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The dual-band method:
A history of its application to volcanic hot spots

Until 2005 around half (48 %) of the work achieved in the sphere of satellite-based volcano
radiometry had focused on quantifying the sub-pixel thermal structure of volcanic hot spots.
As can been seen from Figure Al of Appendix A, the importance of this work did not
diminish through time, being the dominant theme area each year between 1989 and 2001.
This is a measure of the importance ascribed to quantifying volcanic heat fluxes using IR
data which, of course, is its natural role.

Efforts to extract thermal surface structures from IR pixels have been based on the
mixture models explored in Chapter 4. These models have been heavily influenced by a
methodology commonly known as the dual-band technique or the dual-band method. The
method was introduced by Dozier (1980) in a NOAA technical memorandum of 1980, and
in a subsequent paper published in Remote Sensing of Environment (Dozier, 1981). The
method allows estimation of the size and temperature of a sub-pixel hot spot using two
bands of IR data. To achieve this, Dozier (1981) recommended using unsaturated data
acquired in AVHRR channels 3 and 4, and solving the simultaneous equations (Equations
4.8) of Chapter 4 by assuming a background temperature from non-anomalous pixels
surrounding the target pixel. This was the method subsequently applied by Matson and
Dozier (1981) to estimate the size and temperature of sub-pixel hot spots apparent
in AVHRR data due to steel mills and oil field gas flares. Between the publication of
these landmark papers and 2005, a total of 43 papers dealt with the subject of pixel
mixture modeling over volcanic hot spots or application of the dual-band method, this
being theme 2 of the literature collation given in Table A2 of Appendix A. Although
initially designed by Dozier (1980; 1981) to work with AVHRR data, applications to
TM and ETM+ data have led the way in volcanology, with 30 of the 43 papers published in
this theme area between 1980 and 2005 focusing on application of the dual band method to
TM and ETM+ data.

Application of the dual-band method to TM-class data

Application and modification of the dual-band method was the foundation of much of
the early hot spot applications of TM data in volcanology. Following the pivotal papers of
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Francis and Rothery (1987) and Rothery et al. (1988) (see Chapter 1), the community
was quick to pick up on the ability of the dual-band method to extract sub-pixel thermal
structures from TM-class data, with progress up until 2000 being summarized in Table S5.1.
Table S5.1 shows that application of the dual-band method, and modification to suit differ-
ent data limits and hot spot types, was fully evolved by 2000. By 2000, applications were
thus increasingly based on already-developed methodologies, selecting a solution model
depending on the limits of the data, the feature type present in the pixel and the assumptions
that could be made.

Rothery et al. (1988)

Francis and Rothery (1987) pointed to the differences (by 50 °C to 100 °C) between
temperatures derived from Landsat bands 5 and 7 for pixels over Lascar’s active lava
dome, suggesting that the hot source may be thermally inhomogeneous over a spatial
scale that was smaller than the pixel dimension. However, although this difference is
the basis of the dual-band methodology (see Section 4.1.1.3 of Chapter 4), they did not
apply the dual-band method. Rothery et al. (1988) was the first to actually apply the
dual-band method to estimate the sub-pixel thermal structure over an active volcanic
source. They assumed that a single radiant source occupied part of an otherwise
non-radiant pixel to calculate the size and temperature of the radiant source from
unsaturated DNs in Landsat bands 5 and 7. In other words, they applied the unique
one-component solution of Section 4.2.1.2 of Chapter 4, a solution which relies on only
one thermal source contributing to the pixel-integrated radiance. The resulting solution
curves of Rothery ef al. (1988) are reproduced here in Figure S5.1 and show the classic
graphical dual-band solution. For such a solution, size and temperature combinations of
the sub-pixel hot spot that provide a given DN (or radiance) in the two bands are
plotted, and solution occurs where the two curves cross.

Pieri et al. (1990)

Although the approach of Rothery er al. (1988) was subsequently applied to TM data for
active lava lakes and domes by Glaze ef al. (1989), it was Pieri ez al. (1990) who applied the
dual-band method in its true two component form over an active lava. To do this, they used a
TM scene of lava active at Mount Etna, assumed a crust temperature (of 125 °C) and used
unsaturated data in bands 5 and 7 to estimate the size and temperature of the hot cracks
present in the lava flow. For pixels saturated in band 7, crust temperature was set to the band
7 saturation temperatures, and to the band 5 saturation temperature if both bands 5 and 7
were saturated. The same approach and assumptions were applied in a paper published the
following year by Abrams et al. (1991) to estimate the thermal structure for hot spots at
Fuego and Colima volcanoes (see Table S5.1).



Trey) (¢661)

- - - - - i1 pueg-[enQ LS dIMS WL 770 pueyuaddo
rrey MIL (e€661)

- — - - - a1 suondwnsse om} spuouodwod-9o1y) ‘spueq YL, [1°01°6  “MIMS SINL Jowreyuaddo
W1Ty) (€661)

Q) - - - - QUON pueq YIMS duo ‘uduodwos-om], LS AIMS L YeuLepeqg 2 eydnn
1rrey (€661)

- - - - - °L pueg-jeng LS AIMS INL  7v 12 eAreyoeneyq
1Ty (1661)

) — — — — L pueq YLL duo quauodwos-om], 9 NIL L Jowreyuaddo
T1rey) (1661)

() - - VS 11 pueg-fenQ LS dIMS NL Tounoyueddo
1rrey (1661)

- - - - Vs °L puedg-feng LS HIMS WL ID }2 SWeIqy
Trey (0661)

(v) - - - Va °L pueg-renqg LS UIMS WL IV 32 LI_Id
@rey (6861)

