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Abstract: We demonstrate spectral estimation of supraglacial dust, debris, ash and
tephra geochemical composition from glaciers and ice fields in Iceland, Nepal, New
Zealand and Switzerland. Surface glacier material was collected and analyzed via X-ray
fluorescence spectroscopy (XRF) and X-ray diffraction (XRD) for geochemical composition
and mineralogy. In situ data was used as ground truth for comparison with satellite derived
geochemical results. Supraglacial debris spectral response patterns and emissivity-derived
silica weight percent are presented. Qualitative spectral response patterns agreed well
with XRF elemental abundances. Quantitative emissivity estimates of supraglacial SiO,
in continental areas were 67% (Switzerland) and 68% (Nepal), while volcanic supraglacial
S10, averages were 58% (Iceland) and 56% (New Zealand), yielding general agreement.
Ablation season supraglacial temperature variation due to differing dust and debris type and
coverage was also investigated, with surface debris temperatures ranging from 5.9 to 26.6 °C
in the study regions. Applications of the supraglacial geochemical reflective and emissive
characterization methods include glacier areal extent mapping, debris source identification,
glacier kinematics and glacier energy balance considerations.
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1. Context

Glaciers, icecaps and ice sheets have melted at unprecedented rates over recent decades in response
to Earth’s changing climate [1,2]. A driving factor influencing this melt is dust and debris cover on
land ice surfaces [3—6]. Emerging research suggests global dust and soot flux may have considerably
larger impact on glacier melt than currently understood [7-10]. Volcanic eruptions, such as New
Zealand’s Mt. Ruapehu eruption in September 2007, and Iceland’s Eyjafjallajokull eruption in April
2010 and Grimsvotn eruption in May 2011 also result in considerable deposition of ash and tephra on
ice caps and glaciers. Long-range atmospheric transport of particulates [11-13], changes in regional land
use [14], recession of ice and atmospheric re-emission of fine grained silt [15] and regional rockfall and
sediment re-emission are the primary factors contributing to glacier surface particulate composition. The
geochemical composition of surface glacier debris can indicate provenance—whether debris is locally
attributed or transported to the glacier. Further, the composition and extent of glacier surface particulates
influences albedo and the amount of solar radiation absorbed at the ice surface.

Satellite estimation of surface glacier geochemical composition is a new field of research
(e.g., [16]) and can be used to quantify glacier surface compositions on large spatial and temporal scales.
Such glacio-geochemical mapping methods allow for monitoring changing patterns in debris cover and
composition over seasonal, annual or multi-year time periods. Techniques discussed in this study could
be included in larger regional (e.g., [17-19]) or global (e.g., [20,21]) glacier monitoring inventories.

We study four distinct continental and volcanic glacier regions to demonstrate supraglacial
geochemical mapping capabilities. Field collected supraglacial debris samples were measured for
mineral and elemental composition via X-ray diffraction (XRD) and X-ray fluorescence spectroscopy
(XRF), respectively. Field collected surface glacier debris serve as ground truth for comparison with
satellite reflectance and emissivity geochemical estimations. Supraglacial dust and debris geochemical
compositions are estimated by reflectance response patterns and emissivity-based silica (SiO,) weight
percent estimates. Emissivity derived glacier surface temperatures are measured over varying debris
coverage, to explore influences on surface temperature due to surface glacier dust and debris coverage.

2. Study Areas

Our spectral geochemical estimation method is applied to glaciers in near Arctic and mid-latitude,
northern and southern hemisphere, volcanically and land-dust influenced areas in Switzerland, Nepal,
Iceland and New Zealand (Figure 1). The differing geologic settings, climate, and glacial types (e.g.,
temperate, summer accumulation type, ice cap, alpine valley glacier, cirque) offer distinct supraglacial
dust and debris composition types (Table 1).

The Western Swiss Alps geologic composition is based upon Apulian/African continental plate
convergence, resulting in Jurassic ophiolites and associated oceanic metasediments, Cretaceous
calcschists and shales, as well as Protero-Paleozoic granites and gneisses [22]. Three glaciers near
the Matterhorn (4,478 m) were studied: Findelen, Gorner and Zmutt. Glacier elevations span from 2,240
to 4,450 m, and the three glaciers offer a unique set of neighboring valley glaciers with different types
and spatial distributions of supraglacial debris. Findelen is dust covered in the ablation zone, considered
by the World Glacier Monitoring Service as a characteristic valley glacier and has been studied over a
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century (e.g., [23,24]). Gorner contains medial and lateral debris bands as well as englacial transport of
cold (i.e., below freezing) ice from accumulation zone to re-emergence in the ablation zone resulting in
intricate winding melt water channels of cold (rather than temperate) bare ice framed by debris bands.
The third Swiss Alps study glacier, Zmutt, is heavily debris covered in the ablation zone. Three distinct
longitudinal debris bands flow down Zmutt, resulting from lateral geologic differences and weathering
factors (for description of geochemical weathering in region, see [25]). An iron-rich coating is present on
the northern supraglacial longitudinal debris band and can be visually contrasted from the non-weathered
debris on the southern side and granitic central Zmutt debris (Figure 2).

