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Ope

Abstract

We present a collection of eight reflectance spectra representative of Mt. Etna volcano lava flows.
The reflectance spectra were measured with a FieldSpecPro from 350 nm to 2500 nm during a
fieldwork in June 2007. The reflectance has been compared with reflectance obtained by multis-
pectral Advanced Space borne Thermal Emission and Reflection Radiometer (ASTER) and by hy-
per spectral EO1-Hyperion satellites. Prior the comparison, reflectance spectra have been con-
volved with ASTER and EO1-Hyperion spectral functions. The results show percentage errors in
accordance to those present in literature in the ASTER SWIR range. However, some differences
have been confirmed for the ASTER reflectance product (ASTER_07) in visible channels. Regarding
EO1-Hyperion, a good agreement of reflectance against field measurement has been found result-
ing in 5% percentage maximum error in the VIS and up 30% in SWIR spectral range. The capacity
of reproducing spectral feature by EO1-Hyperion has been checked on bright pixels (ice-snow) in
the acquired image.
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1. Introduction

Spectral reflectance plays an important role in visible and short wavelength infrared (VIS-SWIR) remote sens-
ing. Each material inorganically and organically absorbs and reflects the incoming radiation in a very peculiar
way [1]. In the 0.4 - 2.5 um range, minerals display absorption features due to the interaction of light with
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anions (Fe, Mg, Al) and cations (OH, H,0, COs). Organic compounds including vegetation display diagnostic
absorbent features that occur in and typify healthy and alternated state of vegetation [2].

Reflectance spectra provide information about the specific material and their composition. They are used for
different applications such as: classification of remote sensed data, identification of mineral features of rock,
vegetation mapping, etc. [3] [4]. The interest in reflectance spectra of volcanic rocks is recently increasing as
they can play an important role as planetary analogues [5]-[7]. In fact, these spectra can be used to identify
compounds by data acquired by ongoing solar system exploration missions [8] [9].

In addition, spectra measured in field trace the variation observed in soil, rock, etc. compared to measure-
ments of samples collected in laboratory. Furthermore, the infield reflectance spectra acquired near the contem-
poraneous satellite passage are used for vicarious calibration [10].

At satellite scale, multispectral sensors such as ASTER have been used in many fields including mineral
mapping and hydrothermal alteration [11]-[13] and geomorphology [14].

A step forward was reached in the last decades thanks to imaging hyper spectral sensors on board of satellite
which combined the spectroscopy information to a wide area.

Hyper spectral images acquired by satellites, such as EO1-Hyperion, have been intensively used for quantify-
ing agricultural crops, modeling forest canopy biochemical properties, detecting crop stress and disease, map-
ping leaf chlorophyll content [15], and for predictions of soil organic carbon [16].

Now multispectral and hyperspectral sensors are routinely applied to geomorphologic, geological and geo-
physical investigations [17]-[20].

The current paper presents eight reflectance spectra acquired on several surfaces of Mt. Etna volcano includ-
ing different age lava flows and snow-ice which, in certain cases, can be used to validate reflectance measure-
ments from sensors such as ASTER and EO1-Hyperion.

The study is organized as follows: Session 2 includes the study area, the instrument and the reflectance mea-
surements; Session 3 summarizes the results and Session 4 presents the conclusions.

2. Methods
2.1. Study Area

Mt Etna is a very active mugearitic-hawaiitic strato-volcano located in eastern Sicily, Italy (37°44'3"N, 15°0'16'E).
It has a 3329.6 m elevation and a radius of about ~18 km. Its flanks are mostly covered by recent lava flows.
The volcano rests on a sedimentary substratum composed of Tertiary flysch units belonging to the Appenninic-
Maghrebian Chain, to the N and W, and of Quaternary sands and clays of the Catania basin on the other side
[21] [22]. Mt. Etna is characterized by very frequent lava eruption, gas emission and Stromboli an activity.
Due to its activity the volcano is consequently exposed to resurfacing processes, which might change the spec-
tral features [23]-[25]. On the other hand, the areas of the volcano, which are not interested by resurfacing
processes, may vary their spectral features due to alteration processes or vegetation growth. The most common
lava type on Mt. Etna is ‘a‘a, which is characterized by a rough edge shape different from that of the pahoehoe
type, which is characterized by a cordon shape. Figure 1 shows the historical lava flows which are selected for
the in situ measurements. A detailed description of the eruptions associated with the lava flows can be found in
[26]-[28].