— — - — Va QUON. spueq YIS oMl yusuodwod-jueIpeI-ouQ) LS AIMS WL ‘I 12 dzB[D)
@rey (8861)

— — - — - QUON spueq YIMS oM} quauodwod-jueIpeI-auQ) LS AIMS WL ‘0 12 K190y

PO davl PN MMIN PPN suondwnssy ( 1deyD ur uonoag) poylojN|  spueqg  UOISOY  IOSUSS QIUAIRJY

[enoadg

(NS.LLY PUD IHAY 10f) d pup (WL 10f) D sadipuaddy 225 sa3up.4 punqaapm pup SUOHIULDP punq 40,] ‘punoidyonq pjod Aq paidnooo uoiiod
1ox1d = 1 puv aunp.odwa) punos3yovq juaiquiv =1y ‘amipiodua] yov.1o joy =" ‘angpiodwa) }sn1d> =J (YY) 104 23.40YdS1p pa3v.12aD

-oull] S Jjom s {(PUO°p pup Py PPUy) saxnyf 10ay aa1jonpuod pun UOI2AU0D ‘dARDIPYL SUIPNIOUL ‘SIINSaL punq-]onp SUisn pajpinojnd
Sta1wn.vd xnyf ssvul/jpay puv (111) (y 123dpy) u1 paurfop sv) panyddp poyrow ayj (11) ‘Pasn Spuvq puv Suo13a. [.432ads AoSsuas ayj (1) 2413 am
25DD YoD2 410, "000Z—086 ] ‘S10dS 10Y 21UDI]0A SUTUIDIUOD DIDP 2]1]]2IDS O] pOYIauL punq-jpnp ayj fo juauidojaaap puv uoyvoyddy “1°GS 9[qel.,



(rrey) (8661)

(D Vi , VR L «pueg-reng LS MIMS WL v 12 SLIeH
Trey) (L661)

— - Va Va , L pueq YLL duo quouodwoo-om] wH || NIL NSLV ‘1D 12 I9)SOOM
(Trey (qL661)

- — - - L pueq YLL duo quouodwos-om] wr || MIL  ¥SLV  A10yi0y 29 10JSOO0A
Trey) (eL661)

— - — — — L pueq YLL duo quouodwos-om] wr || NIL NSLY  A10yioy 29 10JSO0M

Frey

JIN oy ur (ssuodsor AIMS (L661) swuer]

- — ) 1 ur 10) 9suodsal-uou wolj JUrensuod + pueg-fen LSy NAIN WL 2 Jowroyuadd
Trey) (qL661)

- / Ve Vs /S 1L°L pueq YIL 2U0 Juauodwod-om], 14 AL JIHAY IV J2 SuIeH
Trey) (eL661)

- /S Va Va /S 1L°L pueq Y[ L SU0 Jusuoduwod-om], 14 ALL dIHAV IV Jo SUIeH
Trey) AIMS (s661)

— - — — QUON spueq YIMS oml yusuoduwod-jurIpeI-ouQ) Sy NIN L 3S0Y 29 SaIpuy
L1vv) (r661)

@ - - - 2 LML pueq Y[ 1 duo ‘yusuodwod-om], 9 1L NL 77 12 uuk[g
Trrey (661)

- - - - Va 1L pued-feng LS AIMS NL ‘1D 32 U]
(rrey) (€661)

- - - - °L pueg-[enQ LS dIMS NL 17 2 Kppay

PO YAvl PN MUIN PPN suondwnssy ( 19deyD ur uonoaS) poylojyl  spueqg  UOISOY  JOSUSS EhliEI ) EN |

Tenoadg

(7u02) "1°6S 9[qeL



parjdde mop A1us-uead0 pue MOY PAUILIU0I-IqN) ‘SMOY BAR[ d0BLINS 10 S[opowl Xnjy J1edH = ()

Bare WYSAYS =(4)

suoneuIquIod drnjeroduwe/eare JuoA = ()

MPIM MOTf BART = (D)

SSQUXOIY) ISNIO 90BJINg = (g)

djer Sur0od 2100 = (V)

‘(i 910U 23S) WIAISAS MO} BAR] PJ-2qN) 211U AU} J0J [9POW XN[J 18y
9191dwoo a10w & dojoadp o3 parjdde 1nq [oremiyos (] Qures ‘ejep Swes ‘poroul dwes] (1661) 70 12 UUA]] JO S}NSAI PuBq-[enp Y} AJ[ENUISS AI0M IS ], 4

(€))

L°L

1L

L..—L ad Ay

QUON

L°L

@rev)
pueq YL.L duo ‘Juouoduros-omJ,
ETEr+1T¢D)
suonnjosay [eneds paxIy
spueq 021y} ‘yuouodwod-aa1y ],
FTeEr+1TeD)

Spueq pajeInjes pue dAIsuodsor-uou
WOIJ JUIENSUO0d + pueq ouo Juauoduwod a1y,
(€TeEr+TITY)

uoneIgojul
[oxid opdnnu + YA S wsuoduwos-juerper-auQ
@rev)
pueq YLL 2uo Juauodwod-om],

¥

9°L'S

LSy

dIL

Il
AIMS

AIMS

UIN

AIMS

dIL

AIHAV

NL

NL

NL

AIHAY

(a6661)
v 12 SUIRH

(v6661)