Figure 1. Map of study region locations, indicated by the cyan boxes.
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Table 1. Characteristics of glacier study regions. (Swiss climate data from MeteoSwiss
and [26], elevations from Swisstopo, 2004; Nepal climate data from [27], elevations
from [28]; Iceland climate data from [29], elevations from [30]; New Zealand climate
data from New Zealand National Institute of Water and Atmospheric Research, Whakapapa
Village (1100 m). Elevations from New Zealand Department of Conservation, 2004.)

Study Region, Glacier Glacier Type, Influences Mean Annual Temp.,

(Latitude, Longitude) Precipitation Elevation (m.a.s.l.)
Zermatt Area, Switzerland Mid-latitude, valley glaciers 3.5°C, 700 mm

(46.00 N 7.65 E) dust and debris covered 2,240-4,450 m

Khumbu, Ngozumpa, Nepal Debris covered continental valley glaciers. —2.4 °C, 470 mm

(2798 N 86.84E) Temperate, summer accumulation 4,900-8,848 m

central ice caps, Iceland Near-Arctic, maritime —0.4°C, 740 mm

(64.30 N, 18.05 W) ice caps, volcanic influences 0-2,100 m

Mt. Ruapehu area, New Zealand Cirque glaciers, 6.1 °C, 1,100 mm

(39.27 S 175.56 E) volcanic influences 2,200-2,797 m

The Himalayan mountain range is formed by the convergence of the Eurasian and Indian tectonic
plates, and extends from the Karakoram and Hindu Kush in the northwest to the Khumbu, Lhasa and
Bhutanese region in the southeast. The southeastern Nepal Khumbu Himalaya area geologically consists
of mid- and early Tertiary leucogranites, gneisses, and shales [31]. The glaciers in the Khumbu Himalaya
region, including Imja, Khumbu, Lhotse Shar and Ngozumpa glaciers, are heavily debris covered in the
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ablation zone [32]. Of the contrasting geographic areas in this study, the Khumbu Himalaya glaciers are
closest to the equator, highest in elevation—Ngozumpa glacier spans from ca. 8,188 m to 4,700 m and
Khumbu glacier spans from 8,848 m (the highest point on Earth) to 4,900 m [28], and contain the most
extensive debris cover. Atmospheric deposit from local continental dust influences area glaciers [33],
yet the majority of glacial debris is due to frequent rock and ice avalanches from surrounding extreme
terrain [28].

Figure 2. ASTER (band 3,2,1) images of Zmutt glacier (top left, acquired 29 July 2004)
and Khumbu glacier (top right, acquired 29 November 2005). VNIR-SWIR multispectral
AST_07XT reflectance is plotted beneath the images. Zmutt glacier serpentine Fe rich and
Fe poor longitudinal debris bands can be differentiated from the Khumbu glacier leucogranite

lighter granitic and darker schistic longitudinal debris bands.
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The near Arctic Iceland ice caps span in elevation from sea level to 2,100 m and are located on
some of the youngest bedrock on Earth. Bisected by the Mid-Atlantic Ridge from north to south,
the center of Iceland where Hofsjokull and Myradalsjokull are located consists of Holocene sediment.
Vatnajokull, the largest ice cap in Iceland (and Europe), covers approximately 8,000 km? [34] extending
from the center of the island to near the eastern Icelandic coast, straddling Holocene sediment, and
earlier Quaternary and Tertiary bedrock moving from west to east [35]. Hofsjokull, Myradalsjokull and
Vatnajokull ice caps are influenced by high volcanic activity, with over 205 Icelandic eruptive events
recorded [36]. Tephra deposition and re-emission dominates surface dust and debris on Iceland’s ice
caps (tephrachronology further discussed in [37]). Of particular interest to this study is the recent April
2010 Eyjafjallajokull eruption, subsequent basaltic tephra deposition and ablation season of 2010. The
heaviest tephra deposition resulting from the April 2010 Eyjafjallajokull eruption was on Myradalsjokull,
followed by Vatnajokull and Hofsjokull.