2.2.In Field Reflectance Acquisitions

Reflectance measurements were collected with a ADS FieldSpecPro® instrument (or briefly FieldSpec). This is a
portable, battery powered, spectroradiometer [29], operating in three detector ranges, 350 - 1050 nm, 1000 -
1800 nm, 1800 - 2500 nm, by using three spectrometers, incorporated into a single instrument. A three-step
measurement protocol was developed for the FieldSpec: 1) pre-campaign activity; 2) field protocol; 3) post-
campaign instrumental controls as described in [10].

The reflectance spectra of the selected surfaces were obtained automatically by the instrument software as the
ratio of the target radiance and of a standard white reference (Spectralon), multiplied by the Spectralon absolute
spectral reflectance. Dark current and white reference were taken before each reflectance measurement; in this
way, illumination variations between the measurement of the target and of the reference can be avoided [30]
[10]. Each spectrum consists of an average of 40 individual spectra, collected between 11:00 - 14:00 local time
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Figure 1. Sampled historical lava flows of Mt. Etna over a DEM,; light blue circles indicate
the location of in situ spectral reflectance measurements.

under clear-sky conditions, calm wind. and covering an area representative of satellite pixel. The maximum
standard deviation throughout the spectrum is 0.05.

2.3. Satellite Data: ASTER and EO1-Hyperion

On demand acquisition of ASTER in the campaign time frame (17 - 21 June 2007) was requested. Image data of
good quality and cloud free was acquired on 19 June 2007 at 9:59 GMT.

ASTER has three bands in the Visible-Near Infrared region (VNIR) six bands in the Short Wave Infrared re-
gion (SWIR) and four bands in the Thermal Infrared Region (TIR) wavelength region [31]-[35]. All ASTER
images are supplied as georeferenced products, created by performing geometric and radiometric corrections on
the original Level 1A image data and a re-projection onto a rotated “path oriented” map at full instrument reso-
lution. The 30 registration accuracies for SWIR/VNIR were 0.054 SWIR pixels and 0.051 SWIR pixels in the
cross-track and the along-track directions respectively [36] [37]. The AST_07 L2 [38] reflectance product cov-
ering the volcano Etna was used. AST_07 contains surface reflectance for each of the nine VNIR and SWIR
bands at 15-m and 30-m resolutions, respectively [38]. Pre-processing of the ASTER data consisted of resam-
pling VNIR bands to the SWIR 30 m spatial resolution and combining the VNIR and SWIR data into a 9-band
surface reflectance image cube.

Hyperspectral data were acquired by EO1-Hyperion just one month later the campaign. The Hyperion sensor
covers the wavelength region from 400 to 2500 nm with 220 bands of at 10 nm spectral resolution and 30 m
spatial resolution [39]. The sensor was designed as a technology demonstrator rather than a scientific driven
mission. It is not equipped with an on board calibration unit and has a very low signal to noise ratio (SNRVNIR
550 - 700 nm = 140 - 190, SNRSWIR ~1225 nm = 96, and SNRSWIR~2125nm = 38) which limit its perfor-
mance. Furthermore no standard products are provided and the whole calibration chain has to be applied includ-
ing geo-correction.

The first step of the Hyperion data pre-processing consisted of eliminating uncelebrated bands. The Level 1
Radiometric product has a total of 242 bands, but only 198 of these are calibrated [40]. There are only 196
unique channels, due to an overlap between the focal planes of VNIR, band 56 (915.23 nm), 57 (925.41 nm) and
SWIR, band 77 (912.45 nm), 78 (922.54 nm). All uncelebrated bands, as well as bands 77 and 78, were removed
before further processing, and a scaling factor of 40 and 80 was applied, respectively, to the VNIR and SWIR
bands to obtain the W/m2/sr/um [41]. A small number of Hyperion's detectors are malfunctioning, which often
results in vertical striping in the image across all bands. The striping effect was removed by replacing bad values
with the average of the good values on either side of them. Surface reflectance was retrieved using the Fast
Line-of-sight Atmospheric Analysis of Spectral Hypercubes [41] [42] algorithm as developed in the FLAASH
ENVI module [42]. The parameters for ENVI FLAASH include entering information about the collecting sensor
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and the collected scene, selecting an atmosphere and aerosol model for the correction, and setting the options for
the atmosphere correction model.