<s1soydud
v 12 SLIRH

(e6661)
‘Ip j2 SR

(8661)
Jowreyuaddo

(8661)
‘Ip Ja SLLIRH



6 Electronic Supplement 5

1100

1000

900

800 —

700 TM band 5

~~~~~~~~~~~~~~~~~~~~~~ TM band 7
600 |

T T T T
0.0001 0.0005  0.001 0.005 0.01

Radiant part of pixel

Figure S5.1 “Surface temperature of a radiant area occupying part of an otherwise nonradiant pixel,
and the size of that area expressed as a proportion of a pixel, calculated from selected radiant DN in
Landsat TM bands 5 and 7. The solution for temperature and area when DN is measured in two bands is
given by the crossover between the appropriate curves for the DN in each band. For example, if the
radiant DN in band 5 is 100 and that in band 7 is 200, then the derived surface temperature is 1200 °C
emanating from about 0.0006 of a pixel” — Original figure caption wording of Rothery et al. (1988)
From Rothery et al. (1988, Fig. 2): Reproduced by permission of American Geophysical Union.

Oppenheimer (1991)

While Oppenheimer (1991) applied the dual-band method to TM data for the 1989 lava flow
of Lonquimay (Chile), Oppenheimer et al. (1993) applied it to TM data for Lascar’s active
lava dome. Like Pieri and Baloga (1990), both studies used TM bands 5 and 7 data to solve
the dual-band method in its two-component form over an active lava, but instead chose to
assume the (slightly easier to set) hot component (crack) temperature to solve for the lava
crust temperature and area. Like Pieri et al. (1990), Oppenheimer (1991) also took into
account problems of saturation and non-response:

e In cases where band 7 was saturated, solution was achieved using the saturated band 7
radiance with the unsaturated band 5 radiance; the output crust temperature was assumed to
equate to the lower limit for the true value (that is, the band 7 pixel-integrated temperature
was probably higher, so that a higher crust temperature would be required for actual solution).
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o If band 5 was non-responsive, the band 7 pixel-integrated temperature was used as an
upper limit for the likely crust temperature (that is, hot cracks were probably present, so a
lower crust temperature was probably required to balance the integrated band 7 radiance).

Oppenheimer’s (1991) results for Lonquimay’s 1989 lava flow are plotted as a function of
down-flow distance in Figure 4.11b of Chapter 4.

Oppenheimer (1991) was also the first to apply the two-component TIR solution of
Section 4.3.1.2 (Chapter 4). Following this method, Oppenheimer (1991) assumed that
the area occupied by hot cracks in the active lava was trivial so that the radiant contribution
of this high temperature component was negligible in TM’s TIR band (band 6). This meant
that the pixel fraction occupied by crusted lava (f) could be estimated from:

f = (Re = Ro)/(Rs — Ry)

Rg being the pixel-integrated radiance in band 6 (corrected for emissivity and atmospheric
effects), Ry being the radiance from ambient surfaces within the pixel and surrounding the
lava flow (obtained from pixels surrounding the hot spot pixel), and R, being the radiance
from a crusted lava surface for each pixel (as assumed from the bands 5 and 7 dual-band
results). Next the lava area (Aj,y,) within each 120 m band 6 pixel was estimated by
multiplying f'by the pixel area (Apixe1), where Oppenheimer (1991) obtained a range of:

Alva = f Apixel = 0.13 x 14400 m? = 1870 m?

to
Atava = f Apixel = 0.25 x 14 400 m? = 3600 m?

Assuming that the flow was orientated at right-angles to the pixel, Oppenheimer (1991) used
these calculations to estimate flow width (Wg,,,) by dividing by pixel length (Lpi), to
obtain widths of:

Wiow = Alava / Lpixet = 1870m? / 120 m = 16 m

to
Wiow = Alava / Lpixet = 3600 m? / 120 m = 30 m

Further applications and modifications through the 1990s

Throughout the 1990s a series of studies further modified and adapted the dual-band method
to satellite data containing volcanic hot spots.

(1) The Barren Island publication series

Three papers published in 1993 considered application of the dual-band method to TM data
containing active basaltic lava flows and open vents at Barren Island (Bhattacharya ef al.,
1993; Gupta and Badarinath, 1993; Reddy et al., 1993). Both Bhattacharya et al. (1993) and



8 Electronic Supplement 5

Reddy et al. (1993) followed the method of Pieri ez al. (1990), assuming a crust temperature
(200 °C) and solving for the temperature and area of hot cracks. While Bhattacharya et al.
(1993) applied the method to six daytime TM images acquired between 3 March and 22 May
1991, Reddy et al. (1993) considered a nighttime image acquired on 8 July 1991.

At the same time Gupta and Badarinath (1993) considered TM data from the 6 May 1991
acquired over the assumed location of an active vent. Both bands 5 and 7 were saturated, but
band 4 was responsive, the DN (35) converted to a pixel-integrated brightness temperature
of 1084 K which, when corrected for reflection and emissivity effects, was reduced to 1015
K. Gupta and Badarinath (1993) then used a two component model (hot vent against cold
background) to estimate the range of vent sizes and temperatures that could account for the
band 4 pixel-integrated temperature given an assumed background radiance. This is solution
option (1) of Section 4.2.1.4. of Chapter 4.

(2) Flynn et al. (1994)

Flynn et al. (1994) followed the method of Oppenheimer (1991) to extract thermal structures
and radiative heat fluxes using TM data for active pahoehoe flows at Kilauea. This method
was combined with an extended version of Pieri et al. (1990) to take into account saturation
and non-response conditions, so that the dual-band method was applied as follows:

e A hot component temperature was assumed to achieve solution if bands 5 and 7 were
unsaturated;

o In cases where the dual-band solution was not possible, and band 7 was unsaturated, the
band 7 pixel-integrated temperature was used;

e Otherwise the band 5 pixel-integrated temperature was used, if band 5 was responsive.

The full execution of this procedure is detailed in Electronic Supplement 6. In addition,
