig. 4). Analysis of

the TOMS image yields an intermediate cloud

tonnage of 20 kt. Of the three tonnages the TOMS

tonnage is likely to be the closest to a ‘real’ SO2

value, given the complicating factors of high ash

content (for the 8.6-Am calculation) and low altitude

(for the 7.3-Am calculation). It must again be

emphasized that the 8.6-Am algorithm was designed

to look at passively degassed SO2 and that the 7.3-

Am algorithm was designed to look at higher,

climatologically significant SO2 emissions.
6. Discussion

6.1. Algorithm limitations

It is clear that, while significant progress has been

made in the field of remote sensing of volcanic emis-

sions, much still needs to be done. The reliability of

assumptions made about the lack of importance of the

atmosphere, specifically to the ash retrieval, is a func-

tion of the dryness of the atmosphere. Most of the

species we are trying to measure interfere spectrally

with each other. None of the five MODIS wavelengths

in the 7–13-Am range can be used solely to observe a

single species—a direct result of the broadness of the

absorption features of the non-gas phase species (ash,

ice and sulfate)—unless only that species is present.

We also know very little about the fates of

volcanic species in the atmosphere (Oppenheimer

et al., 1998)—their reaction rates, deposition rates

and their potential for indirect climate forcing

through cloud nucleation. Species interaction also

confounds our remote sensing algorithms—a com-

monly used example is the presence of ash in the

Hekla eruption cloud (Rose et al., 2003). Course

ash was observed to fall out during the early

stages of the eruption, and after several hours the

eruption cloud had a positive BTD—indicative of

the presence of large amounts of ice. Unfortunately

this generates an ambiguity; was the ash removed
by deposition or simply coated in ice, hiding it

spectrally?

6.2. Laboratory studies

Current ash retrievals are based on refractive

index (optical constant) measurements taken nearly

30 years ago (Pollack et al., 1973). These measure-

ments, limited to only a handful of volcanic glasses,

highlight the paucity of lab-based measurements of

volcanic ash. There is a great need for these

measurements to be expanded to include the nu-

merous different ash samples collected worldwide.

In contrast ice and sulfates are extremely well

defined, due to their existence outside volcanism.

However, nothing is known about the spectral

effects of combinations of these species. For exam-

ple, how thick does a coating of ice around an ash

particle have to be to mask the ash’s spectral

signature? If the ice does not coat the ash, but

remains within the cloud, how much ice is then

required to mask the signal? These questions can be

answered through laboratory experiments, ground

truthing and modelling.

6.3. Ground truthing

One of the most important issues in studying

volcanic emissions, particularly ash, is that there is a

need for direct, in-plume sampling in order to validate

satellite algorithms. Direct sampling is necessary as

ash fallout deposits are almost never a reasonable

description of the bulk properties of the cloud, as

through gravitational settling, only the courser ash

particles are deposited; it is the finer ash that typically

forms the drifting clouds that are the aircraft hazard.

There are two similar methodologies currently under

development, both of which involve unmanned air-

borne vehicles: (1) impactors and filter technology

mounted upon remote controlled aircraft (Pieri, pers.

comm.); and (2) lightweight kite-borne filter systems

designed to capture samples suitable for SEM analysis

(Fischer, pers. comm.). Implementation of these tech-

niques during satellite overpasses will vastly improve

our understanding of the accuracy of our retrievals,

given problems of scaling what are effectively point

source data to holistic satellite imagery, and limita-

tions of range and altitude, can be overcome.



Table 3

Applications of different SO2 retrievals

Retrieval Application Disadvantages

TOMS

(0.3–0.36 Am)

Large-scale

eruptions

Spatial resolution

MODIS

(7.34 Am)

Mid-scale

eruptions

High altitude required,

some ice interference

MODIS

(8.6 Am)

Mid-scale

to passive

degassing

Strong ash and sulfate

interference
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6.4. SO2 retrievals at different scales

MODIS data offer a spectrally independent,

higher resolution addition to widely used TOMS

data. MODIS data provide an excellent complement

to TOMS data in that MODIS is able to observe

the smaller eruptions whilst TOMS is able, through

an advantageous spectral setting (0.30–0.32 Am), to

quantify larger emissions in what can be considered

a solely scattering atmosphere. TOMS data have

not really been subjected to such a rigorous inves-

tigation of errors; some of the methodologies short-

comings have been discussed (Krueger et al., 1995).

With the impending addition of the 7.3-Am MODIS

retrieval (Prata et al., in review), there now exist

three distinct methodologies with applications of

differing scales from passive degassing (Watson et

al., in preparation) to Pinatubo-sized events (Table

3). We have already acquired data that will allow

us to compare TOMS and MODIS retrievals and

hope to present results of comparisons shortly.
7. Conclusions

MODIS has a suite of thermal infrared channels

whose analogues, on AVHRR, GOES and TIMS

sensors, have already been used to observe and

quantify volcanic clouds containing SO2, SO4
2�, ice

and silicate ash. MODIS data have the huge ad-

vantage of containing information about all of the

above species, given their presence, within a single

image. The difficulties arise from attempting to

disentangle the spectral contributions of the differ-

ent species, and their physical and chemical inter-

actions within the plume. The more pieces of

information, i.e. in this case the number of channels
of the radiometers, the better constrained the inver-

sion of the data.

We have begun applying algorithms to MODIS

data in order to retrieve information pertaining to

volcanic eruptions. The first significant eruption

MODIS observed was that of Hekla Volcano, Ice-

land in early 2000. The eruption was somewhat

anomalous in that the volcanic cloud appeared to

contain a significant proportion of ice, masking the

typical negative BTD signal associated with ash-

rich volcanic clouds. The total mass of ice in the

cloud was calculated to be on the order of 200 kt.

The eruption of Cleveland volcano, Alaska, provid-

ed a more ‘typical’ volcanic cloud, characterised by

a strong negative BTD signal. We calculated both

ash and SO2 masses for the Cleveland cloud. The

eruption appears to have produced approximately

20 kt of fine both fine ash and SO2.

Our algorithms can be improved through updated

laboratory measurements, ground truthing and sen-

sitivity analyses using forward models. We now

have more TIR channels, and therefore can use

several pieces of information in our inversions,

providing a more robust analysis (Ackerman,

1997); band combinations are being tested to facil-

itate improved retrievals. Specific problems require

addressing in the near future; for example water

vapour masks the negative BTD signal of ash due

to a water absorption feature at >12.0 Am. This is

especially a problem in the tropics where the water

vapour effect can overwhelm the ash signal to the

extent that the MODIS image no longer contains

any negative pixels. It is possible to calculate, and

thus remove, the effects of water vapour through

modelling. Ground truthing is an important step

towards determining the accuracy of satellite-based

retrievals.
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