Located mid-latitude in the southern hemisphere, bordered by the Pacific Ocean to the north and east
and the Tasman sea to the west, the north island of New Zealand is typified by a temperate climate with
prevailing westerly winds. Eight small cirque glaciers lie about the summit of the active Quaternary
andesitic stratovolcano Mt. Ruapehu (2,797 m, the highest peak on the north island) [38,39]. Mt.
Ruapheu glacier elevations span from 2,200 to 2,797 m, and experience high precipitation, with seasonal
snow cover [40,41]. The warm acidic Crater Lake at the summit (typically between 15 and 40 °C)
provides a continual sulfur and to a lesser extent chloride and magnesium aerosol influence on Mt.
Ruapehu glaciers [42,43]. Mt. Ruapehu glaciers are also affected by the frequent volcanic eruptions,
which are predominantly steam, periodically magmatic, and occasionally lahars—in all, over 60 such
events are documented since 1945 [44-46]. The last large Mt. Ruapehu eruption occurred on 25
September 2007 (discussed in [47,48]) and the ablation season following the 2007 eruption is analyzed in
this study. From the frequent volcanic eruptions, tephra layers in glacier ice are numerous and can be up
to 0.5 m thick, consisting of fine ash to ballistics, with plagioclase, pyroxene, elemental sulfur, anhydrite,
pyrite, and alunite dominant mineralogy [44,48]. Thin tephra layers on Mt. Ruapehu have been shown
to enhance glacier melt; thicker tephra layers have resulted in sub-tephra melting and creation of ice
dolines [49].

3. Data Collection and Methods

3.1. Field Sampling and Geochemical Analysis

A total of 54 supraglacial debris samples were collected as follows: 30 debris samples from Findelen
and Zmutt glaciers in Valais, Switzerland in September and October 2010; 22 debris samples from
Ngozumpa and Khumbu glaciers in Nepal in November 2009 and December 2009 and 2 debris samples
from Mangatoetoenui glacier in New Zealand in March 2010. Supraglacial debris samples were collected
in clean polyethylene bags, obtaining at least 100 g of debris per sample, and double bagged for transport.
All in situ samples were taken in duplicate. Field sample geographic position, elevation and geologic

type are detailed in Table 2.
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Supraglacial debris samples were analyzed for mineralogy via X-ray diffraction (XRD) and
geochemical composition via X-ray fluorescence spectrometry (XRF) at the University of Oslo,
Department of Geosciences. To prepare for this analysis, debris samples were oven dried 2 days at 80 °C
and crushed to a fine powder (less than 125 um particle size) via a vibratory ringmill. The fine powder
was then prepared into XRD measurement discs and XRF sample tablets for measurement—further
detailed in [50]. Note, mineralogy and geochemical composition of Eyjafjallajokull tephra is taken
from [51] “explosive ash” as field samples were not collected in this region. For the purposes of this
study, geochemical compositions are summarized as supraglacial debris sample averages of the dominant
minerals and bulk oxides (with particular inclusion of spectrally influential oxides, e.g., MnO and Fe,O;)
at the target glaciers (Table 3).

Table 2. Surface glacier debris sample attributes, including location, elevation, collection

date.

Location Date Latitude/Longitude Elevation (ma.s.l.) Debris type
Mid-Findelen 3 October 2010 46.0108°N 7.8267°E 2,675 silt, gravel, rock
Lower Findelen 29 September 2010  46.0109°N 7.8237°E 2,590 silt, gravel, rock
Northern Zmutt 2 October 2010 46.0023°N 7.6528°E 2,345 gravel, rock
Mid-Zmutt 7 October 2010 46.0026°N 7.6560°E 2,255 silt, gravel, rock
Southern Zmutt 7 October 2010 45.9989°N 7.6560°E 2,279 rock
Upper Ngozumpa 27 November 2009  27.9568°N 86.6980°E 4,760 silt, sand, gravel, rock
Mid-Ngozumpa 29 November 2009  27.9537°N 86.6992°E 4,750 gravel, rock
Lower Ngozumpa 26 November 2009 27.9511°N 86.7020°E 4,790 soil, gravel
Upper Khumbu 6 December 2009  27.9998°N 86.8511°E 5,280 gravel
Mid-Khumbu 5 December 2009  27.9874°N 86.8405°E 5,180 sand, rock
Lower Khumbu 4 December 2009 27.9763°N 86.8304°E 5,100 silt, rock
Eyjafjallajokull 15 April 2010 55 km east of crater 100 ash
Mangatoetoenui 5 March 2010 39.275°S 175.590°E 2,450 fine and gravel sized tephra

Table 3. X-ray diffraction determined mineralogy and X-ray fluorescence spectrometry

determined weight percent bulk oxides of supraglacial debris from the four study regions.