Flynn et al. (1994) used one band of unsaturated TIR (band 6) data to estimate skylight areas
by applying the two-component, two-assumption model of Section 4.2.1.4 of Chapter 4. Its
application, as executed by Flynn et al. (1994), is also detailed in Electronic Supplement 6.

(3) Andres and Rose (1995)

Andres and Rose (1995) provided dual-band-based estimates of the thermal structure over
the active lava dome surface at Santiaguito using TM data and applying the approach of
Rothery et al. (1998). However, response in band 4, as well as saturation of band 7, meant
that Andres and Rose (1995) used bands 5 and 7, or bands 4 and 5 if band 7 was saturated
and band 4 was responsive.

(4) Oppenheimer and Francis (1997)
Using TM data for Erta Ale, Oppenheimer and Francis (1997) worked further on tailoring
solutions depending on the availability of saturated, useable, or non-responsive data in TM’s
SWIR and NIR bands (bands 4, 5 and 7). Accordingly, Oppenheimer and Francis (1997) set
up the following five solution cases for pixels over the active lava lake:
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(i) Case l: Unsaturated data in band 7; no response in band 5
Solution: Assume hot component temperature and plot all possible combinations of
crust temperature and pixel fraction which will give the band 7 pixel-
integrated radiance.
[i.e., solution model (i) of Section 4.3.1.4., Chapter 4].
(i) Case2: Unsaturated data in bands 7 and 5
Solution: Apply the two-component dual-band solution by assuming a hot component
temperature and solving for crust temperature and pixel fraction.
[i.e., solution model of Section 4.2.1.1, Chapter 4].
(iii) Case 3: Band 7 saturated; band 5 responsive and unsaturated
Solution: Assume hot component temperature and plot all possible combinations of
crust temperature and pixel fraction which will give the band 5 pixel-
integrated radiance.
[i.e., solution model (i) of Section 4.3.1.4., Chapter 4].
(iv) Case4: Bands 5 and 7 saturated; band 4 responsive and unsaturated
Solution: Assume hot component temperature and plot all possible combinations of
crust temperature and pixel fraction which will give the band 4 pixel-
integrated radiance.
[i.e., solution model (i) of Section 4.3.1.4., Chapter 4].
(v) Case5: Bands 5 and 7 saturated; no response in band 4
Solution: Use the minimum value required to generate response in band 4, assume a
hot component temperature and plot all possible combinations of crust
temperature and pixel fraction which will give this band 4 pixel-
integrated temperature. Then narrow down the range to one that is
plausible based on field constraints.
[i.e., solution model of Section 4.3.1.4. (see Figure 4.9), Chapter 4].

The fifth case is actually slightly modified over the Section 4.3.4 model, in that we have two
bands of saturation and no-response in band 4, a case (unfortunately) that applied to most of
Oppenheimer and Francis’ (1997) pixels centered on the lake. In this case, the solution must
lie above the solution line that defines all possible crust and fraction combinations that gives
a DN of 255 in band 5, but below the solution line that defines all possible crust and fraction
combinations to force a response on band 4.

(5) Oppenheimer (1998)

Oppenheimer (1998) applied the classic two-component approach to extract thermal struc-
tures and flow areas for carbonatite lava flows at Ol Doinyo Lengai using TM data. To do
this, he took the Rothery ef al. (1988) approach, assuming that hot flows were active against
a non-radiant background in bands 5 and 7. However, instead of reaching a solution on a
pixel-by-pixel basis, the band 5 and 7 radiances were summed over the entire anomaly
(i.e., over all six anomalous pixels). This gave an anomaly-wide integrated spectral radiance
of 0.36 mW cm st ' um ' in band 5, and 1.56 mW cm % sr ' um ' in band 7. Solution
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(assuming an isothermal lava against an ambient background) then gave a flow area of 70 m?
at a temperature of ~540 °C, values which are plausible for active carbonatite lavas at
Ol Doinyo Lengai. This is effectively a hybrid of the, by now well established, unique one-
component solution of Section 4.2.1.2 (Chapter 4), used with summed radiances obtained
from the multiple-pixel-integration approach of Section 4.3.1.3 (Chapter 4). Note, though,
that because all of the pixels were the same area and the anomaly was of the same size (and
covered the same six pixels in both bands), the integrated radiance could be obtained from:

n

Rim =Y (Ry)

i=1

rather than the weighted average approach of Section 4.3.1.3.

(6) Harris et al. (1999a)

Harris et al. (1999a) began to explore three-component solutions using one band of TM data
(i.e., the One band of data, four assumptions approach of Section 4.3.1.1 of Chapter 4).
Also, following Oppeheimer and Francis (1998), Harris et al. (1999a) used saturated and
non-responsive bands to help narrow down the range of possible solutions when only one
band of unsaturated data were available (i.e., the Section 4.3.1.4. approach of Chapter 4).

The solution was for a case where a hot, two component body of known area (such as a
lava lake or dome) was present against an ambient background, so that the pixel mixture
model of Equation 4.17 (Chapter 4) could be applied

M(jw Tint) =Pa M(’Ia Ta) +pc M(/L TC) + (1 —Pa _pc) M(/l, Th)

Given the hot feature area (A},ya), the pixel portion occupied by the hot feature (pjaya) could
be calculated using the pixel area (Aixer) in:

Plava = Ajava / Apixel

Thus, the area occupied by ambient ground (Pa) is:

P = 1 - Plava

Fixing A},y, 1s particularly easy for a feature such as an active lava lake, because it is usually
fairly easy to estimate the area, and the area usually stays approximately stable. This means
that we have four unknowns, these being the temperature of the ambient background (T,),
the temperature of the crusted lava (T.), the temperature of hot cracks in the active lava (Ty,),
and the pixel portion occupied by crust (p.). This was reduced to two by assuming a