We selected a Mid Latitude Summer Atmospheric model in order to characterize the water vapour present in
the atmosphere. The aerosol type selected was the rural one in accordance with the Mt. Etna scenario, not
strongly affected by urban or industrial sources [42]. Finally, the Hyperion reflectance image was geocoded by
using Ground Control Points taken from the ASTER image. The reflectance spectra obtained for the selected
area was smoothed to reduce spectral artifacts by using an adjacent averaging filter with pointing window equal
7.

3. Results and Discussion
3.1. Reflectance Measurements from FieldSpecPro®

Reflectance spectra were acquired in correspondence of 12 surfaces (Table 1), including 7 hystorical lava flows
(Figure 1). lce/snow reflectance was measured on the top of the volcano (Torre del Filosofo site, Table 1,
37°44'N, 14°60'E).

All spectra (Figure 2) show two gaps respectively at around 1400 nm and 1900 nm due to the removal of the
noise caused by atmospheric water vapor in these bands. In general, the acquired reflectance shows the typical
trend of basaltic rock, which characterizes Mt. Etna’s lava flows.

Low absolute reflectance values (maximum value between 0.04 - 0.07) have been measured in the younger
lava flows (2002 and 2007) in accordance with [25] [43]. Higher reflectance values (max ranging between 0.25 -
0.15) have been measured in 1652, and 1992 lava flows due to lichens. 1992 lava flow reflectance (p6-1992)
shows lichen alteration feature for wavelength greater than 650nm and spectral mixing effect between 400 - 700
nm (p7-1992) because of the lichens don’t completely mask the underlying rock. Two different classes, scoria-
ceous lava with reddish oxidation, and small bushes were measured in 1865 lava flow (p9-1965, p12-1865).

3.2. ASTER vs in Field Measurement

In ground, reflectance (P18-2006) measured in correspondence of ASTER passage was resembled by computing
the convolution with the ASTER relative spectral response function. In Figure 3, the comparison between
ASTER and the corresponding in situ reflectance, convolved with the ASTER response function, is shown.

Table 2 shows the error percentages of the ASTER measurements, compared to the reference reflectance
measurements. Minor percentage errors are found in the SWIR (min 2.4% to max 18.8%), probably due to the
decrease of aerosol spectral absorption with wavelength [44]. In the SWIR range, the comparison shows an av-
erage percentage error between 2.4% - 6.0% for the first 4 SWIR bands and a higher value for the 5th band
(2500 nm) equal to 18% in the SWIR range for point p18 acquired during the ASTER passage. This value is in
agreement with the ASTER error in this range [45].

3.3. EO1-Hyperion vs in Field Measurement

The comparison between EO1-Hyperion reflectance with the spectrum acquired in the p18 is showed in Figure 4(a).
The estimated percentage error is shown in Figure 4(b). The better spectral performance is in the visible range
between 500 hm and 800 nm with a maximum percentage error of 5% while a maximum percentage of 30% is
in SWIR range.

3.4. Spectral Features for Bright Target: Ice-Snow

3.4.1. ASTER: Ice-Snow Reflectance Comparison
In Figure 5, the Field Spec snow/ice is compared respectively to the corresponding ASTER reflectance spec-
trum (p27-ASTER) A good spectral correspondence in the overall shape is found.

The observed drop in the reflectance may be interpreted as melting effects. In fact, when snow melts, there is
more radiation being absorbed by the snow pack. This produces a positive feedback, causing further melt and
thus further decreases in alb do [46]).

The visible band 2 (Figure 5) shows a depletion of reflectance compare to an expected reflectance maximum
to confirm the hypothesis an atmospheric correction issue of ASTER_07 product in the visible bands.
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Table 1. Features measured sites.