Region, Glacier Principal Minerals Na,0O MgO ALO; SiO, CaO MnO Fe,0,

Switzerland

Findelen (n=9) quartz, amphibole, plagioclase 242 810 13.70 5434 5.11 0.13 7.82

Zmutt (n=15) quartz, plagioclase, serpentine 2.5 596 1365 5391 592 0.10 5.96

Nepal

Khumbu (n=14) feldspar, mica, quartz 260 176 13.68 60.76 5.82 0.08 443

Ngozumpa (n=8) quartz, feldspar, mica 264 130 1193 56.05 10.67 0.07 3.48

Iceland

Eyjafjallajokull cristobalite, anorthite, pyroxene  5.01 23 14.87 5798 55 0.24 (FeO 9.75)
[after 51]

New Zealand

Mangatoetoenui (n=2) plagioclase, pyroxene 2.89 423 1500 5554 7.07 0.12 7.69

3.2. Spectral Satellite Data and Analysis

We apply the reflectance and emissivity earth observation methods widely used in geologic

studies [52,53] toward specifying mineral and geochemical composition of supraglacial dust and debris.
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Earth observing sensors with moderate to fine spatial and spectral resolution are most suitable to
supraglacial debris mapping. NASA Earth Observing System sensors ALI, ASTER, Hyperion, Landsat
and MODIS are used in this study (further sensor details at http://www.nasa.gov/missions/current/ under
Earth Observing-1, Terra and Landsat) due to the free, readily available, long temporal data record.
The large spatial, frequent temporal and high spectral resolution provided by MODIS allows reflectance
analysis over ice caps and ice sheets (e.g., [54]). The finer spatial resolution of ALI (10 m panchromatic,
30 m VNIR-SWIR), ASTER (15 m VNIR, 30 m SWIR, 90 m TIR), Hyperion (30 m VNIR-SWIR)
and Landsat (ETM+: 15 m panchromatic, 30 m VNIR-SWIR, 60 m TIR) are amenable to mapping
smaller glaciers.

Reflectance supraglacial dust and debris response patterns are measured by the ASTER VNIR
and cross talk corrected SWIR AST_O7XT surface reflectance product [55], MODIS MOD09GA
surface reflectance product, and Hyperion top-of-atmosphere planetary reflectance after [56], with
water vapor, oxygen and carbon dioxide atmospheric absorption features removed (listed in [57]). For
surface reflectance analysis, ASTER AST_07XT was used in all study regions, MODIS MOD09GA
surface reflectance was used in Iceland due to the large spatial extent of the ice caps, and Hyperion
top-of-atmosphere reflectance was used in Khumbu Himalaya and Iceland. (At the time of publication,
Hyperion data over Swiss Alps study glaciers and ablation season Mt. Ruapehu study glaciers was not
available.) MODIS was also particularly useful in the spectral analysis of Iceland ice caps as ASTER
data after 2008 lacks SWIR acquisition capability. Both ASTER AST_07XT and MODIS MOD09GA
provide atmospherically corrected at-surface reflectance. Hyper- and multispectral satellite sensors, data
products and acquisition dates of scenes used for analysis are given in Table 4.

Table 4. Satellite sensors, data products and dates evaluated for each study region.

Study Region Sensor, Product

Date, Method / Use

ASTER, AST 07XT
ASTER, AST_05
ASTER, AST_08
Landsat TM

Switzerland

ALI

ASTER, AST_07XT, AST_05,
AST_08

Hyperion

Nepal

Iceland ASTER, AST_07XT, AST_05,
AST_08

Hyperion

Landsat ETM+

MODIS, MOD09GA

New Zealand ASTER, AST_07XT, AST_05,
AST_08

Hyperion

29 July 2004, reflectance

21 July 2006, TIR SiO,

7 July 2010, surface temperature
1 September 2010, imagery

4 October 2010, imagery

29 November 2005, reflectance, TIR SiO,,
surface temperature

13 May 2002, hyperspectral reflectance

25 August 2010, reflectance, TIR SiO,,
surface temperature

24 September 2001, hyperspectral reflectance
25 August 2010, surface temperature

28 August 2010, reflectance

9 January 2008, reflectance, TIR SiO,
surface temperature
13 September 2009, hyperspectral reflectance
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Emissivity supraglacial dust and debris mapping utilized the ASTER AST_05 surface emissivity
product to investigate supraglacial debris silica weight percent composition (after [58], detailed in [50]).
ASTER AST_05 TIR estimates of silica weight percent were calculated in all regions and compared
with field sample XRF geochemical results. To provide a first-order evaluation of surface temperature
variability of supraglacial dust and debris composition, the ASTER surface kinetic temperature AST_08
product was used to measure surface glacier temperatures in all regions. Due to the large spatial extent
of ice caps in Iceland, and the inability to use MODIS surface temperature due to loss of thermal signal
in heavy tephra covered regions in August 2010 data, Landsat ETM+ was used to measure surface
temperature in Iceland. To derive supraglacial temperatures from Landsat ETM+, TIR band 6 data was
converted to surface temperature after [59], detailed in [60], with use of a “dirty ice” emissivity value
of 0.96 from [61]. Supraglacial temperatures were then investigated in each region with respect to the
amount of dust and debris cover.

Spaceborne geochemical estimation results were compared with field collected and laboratory
analyzed supraglacial debris. This in situ data was used for comparison with satellite estimates. In
situ data in this case is used qualitatively for comparisons. In the field, supraglacial debris was sampled
from roughly 0.5 m x 0.5 m surface areas, while satellite pixels represent 15 m, 30 m (ASTER), 30 m
(Hyperion), 250 m, 500 m, 1 km (MODIS). Thus, with the consideration of mixed pixel effects [62], as
well as the temporal difference in collection of supraglacial debris and the acquisition of satellite scene,
results must be treated qualitatively.