temperature for T}, (~1000 °C) and setting T, using the band 6 pixel-integrated temperatures
for surrounding, hot spot free, pixels. Next, the band 6 pixel integrated temperature was used
to plot all combinations of crust temperature and crust fraction that yielded the integrated
value. Narrower constraint was obtained by using the output of each combination to
calculate the pixel-integrated temperatures that would be expected in bands 4 and 5 (and/
or 7). If there was saturation of band 5 and no response in band 4 then, once the band 4 result
had increased to a level where detection would be expected, the solution could be rejected.
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Likewise, if the band 5 result decreased to a level where the data were no longer saturated,
then the solution could also be rejected.

(7) Lombardo and Buongiorno (2006)

The main post-2000 development was made by Lombardo and Buongiorno (2006), who
took a slightly different approach to all previous studies, using a two-component model with
three bands of data. All previous two-component models required at least one assumption,
this usually being either for the temperature of the hot (crack) or cool (crust) component. The
use of a two-component model, with three bands of data, allowed unconstrained solution
with no assumptions. However, such a solution required use of airborne scanner data which
provided three suitably located unsaturated bands. The scanner used was the Multispectral
Infrared and Visible Imaging Spectrometer (MIVIS), which acquired data in 102 wavebands
spanning the NIR, SWIR and TIR. Lombardo and Buongiorno (2006) used two unsaturated
wavebands in the SWIR, and one in the TIR to achieve unconstrained solutions using data
for the lava flow field active during Etna’s July-August 2001 eruption.

Development of three-component and multiple component models

Most of these TM-based studies assumed that the pixel was filled by the hot active lava
source, and applied a two-component model whereby the lava surface was composed of hot
crust broken by even hotter cracks. Such a model could be solved easily using two
wavebands of SWIR data. However, beginning in 1993, three-component models began
to be developed which used three bands of data to allow inclusion of a third thermal
component, or a consideration of the presence of lava-free surfaces at ambient temperature
surrounding a two-component active lava feature. However, the approach was not devel-
oped that widely, being the subject of just two papers in the 1990s.

Oppenheimer (1993a)

Oppenheimer (1993a), using three bands of thermal data from an airborne scanner (the
Thematic Mapper Simulator), was the first to consider a three-component solution. His
solution considered a pixel filled by three thermal components: high temperature lava,
cooler crusted lava, and low temperature active lava-free ground. Solution involved use of
two wavebands of SWIR data [TMS bands 9 (1.55-1.75 pm, Ay9) and 10 (2.08-2.35 pm,
A10)] plus one band of TIR data [TMS band 11, 8.5-14.0 pum, A;;]. For these bands, pixel-
integrated radiances (in mW cm 2 sr ' um™ ") were respectively 0.290 (Ro), 0.624 (R;,) and
1.188 (Ry;). This allowed three Equations to be constructed:

Rll = Ph M(/lllaTh) +pc M(’1117Tc) + (l_ph_pc) M(/ﬁ{llaTb)

Rio = py M(/Ilo, Ty) + pe M(’llo, T.) + (1=p,—po) M(’IIOa Ty)
Roo = py, M(iogv Ty) + pe M(’109> Tc) (1 —Ph—Pc) M('109a Ty)
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Two assumptions were made, that of:

(1) the background temperature (from surrounding lava-free TIR pixels) = 16 °C,
and
(i1) the high temperature component (= 1075 °C).

Oppenheimer (1993a) then rearranged the band 11 equation and used this to get rid of p in
the remaining two Equations. He then used these remaining two SWIR equations (based on
the band 9 and 10 pixel-integrated radiances) to reach a solution. To do this Oppenheiner
(1993) iterated on crust temperature (T.) and pixel portion occupied by the high temperature
component (py,) until a solution was reached. His solution yielded T, of 350 °C and py, of
0.02 %. The crust component coverage (p.) was then obtained by inputting the results into:

_Ru — MMy, Ta) = ppM (A1, Ty) — M(A11, T4))

P
¢ MMy, Te) — M (21, Ty)
that is,
337x10"Wm2m ! — 2.52x10" Wm~2m ! — 0.0002[1.13x10° W 2m =" — 2.52x10" Wm2m ]
Pe= 3.06x10° Wm—2m=! — 2.52x10" Wm—2m~!
=0.042(4.2%)

Although rearranged differently here, this is the methodology laid out in the three bands,
two assumptions case of Chapter 4’s Section 4.3.1.1.

Harris et al. (1999a)

Harris et al. (1999a) considered cases where the pixel may not be filled with active lava, as
may occur at small (sub-pixel) features, such as active lava lakes in Landsat TM data. For
such cases, a three-band model needs to be applied that considers a pixel containing an
active lava surface comprising two thermal components (crust broken by hot cracks),
surrounded by the third component — lava-free ground at ambient temperatures. Solution
involved use of two wavebands of SWIR data [TM bands 5 (1.55—1.75 um, As) and 7 (2.08—
2.35 pum, A7)] plus one band of TIR data [TM band 6, 10.4-12.5 um, A¢]. This allowed the
three bands of data, two assumptions solution of Chapter 4’s Section 4.3.1.1 to be applied,
using the following system of Equations:

R6 = Pa M(;{GaTa) +ph M(/167Th) + (1 —Pa _ph) M(i6aTC)
R; = p, M(47,Ta) + py M(27, Ty) + (1 — p, — py) M(47, T¢)
Rs = p, M(4s, Ta) + p, M(4s, Tn) + (1 — p, — py) M(Zs, Te)

The problem was, the TM band 6 pixel was larger than the band 5 and 7 pixels, being 120 m
rather than 30 m and thus containing 16 smaller band 5 and 7 pixels. Harris ef al. (1999a)
thus followed the weighted-average approach of Section 4.3.1.3. (Chapter 4) to integrate the
radiance for the smaller SWIR pixels across the larger TIR pixel to obtain an integrated
value (Riyy), i.e.,



Application of the dual-band technique to AVHRR-class data 13

1
Rlint = Z (ERM)

=1
so that the system of Equations can be written,
Re Pa M(’Iév Ta) +p M(}“& Th) + (1 —Pa _ph) M(/lﬁa Tc)

Riine = p, M(47, Ta) + p, M(A7, Tw) + (1 — p, — p) M(47, Tc)