Measured surfaces features

Date L
1D Surface Description
17-06-2007 p4 Lava flow 2002 Fresh scoriaceous lava
18-06-2007 p6 lava flow 1992 Lava covered by lichen
18-06-2007 p7 Lava flow 1992 Fresh scoriaceous lava partially covered by ash
18-06-2007 p9 Lava flow 1865 Scoriaceous lava with reddish oxidation
18-06-2007 pl2 Lava flow 1865 Lava covered by lichens
18-06-2007 p15 Lava flow 2002 Not-welded scoriae at the front of the lava flow
19-06-2007 p18 Ash fallout 2007 2007 ash covering 2006 lava flow
19-06-2007 p24 Lava flow 1983 Surfaces with pahoehoe morphology
20-06-2007 p27 Snow ice Torre del Filosofo
20-06-2007 p29 Lava flow 2002 Lava and welded scoriae cropping out close to the eruptive vent
21-06-2007 p34 Lava flow 1652 Surfaces with pahoehoe morphology covered by lichens
21-06-2007 035 Lava flow 1652 Pahoehoe Lavas characterized by undulat_lng and ropy surfaces
covered buy mosses and lichens
17-06-2007 p4 Lava flow 2002 Fresh scoriaceous lava
18-06-2007 p6 Lava flow 1992 Lava covered by lichen
18-06-2007 p7 Lava flow 1992 Fresh scoriaceous lava partially covered by ash
18-06-2007 p9 Lava flow 1865 Scoriaceous lava with reddish oxidation
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Figure 2. (a) Surface reflectance of different historical Etna lava flows measured with the
FieldSpec Spectrometer. The atmospheric absorption bands dominated by noise have been
removed; (b) Pictures of the surfaces are shown. Reflectance of exposed lava and lava plus
reddish bushes (1865) and lava and lava with lichens (1992) have been measured representing

different endmembers.

Furthermore, the reflectance in SWIR bands appears to be higher than the reference. An interpretation for this
may be a combined effect of not very thick ice layer (rock underneath) and the pixel mixed reflectance that in-

cludes the ice-snow and volcanic surface.



S. Amici et al.

0.6~
—a— 18-2006

o o o
w - w
1 1 1

Reflectance

o
~nN
1

e
-
1

L]
[ ] e

M—

o p18-ASTER

——agaod

0.0L—

s e —
Wavelength (nm)

Figure 3. ASTER surface reflectance (red) and ASD (black) spectra convolved
response functions for ash measurement (site p18).

1
2500

using VNIR/SWIR ASTER

— p18-Hyperion % error

J

0.6 - 50
(@) ——18-2006 wl ®
i —— p18-Hyperion
05 p18-Hyp 20
20
0.4
8 104
g
B 0.3+ 0+
)
] -10
4
0.2
220 4
0.1 =301
—————— e s o - el 40 ]
0.0 T T T T 1 -50 T— — T
500 1000 1500 2000 2500 500 1000
Wavelength (nm) Wavelengt

Figure 4. (a) The graph shows in situ reflectance spectrum (p18) compared to the
(b) The graph shows the EO1-Hyperion spectral percentage error for p18.

0.6
—s— p27-ice-snow

054

044

Refelctance

0.3+

024

0.14

00

T T 1
1500 2000 2500

Wavelegth (nm)

T T
500 1000

—_— —_— —
1500 2000 2500
h (nm)

satellite one (p18-Hyperion);

—e— p27-ice-snow ASTER

Figure 5. ASTER surface reflectance (red) and ASD (black) spectra convolved using VNIR/SWIR ASTER

response functions for ash measurement (site p27).



S. Amici et al.

Table 2. Features measured sites.

[(ASTER-Reference)/Reference] x 100

ASTER Bands (nm)
p18 Percentage Error

556 54.79402
659 10.63981
807 63.97763
1657 13.69203
2169 4.56884

2209 —4.40338
2263 2.37392

2334 —6.03131
2400 18.76879

3.4.2. EO1-Hyperion: Ice-Snow Reflectance Comparison
EO1-Hyperion has a very low SNR (up 150 in VIS and 100 SWIR, [47] which makes very hard to get spectral
information from very low reflectance surfaces, like basalts.