4. Results and Discussion

4.1. Use of Multispectral Reflectance Response Patterns

To determine supraglacial geochemical composition from multispectral data, ice area reflectance
responses were measured over varying supraglacial debris types in each of the four glacier study
regions. Continental supraglacial debris reflectance response patterns from Switzerland and Nepal are
presented in Figure 2, numerical averages listed in Table 5. Swiss Alps, Zmutt supraglacial debris
ASTER AST_07XT VNIR-SWIR reflectance response patterns show characteristic Fe absorption in
the visible (i.e., a dip in ASTER band 2), due to the serpentine geology, as well as characteristic
hydroxide absorption in SWIR ASTER bands 7 and 8 (absorption features discussed in [63]). The
non-weathered debris found on the southern side of the Zmutt ablation area display lower overall
VNIR-SWIR reflectance than the weathered, Fe-rich supraglacial debris on the northern side of Zmutt
glacier. The granitic central longitudinal debris band on Zmutt shows higher SWIR values (central
grantic debris not shown in Figure 2). Zmutt icefall reflectance follows the characteristic glacial bare ice
high visible reflectance and lower NIR and SWIR reflectance. Yet, even the lightly dust covered ice near
the Zmutt icefall displays a similar reflectance response pattern in the SWIR, AST_07XT bands 5-9,
specifically with absorption at band 8 (2.295-2.365 pum). All three Zmutt reflectance response patterns
from dust to heavier debris-covered ice display the ASTER visible Fe and SWIR OH absorption features.

The transition metal (i.e., Cr, Mn, Fe, Ni, Cu) absorption feature plotted in all of the reflectance response



Remote Sens. 2012, 4

2562

patterns is affirmed by the high MnO and Fe,O; determined by XRF results (Table 3). The magnitude
of the reflectance response pattern is indicative of the percent dust and debris coverage of the ice.

Table 5. Visible to shortwave infrared average reflectances of bare, dust and debris covered
ice in the four glacier study regions. The ASTER AST_07XT VNIR and Crosstalk Corrected
SWIR Surface Reflectance and MODIS MOD09GA Surface Reflectance data products were
used for average reflectance calculations. Areas reported and reflectance signatures are

visualized in Figures 2 and 3. The number of pixels, spatial resolution and standard

deviations for each average reflectance calculation are listed in the row below reflectance

measurements.
Satellite Reflectance per Spectral Band,
. . (Band median wavelength shown directly below band number (ztm))
Region, Date Glacier
MOD1 MOD2 MOD3 MOD4 MOD5 MOD6 MOD7
0469 0555 0.645 0859 1.24 1.64 2.13
Iceland Hofsjokull, less tephra 0469 0499 0482 0.392 0.055 0.009
28 August 2010 n=35pts @ 500m (0.054) (0.059) (0.057) (0.042) (0.008) (0.003)
Vatnajokull, less tephra 0380 0387 0374 0319 0.081 0.013  0.005
n=419pts @ 500m (0.047) (0.050) (0.047) (0.034) (0.053) (0.004) (0.002)
Myradalsjokull, less tephra 0.172  0.188 0.193  0.187  0.060 0.013  0.005
n=42pts @ 500m (0.013) (0.014) (0.015) (0.015) (0.009) (0.001) (0.002)
Myradalsjokull, heavy tephra 0.014  0.019 0.023 0.021 0.021 0.017
n=203pts @ 500m (0.005) (0.005) (0.005) (0.024) (0.002) (0.002)
AST1  AST2 AST3 AST4 AST5 AST6 AST7 AST8  AST9
0.56 0.66 0.82 1.65 2.17 221 2.26 2.33 2.40
Switzerland Zmutt, icefall 0.439 0.366 0.321 0.058 0.051 0.042 0.046 0.038 0.047
29 July 2004 n=65 @ 15m, 16 @ 30m (0.087) (0.075) (0.056) (0.006) (0.005) (0.004) (0.003) (0.006) (0.002)
Zmutt, northern debris 0230 0211 0235 0223 0.178 0.165 0.149 0.137 0.161
n=106 @ 15m, 28 @ 30m (0.008) (0.011) (0.011) (0.004) (0.004) (0.004) (0.003) (0.003) (0.005)
Zmutt, southern debris 0223 0.188 0.201 0.198 0.158 0.147 0.123 0.106  0.133
n=354 @ 15m, 84 @ 30m (0.014) (0.014) (0.011) (0.006) (0.007) (0.006) (0.006) (0.006) (0.007)
Nepal Khumbu, bare ice 0.588 0480 0319 0.082 0.078 0.077 0.082 0.068 0.072
29 November 2005 n=475@15m,144@30m (0.132) (0.103) (0.055) (0.008) (0.008) (0.008) (0.008) (0.008) (0.007)
Khumbu, heavy schistic debris  0.245  0.229 0219 0229 0202 0.200 0.210 0.187  0.180
n=1052 @ 15m, 270 @ 30m (0.038) (0.036) (0.033) (0.028) (0.020) (0.021) (0.022) (0.022) (0.021)
Khumbu, heavy granitic debris  0.339  0.328  0.321 0379 0279 0271 0304 0274 0.254
n=652 @ 15m, 165 @ 30m (0.061) (0.063) (0.058) (0.053) (0.038) (0.039) (0.041) (0.040) (0.039)
New Zealand Mangaehuehu, least tephra 0.793  0.667 0.557 0.049 0.028 0.017 0.015 0.018 0.015
9 January 2008 n=433 @ 15m, 108 @ 30m (0.042) (0.038) (0.029) (0.004) (0.014) (0.011) (0.012) (0.010) (0.016)
Mangatoetoenui, slight tephra  0.672  0.581  0.511  0.050 0.023  0.016 0.014 0.019 0.018
n=419 @ 15m, 104 @ 30m (0.058) (0.049) (0.034) (0.004) (0.011) (0.013) (0.009) (0.010) (0.017)
Whakapapa, heavy tephra 0.178 0.135 0.164 0.106 0.065 0.067 0.063 0.071 0.076
n=333 @ 15m, 77 @ 30m (0.015) (0.013) (0.011) (0.009) (0.015) (0.014) (0.013) (0.014) (0.017)