Rsine = p, M(4s, Ta) + p,, M(As, Tw) + (1 — p, — py) M(4s, Tc)

Harris et al. (1999a) chose to rearrange the first Equation in the series to isolate p,, so that

_ R — M6, Ta) — ppIM (A6, Th) — M(As, Te)]
Pa Mg, Ta) — M, T.)

=P

Now inserting this into the second two Equations gives,
R7int = g M(47, Tay + py M(47, Tw) + (1 = s — py) M(47, T¢)
Rsine = B M(4s, Ta) + py M(4s, Tn) + (1 — B — py) M(4s, Tc)

thereby getting rid of p,. These two Equations were then solved by assuming a value for Ty,
and obtaining a value for T, from ambient band 6 pixels surrounding the anomaly (in this
case the lava lake), while ensuring that py, p. and p, were all positive and summed to one.
Solution allowed the lava lake area to be estimated from:

Alake - (ph + pc) Apixel

In this case the pixel area (Apixer) Was that of the Landsat TM band 6 pixel (14 400 m?) over
which the band 5 and 7 spectral radiances were integrated. The problem was that there were
not many cases where unsaturated, but anomalous, data were available in bands 5, 6 and 7;
as a result Harris et al. (1999a) was only able to apply the solution to a single case: Erta Ale’s
Northern lava lake on a January 1986 image.

Harris et al. (2003)

Harris et al. (2003) later applied a similar three component approach to 29 TM and ETM+
images for Santiaguito’s lava dome and silicic lava flows active between 1987 and 2000.
The advantage here was that, given the relatively cool and heavily crusted nature of the
lava flows they provided unsaturated data in three bands, although the extent of the flows
themselves meant that the anomaly spread across multiple band 6 pixels, meaning that
anomaly-wide integrated radiances were used. The full execution of this procedure is
detailed in Electronic Supplement 6.

Application of the dual-band technique to AVHRR-class data

Beginning with Oppenheimer (1989), a set of studies began to consider the application of
the dual band method to estimate lava area and surface temperature in lower spatial
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resolution (1 km pixel) data. Oppenheimer (1989) applied the standard two-component
model to unsaturated AVHRR data in a model that assumed the larger AVHRR-class pixel
contained an isothermal high temperature (lava) surface against an ambient background.
Oppenheimer (1989) expressed some reservations with this model, including the assump-
tion of two thermal components, where the lava itself will likely comprise at least two
components (cracks and crust). It was thus plain from the beginning that modifications
would have to be made to the dual band method if it were to be applied to AVHRR data. For
a start, AVHRR channel 3 (mid-infrared) data are often saturated over active lavas, so that
only one band of TIR data can be used. As a result Harris ef al. (1997a; 1997b) began to
explore the potential of a two-component solution that uses one band of unsaturated TIR
data to obtain lava area by assuming a temperature for the ambient background and a range
of temperatures for the active lava surface. This, for Etna’s 1991-1993 flow, gave reasonable
results (see Figure 4.12 of Chapter 4) and allowed the surface leaving (radiative and
convective) heat fluxes to be estimated. Wooster and Rothery (1997a) applied a similar
approach to 1 km ATSR data, obtaining crust and crack (and hence total lava flow) areas by
applying a two component model to the TIR and SWIR bands of ATSR, respectively. Like
the AVHRR-based approach, this was initially applied to ATSR data for Etna’s 1991-1993
lava flow (Wooster et al., 1997), as well as to ATSR data for Fernandina’s 1995 lava flow
(Wooster and Rothery, 1997a), allowing estimation of the radiated heat flux.

Heat flux models

It was quickly realized that satellite TIR data were of great value in obtaining heat flux
estimates for active volcanic phenomena, where the results of the dual-band method (surface
temperature and area) are necessary inputs into heat flux calculation (see Section 4.4 of
Chapter 4). The dual band method and heat flux estimations are thus natural companions.
Table A2 of Appendix A shows that 50 of the 120 (42 %) satellite remote sensing papers
published between 1965 and 2005 involved calculation of volcanic heat flux, with most of
those publications also dealing with dual-band issues (i.e., covering theme areas 2 and 3 of
Appendix A).

Active lava bodies

The first heat flux model using satellite data was applied by Friedman and Williams (1968).
Using Nimbus HRIR data acquired during Surtsey’s 1966 eruptions they calculated whole
pixel radiative heat flux densities in ergs per second by using the pixel integrated temper-
ature (Tin) in @paq = 6 Tine'. They then multiplied by pixel area (64 km?) to obtain the
radiative heat flux (M,,q) for Surtsey’s pixel. Although not listed in the collation of
Appendix A (because it was published as part of a conference proceedings), the results
were soon published in the peer reviewed literature by Williams and Friedman (1970), as
listed in Appendix A and reported in Chapter 1.
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At the same time, as reviewed in Chapter 7, Decker and Peck (1967) used ground-based
radiometers to estimate the surface leaving radiative energy flux for the cooling lava lake
within Kilauea’s Alae pit crater in 1964. However, it was not until the work of Glaze ef al.
(1989) that satellite data were again used to estimate heat fluxes over active lava bodies. In a
Nature paper Glaze et al. (1989) showed how the dual-band method could be used with TM
data to estimate the radiant heat flux for the lava dome at Lascar, as well as the lava lakes at
Erebus and Erta Ale. They used the approach of Rothery et al. (1988) to estimate the
temperature, and hence radiant flux density, of the radiating source, and then [like Friedman
and Williams (1968)] multiplied by pixel area to obtain the radiation flux.

Pieri ef al. (1990) moved towards a slightly more sophisticated approach that considered
the contributions of both the hot cracks (at temperature T}, and occupying area A;) and