However, on the EO1-Hyperion image we could identify few snow pixels in correspondence of north-west
area of the volcano (Figure 6(b)). A reflectance spectrum obtained by averaging 21 Hyperion snow-ice pixels,
was smoothed in order to reduce the noise.

We compared the reflectance spectra plots for different snow and ice surfaces [48] [49] with the in situ and
Hyperion spectra. We noticed a correspondence between the glacier ice spectrum and the in situ one, and a good
correspondence between the dirty glacier and the Hyperion spectra. The drop of reflectance, in the Hyperion
spectrum, may be interpreted as the combination of dirty ice and melting effects in a 30 m pixel.

A good correspondence also in spectral features is observed. In particular we notice the same absorption fea-
ture at 450 nm, 780 - 800 nm, 900 nm and 1000 nm in both the Hyperion (Figure7(a)) and Hall spectra in
Figure 7(b) [48] [49] highlighted by red arrows. In particular, the 1000 nm ice band is temperature dependent
and it increase its absorption as more liquid water forms during the melting process [49].

The obtained result validates the procedure applied to derive the Hyperion reflectance, confirming that signif-
icant spectra can be obtained from EO1-Hyperion data after appropriate processing.

Spectral stability of the bands, in terms of spectral position, is also confirmed, since the reflectance of the
melting snow spectrum has been retrieved and validated.

4. Conclusions

In field, reflectance measurements were conducted on Mt. Etna, aiming to provide a spectral characterization of
lava flows. Reflectance spectra, representative of lava flows of different ages, have been generated. Although
basalt rocks have low reflectance values and few characteristic bands in the VNIR range, we have found that
their spectra are quite unique in their overall shape. Alteration due to the effects of lichens have been found in
the 1652, 1992 and 1865 lava flows and follow the findings of previous studies [25].

In ground, reflectance has been compared against reflectance product (AST_07) generated by ASTER during
on demand three visible bands possibly due by not including the aerosol types [44] in the reflectance ASTER
product generation. In fact in SWIR range, where this effect is not dominant, a good agreement was found.

Regarding EO1-Hyperion spectra, the results of the comparison between in field and satellite show a good
spectral correspondence (both VNIR and SWIR) demonstrating that the applied calibration and atmospheric
correction procedure is reliable. In the VNIR, the error ranges between 2% and 8%, while in the SWIR it is
about 10% - 30%. EO1-Hyperion shows a better spectral agreement with the ground truth compared to ASTER
ones. However, the higher percentage error in the SWIR range compared to that one in the VNIR can be attri-
buted to the low SNR of the EO1-Hyperion sensor (VNIR up 200 and SWIR < 100 according to [47], which
becomes predominant in the presence of a low reflectance target.

The obtained results validate the procedure we have applied to derive the EO1-Hyperion reflectance, con-
firming that significant spectra can be obtained from Hyperion data after appropriate processing and preferably

for high reflectance target.
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Figure 6. (a) EO1-Hyperion RGB colour composite visible channels acquired in July 2007; (b)
The snow in the top crater area has melted, however in the north-west of the volcano (zoomed
area b) few ice-snow pixels are detectable; (c) Zoomed area were the in ground reflectance for
comparison (p18) was acquired.
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Spectral stability of the bands, in terms of spectral position, has been confirmed, since the reflectance of the
melting snow spectrum has been retrieved and compared against on ground (ice-snow, p27).

On ground reflectance measurements of volcanic area are hard to realize due to the extreme environment and
few have been realized in the past [7] [25].

The spectral dataset generated during the fieldwork is so very valuable, and will be part of a spectral library
project carried out by Istituto Nazionale di Geofisica e Vulcan logia for the Italian Space Agency (ASI) in the
frame of the PRISMA Hiperspectral mission. Furthermore, there is an international growing interest in this such
of measurement because of they may be used as planetary analogues, to identify minerals and composition from
the data acquired by the numerous solar system spaceborne (e.g, Cassini, Rosetta, Bepi Colombo, etc.) missions
which are equipped with hyper spectral sensors.
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