Two geochemically distinct areas and the icefall of Khumbu glacier were analyzed via ASTER

AST_07XT (Figure 2). The schistic supraglacial debris found in the center of Khumbu glacier shows

lower overall VNIR-SWIR reflectance than the lateral granitic supraglacial debris bands. The lateral
granitic supraglacial debris displays a characteristic peak in NIR, ASTER band 4, (1.600-1.700 pzm)
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representative of hydrated silicate abundance. In contrast to the Zmutt reflectance response patterns,
both granitic and schistic debris and icefall Khumbu supraglacial reflectance display a peak in ASTER
band 7 (2.235-2.285 pm)—suggesting high silicate content and carbonaceous shales. Further, the
Khumbu glacier spectral reflectance response patterns display much less of a VNIR absorption feature,
suggesting low Fe and Mn content. The geochemical XRF results validate the high amount of silicates
and carbonates and low Fe and Mn abundances (Table 3) indicated by the Khumbu glacier VNIR-SWIR
reflectance response patterns.

For the reflectance comparison over volcanic supraglacial debris in Iceland, MODIS MODO09GA
bands 1-2 (250 m aggregated to 500 m) and bands 3-7 (500 m) were used. The MODIS data
was acquired on 28 August 2010 in the ablation season immediately following the spring 2010
Eyjafjallajokull eruptions. Icelandic supraglacial tephra was analyzed at heavily tephra covered
Myradalsjokull, as well as less tephra covered Vatnajokull and even lesser tephra covered ice
at Hofsjokull. The heaviest tephra, located on Myradalsjokull, geographically nearest to the
Eyjafjallajokull eruption, was found to correspond with the lowest VNIR-SWIR reflectance of the study
region (Figure 3, Table 5). Similarly, the greater the distance from Eyjafjallajokull, the larger the
VNIR-SWIR ice reflectance in the August 2010 reflectance data analysis. The highest VNIR-SWIR
reflectance response patterns were found at Hofsjokull, with the largest distance from Eyjafjallajokull
and probably least amount of supraglacial tephra. (Note, due to cloud cover in the scene, the higher areas
of Vatnajokull were not analyzed for reflectance, but likely display similarly high reflectance due to low
supraglacial tephra.)

New Zealand Mt. Ruapheu supraglacial reflectance response patterns were assessed over Whakapapa
heavily tephra covered glacier, and lesser tephra covered Mangatoetoenui and Mangaehuehu glaciers
(Figure 3). The September 2007 Mt. Ruapehu eruption resulted in tephra deposited northward, with
heavy deposition on Whakapapa glacier, and the next greatest tephra deposition on Mangatoetoenui
glacier. Similar to the Icelandic analysis, the ablation season following eruption is used to analyze debris
reflectance patterns (ASTER data acquired 9 January 2008). The further geographic distance from the
initial volcanic tephra deposition area, the greater the supraglacial reflectance potential. Increasing
tephra coverage on ice decreased VNIR reflectance; for heavily tephra covered ice, VNIR-SWIR
reflectance remained well below 0.2. ASTER SWIR bands are nearly featureless in all magnitudes of
tephra coverage (i.e., near zero slope of AST_07XT bands 4-9, MODIS bands 5-7). ASTER visible
band 2 absorption can be seen in all Mt. Ruapehu glacier reflectance response patterns, with the
greatest band 2 absorption seen in the heaviest Whakapapa debris cover, signaling high transition metal
(e.g., Fe) content in Mt. Ruapehu eruptive material. The high transition metal concentrations signaled by
the reflectance response patterns are also found in the supraglacial samples from Mangatoetoenui glacier
(presented in Table 3).