cooler crust (at T, and occupying area A.) to the radiative heat flux in:

Mud = (60 Ty *) Ap + (60 Te *) Ac

Applied to their dual-band solutions for a June 1984 TM scene of an active lava at Mount
Etna, they were the first to use satellite (or radiometer) derived heat fluxes to estimate lava
flow core cooling rates, their resulting map of core cooling being given in Figure 1.11 of
Chapter 1.

While the study of Oppenheimer (1991) further refined the application of the dual-band
method, it also provided a further improvement on heat loss estimates for lava flows and
domes. For Lonquimay, Oppenheimer (1991) added an estimate of heat loss due to con-
vection, as well as radiation, thereby moving towards a more complete heat budget for a lava
flow. Oppenheimer (1991) also used Fourier’s Law to apply the method of Section 4.4.1.4.
of Chapter 4 to estimate crust thickness. His results are given in Figure 4.18 of Chapter 4.
Other heat flux extractions, and their applications, at active lava flows, domes and lakes
through the 1990s are summarized in Table S5.1.

Crater lakes, geothermal anomalies, open vents and fumaroles

Oppenheimer (1993b; 1996; 1997) focused on considering how TM data could be used to
constrain the temperature and area of, plus heat flux from, crater lakes, with Gaonac’h et al.
(1994) and Harris and Stevenson (1997) dealing with the measurement of heat fluxes at
fumarole fields using TM data. However, heat loss inventories for geothermally heated
surfaces and fumarole fields have tended to use radiometer-based surveys and/or thermal
camera data, the subtle thermal anomalies associated with such features being easier to
measure using a hand-held thermal camera placed at a suitable location close to the target.
Hence, Matsushima et al. (2003) quickly adopted the thermal camera to apply the approach
of Sekioka and Yuhara (1974) to obtain a heat flux inventory for Iwodake’s fumarole field
(see Section 4.4.1.12 of Chapter 4). We note here that the heat flux model of Sekioka and
Yuhara (1974) for geothermal areas was originally designed to work with radiometer data,
the use of a thermal camera allowing the measurements to be made across the entire surface,
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rather than for selected points within it (see Chapter 7). The literature for volcanological
applications of radiometers is given in Table 7.3 of Chapter 7, and for thermal cameras in
Table 9.3 of Chapter 9. These show 15 radiometer-based inventories of fumarole fields and
geothermal areas since 1965, and 12 thermal camera-based inventories since 2001, com-
pared with just five satellite-based inventories (as collated in Table A2 of Appendix 2) —
bearing out the fact that heat flux inventories for fumarole fields have not been the key role of
satellite data, but are better suited to ground-based radiometry.

Conversion between lava flow heat flux and volume

The next level of conversion is to convert the dual-band extracted lava area and/or heat flux
to lava volume or mass flux. Application of the first law of thermodynamics to estimate the
heat budget of a lava flow on the basis of the mass or volume of the erupted lava can be
traced to Verhoogen (1946) (see Section 4.5.1.1 of Chapter 4). A time line charting the post-
1950 development and application of this approach to convert between lava mass (or
volume) and heat flux is given in Figure S5.2. In this family tree, we see three generations
of study:

o Generation I: Studies up until 1980 tended to use measurements of lava volume or mass
to estimate the heat liberated by the lava mass in cooling to ambient. Yokoyama (1957)
was one of the first to do this, followed by Williams and Friedman (1970) and Scandone
(1979).

e Generation 2: Beginning with Pieri and Baloga’s (1986) exploration of the relation
between lava discharge rate and lava flow area, studies began to convert the other way:
between heat flux and mass or volume. In fact, Pieri and Baloga’s (1986) study became
extremely influential in guiding attempts to convert satellite-derived heat flux, or lava
flow area, to lava discharge rate (TADR), i.e., the rate at which lava needs to be supplied to
maintain the active lava area. From the Figure S5.2 time line we see that, after this
publication, an increasing number of studies attempted to use IR data to execute con-
versions between heat flux, or lava flow area, and TADR, mass or volume. These studies
are collated in Table S5.2.

e Generation 3: Studies that helped to refine the technique, as well as to clarify its
application limits and assumptions. These advances were made in parallel with continued
application to convert (mostly satellite) IR data to TADR for a variety of eruptions using a
range of sensors (see Table S5.2).

Although the volume-to-heat flux conversion of Friedman and Williams (1968) and

Williams and Friedman (1970) appeared in papers which used satellite data to examine an

eruption related hot spot, they did not use the satellite data in making the conversion. Instead

they used field-measured volume flux to estimate the amount of energy they expected from

the volcanic source, and compared that with the energy recorded for a 64 km? NIMBUS II

pixel centered on Surtsey. Le Guern (1987) was probably the first attempt to use an IR (in his

case radiometer-based) measurement to obtain a heat flux, and then convert the heat flux to a
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mass flux of lava required to generate the observed heat flux, with Francis et al. (1993) using
TM-derived heat fluxes to achieve the same conversion for a number of active lava lakes and
domes. Coupled with these two studies, Crisp and Baloga (1990), in an Icarus paper,
suggested the relation between heat flux and volume flux could be used for extra-terrestrial
applications. Harris et al. (1997a) then tested the relation of Pieri and Baloga (1986) with
terrestrial data for an active lava flow. This initial test used AVHRR data for Etna’s 1991—
1993 eruption and yielded promising results. Between 1997 and 2006, 21 studies tested and
applied methods to estimate discharge rates at lava lakes, domes, basaltic and silicic lava