VNIR-SWIR reflectance analysis suggests glacier debris geochemical distinction mapping thresholds.
Specifically, supraglacial debris consisting primarily of volcanic tephra may be differentiated by VNIR
reflectance below 0.2 and SWIR reflectance below 0.1 even at relatively low tephra concentrations (as
shown in Iceland and New Zealand analysis—Figure 3). The higher silica content characteristic of
continental-based supraglacial debris may be signaled by reflectance thresholds of VNIR reflectance
above 0.2 and SWIR signatures above 0.1, typically well above 0.1 and ranging up to 0.4 (Figure 2).



Remote Sens. 2012, 4 2564

Increased transition metal (e.g., Fe, Mn) concentrations in all supraglacial debris types were indicated
by visible absorption features as shown in the Zmutt glacier debris (Figure 2) and Mt. Ruapehu tephra
(Figure 3). Threshold values identified in this study could be explored further and used in glacier dust
and debris composition automated or semi-automated algorithms, for example, describing supraglacial
compositions on global scales for use in global glacier databases (e.g., GLIMS, WGMS—perhaps
relevant to glaciologists conducting global energy balance calculations or creating global inventories

of debris variability).

Figure 3. Images of the Iceland study region (top left, MODIS bands 1,4,3, acquired 28
August 2010) and Mt. Ruapehu, New Zealand study region (top right, ASTER bands 3,2,1,
acquired 9 January 2008) are shown below. VNIR-SWIR multispectral MODO9GA (Iceland)
and AST_07XT (New Zealand) surface reflectance means are plotted beneath the images.
Note, the red box on Hofsjokull indicates the coverage of the Hyperion scene, discussed in
Section 4.2, Figure 4.
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Figure 4. Hofsjokull Hyperion (24 September 2001) at-sensor top-of-atmosphere
supraglacial reflectance plotted at left, and the true color image is displayed on the
right. Circles on the Hofsjokull image display the areas with varying tephra coverage in
which reflectance data was selected to plot. The same colors are used for circles as the
top-of-atmosphere reflectance response patterns (e.g., lightest orange indicating high firn,
black indicating heaviest tephra covered ice). Atmospheric water vapor, oxygen and CO,

absorption features are removed.
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A simple means to indicate supraglacial volcanic ash and tephra vs. continental dust and debris is use
of SWIR and TIR spectral bands to create false color composites [50,64]. Figure 5 displays the relative
silica rich supraglacial debris in the continental Swiss Alp and Khumbu Himalaya regions and the silica
poor supraglacial debris in the volcanic Iceland and New Zealand study regions. The images above are
created from Landsat SWIR, TIR bands 5,7,6 and MODIS 6,7,31 as labeled. Ablation areas of study
glaciers are outlined in red and vegetation was filtered out for all scenes using a normalized difference
vegetation index mask.

Beyond the scope of this study, but also useful in estimating supraglacial debris geochemistry
via multispectral data, include the following methods. @~ SWIR and TIR based band ratios
(e.g., [50,65,66]) over supraglacial dust and debris areas can be used to derive semi-quantitative estimates
of supraglacial debris mineral abundances. Multispectral data absorption feature location and depth
analysis via VNIR-TIR spectral angle relationships (e.g., [67]) is also possible in mapping glacier surface
mineralogy. Linear spectral mixture analysis (e.g., [68,69]) could also prove useful in estimating glacier

surface compositions.
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Figure 5. Shortwave and thermal infrared false color image composites of study regions
differentiate silica rich (yellow coloring) vs. silica poor (blue coloring) supraglacial

debris mineralogy.
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4.2. Use of Hyperspectral Reflectance Response Patterns

The Khumbu Himalaya and Iceland study regions offer continental debris vs. volcanic tephra
supraglacial geochemical compositions. Hyperion derived planetary reflectance of two distinct types
of continental supraglacial debris from Lhotse Shar and Imja glaciers as well as bare ice from Lhotse
Shar glacier is plotted in Figure 6. The hyperspectral data indicates that Lhotse Shar supraglacial
debris is likely to be more schistic than the Imja supraglacial debris, which is likely to be more
granitic—signaled by the shapes and overall magnitudes of VNIR-SWIR reflectance. Figure 4
shows hyperspectral signatures from Hofsjokull at slight to moderate tephra covered supraglacial
areas. Generally, volcanic supraglacial ash and tephra hyperspectral VNIR-SWIR planetary reflectance
signatures follow VNIR-SWIR surface reflectance multispectral estimates. Supraglacial tephra found
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on Hofsjokull translates to very low, featureless SWIR values and conversely, continental supraglacial
debris from Lhotse Shar and Imja glaciers display higher VNIR and SWIR reflectance. Although
beyond the scope of this study, with atmospheric correction, Hyperion data are theoretically amenable to
supraglacial mineralogic differentiation using continuum removal and/or logical operator techniques for
discriminating small-scale wavelength and absorption depth-dependent characteristics of glacier surface
particulates [70,71]. Component specific absorption features, for example due to silicate-rich dust vs.
calcite-rich dust, could be used to attempt a more quantitative assessment of supraglacial composition.