flows using a range of satellite data sets, including AVHRR, ATSR, MODIS, TM, ETM+
and ASTER, as well as hand-held thermal camera (FLIR) data (see Table S5.2). The time line
of Figure S5.2 flags those post-1997 studies that have attempted to further modify and clarify
the conversion routine. These studies have pointed to the fact that, when applied using a two-
component TIR mixture model as its basis, the satellite data-based conversion reduces to a
linear relation between TADR and lava area (Wright e al., 2001). This relation has to be set
and checked (using ground truth data, i.e., a field-based measure of TADR) on a case-by-case
basis (Harris and Baloga, 2009), as described in the of later sections of Chapter 4.

More recently, studies have used satellite-derived discharge rates to run lava flow
emplacement simulations. Wright et al. (2008) used a combination of the FLOWGO and
DOWNFLOW lava flow emplacement models, with AVHRR-derived discharge rates, to
simulate emplacement of Etna’s 1991-1993 lava flow field. Comparisons between maps
generated by the satellite data-driven simulations and actual (field-mapped) flow areas are
given in Figure S5.3. These show that, when supplied with satellite-derived discharge rates,
realistic assessments of lava flow inundation and run-out (or length) can be achieved.
Instead, Herault ez al. (2009) and Vicari et al. (2009; 2011) used the MAGFLOW cellular
automata model, with MODIS-derived discharge rates, to simulate Etna’s July 2006 lava
flow, as well as fountain fed lava flow during Etna’s 12—-13 January 2011 eruption.
Simulated flow inundation areas were, again, in good agreement with field-based maps.
The result has been efforts to generate integrated real-time monitoring and response
systems, such as the LAV@WHAZARD system of Ganci et al. (2012a). As reviewed in
Chapter 5, the aims of such systems are to ingest satellite data in real-time and execute
automated algorithms to (i) detect the hot spot, (ii) execute a thermal mixture model, (iii)
convert to heat flux and discharge rate, and (iv) execute a lava flow simulation.

Three recent studies have used SEVIRI data to identity cooling curves following short,
fountain-fed lava flow emplacement events (Calvari et al., 2011; Gouhier et al., 2012; Ganci
et al., 2012b). Integrating the heat flux through time allows total power during cooling to be
estimated, which (following methodologies laid out in Section 5 of Chapter 4) can be
converted to a total lava volume. The result allows rapid generation of lava volumes erupted
during fountaining events, with Ganci et al.’s (2012b) SEVIRI-derived inventory of all lava
fountain events on Etna between January 2011 and January 2012 being given, by way of
example, in Table S5.3.
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Figure S5.3 FLOWGO/DOWNFLOW simulations using TADRs determined from AVHRR data
acquired during the first 19 days of Etna’s 1991-1993 eruption, with published maps of flow
dimensions. DOWNFLOW projects a flow line (line of steepest descent) multiple times from the
user-selected source (vent) to the edge of the Digital Elevation Model (DEM). Random noise is added
to the DEM between each run so that a slightly different flow line is obtained during each iteration
(Favalli et al., 2005). FLOWGO then estimates the cooling-limited distance that lava can travel down
each line at a given TADR (Harris and Rowland, 2001). In this case, the model was run 5000 times for
each simulation, using the AVHRR-derived TADR obtained by Harris ez al. (1997) for each simulation
day. Sketch maps of the flow extent around the same time as each model run are taken from Calvari and
Pinkerton (1998) and given below each simulation. Images and sketches are displayed at the same
horizontal and vertical scale to allow direct comparison. The color on the simulations denotes the
number of times a pixel has been used by a flow line, and is labeled “inundation”. The model provides a
good approximation of field-mapped flow length and area, and the inundation assessment appears a
good proxy for final flow thickness [From Wright et al. (2008, Fig. 3): Reproduced by permission of
American Geophysical Union].

Summation

Given that the literature data base given in this book consists 120 papers that use satellite
data for volcano hot spot radiometry (Appendix A), 67 papers that use radiometer data
(Table 7.3 of Chapter 7), and 113 papers that explore thermal camera applications (Table 9.3
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of Chapter 9), writing a history of every element of radiometry-based methodologies and
applications presents a mammoth task. Here I have tried to complete a thorough history of
the dual-band method, added to which is a short review of its application to extract heat and
volume fluxes. More detailed histories are given within this book for:

e The development of IR sensors and their application in volcano radiometry (Chapter 1);

o The extraction of heat and mass fluxes for active volcanic phenomena (Chapter 4);

e Hot spot detection in, and time series generation from, satellite data for volcanic (and fire-
related) hot spots (Chapters 5 and 6, plus the associated supplements);

e The use of radiometers and thermal cameras in volcanology (Chapters 7 and 9).

I hope that any researcher wanting to complete a background review of any theme in volcano
radiometry can use the literature data bases given in this book to obtain a complete history of
any desired theme or theme combinations, many of which I am bound to have missed.
General theme areas that these literature data bases support are:

(1) Sensor or data types used in volcano radiometry (spanning satellite and ground-based
sensors),
(i1) Applications by thermal anomaly type (lava flow, dome, geothermal, etc),
(iii) Development of data processing and reduction methodologies, and IR data applications
for measuring and tracking thermal phenomena,

Plus any combination of data type, target type, methodology or application.
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