Figure 6. Lhotse Shar (reflectance data taken at red dot) and Imja glacier (reflectance data
taken at blue dot) Hyperion at-sensor top-of-atmosphere reflectance of supraglacial ice and
debris, taken from 13 May 2002 Hyperion acquisition. Atmospheric water vapor, oxygen
and CO, absorption features were removed. The true color image composite is displayed on
the right, and was acquired by ALI on 4 October 2010 (10m pan enhanced image shown).
The black “X” on upper Lhotse Shar glacier shows the area used for the spectral reflectance

data collection.
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4.3. Use of Emissivity to Measure Silica Content

In addition to the supraglacial debris composition identified by VNIR-SWIR spectral reflectance,
TIR emissivity supraglacial debris silica weight percent abundance allows for an independent estimate
of surface glacier debris composition. TIR bands are particularly indicative of carbonate and silicate
supraglacial abundances. TIR satellite estimated SiO, weight percent was calculated using the ASTER
AST_05 Surface Emissivity product (Equation (1) after [58]). The silica weight percent calculation
utilizes Si to O bonding variability of silicate minerals, for example low (8—10 pm) absorption for mafic
silicates (e.g., basalt) and high (8—10 pm) absorption for felsic silicates (e.g., granite) (see [72]).

(ASTel0 + ASTell + ASTel2)
(3 x ASTel3)

where ASTen corresponds to ASTER AST_05 surface emissivity product band number 7.

Si0, = 56.20 — 271.09 x Log (1)
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Volcanic glacial study areas displayed lower supraglacial SiO, weight percent—58% for
Mpyradalsjokull supraglacial tephra and 56% for Whakapapa supraglacial tephra.  Continental
supraglacial debris displayed higher SiO, weight percentages—Khumbu supraglacial debris averaged
68% and Ngozumpa supraglacial debris 69%; Findelen supraglacial dust SiO, weight percent near the
terminus was found to be 63% and Zmutt ablation area average SiO, weight percent of supraglacial
debris was 71%. These TIR results are consistent with general mineralogy for the basaltic volcanic as
well as continental supraglacial debris study regions, and generally agree well with the field collected
surface glacier debris samples presented in Table 3. As noted in Hook er al. [72] continental or higher
silicate TIR Si10, estimates tend to be slightly overestimated, and can be regionally fine tuned for greater
accuracy (reported 2%—7% accuracy for regionally tuned TIR SiO, estimates). The difference between
XRF and non-regionally tuned satellite TIR SiO, estimates was less than 1% variability in volcanic study

regions, while continental estimates ranged from 7%—-17%.

4.4. Use of Emissivity to Calculate Surface Temperature and Explore Mineral Influences

For each of the study regions, supraglacial temperatures were calculated in relation to amount and
composition of debris (e.g., light, heavy debris cover, by mineral type) to explore mineral influences to
glacier surface temperatures. Glacier surface temperatures for the various debris coverage and mineral

types are listed in Table 6.

Table 6. Temperatures of bare ice vs. dust and debris covered ice in the four glacier study
regions via use of the ASTER AST_08 Surface Kinetic Temperature data product, except the
Vatnajokull values which were derived from ETM+ band 6 thermal data (denoted with “*”).

Region, Date Glacier Temp (°C) Std. Dev. No. pixels A Tyepris — Thareice (°C)
Switzerland Gornergletscher, upper, slight dust 2.2 (0.5) 42 26.6
7 July 2010 Gornergletscher, lower, bare ice 3.5 (0.5) 23

Zmuttgletscher, heavy debris 28.8 (1.4) 40
Nepal Khumbu, bare ice —4.9 1.8 19 12.7
29 November 2005 Khumbu, heavy schistic debris 6.2 2.4 40

Khumbu, heavy granitic debris 7.8 2.1 14
Iceland Vatnajokull*, light tephra -3.3 (0.3) 6915 5.9
25 August 2010 Myradalsjokull, light tephra 1.3 (0.3) 68

Myradalsjokull, moderate tephra 1.8 (0.4) 119

Myradalsjokull, heavy tephra 2.6 (0.5) 455
New Zealand Mangaehuehu, least tephra 3.2 0.5 14 15.2
9 January 2008 Mangatoetoenui, slight tephra 3.8 1.1 12

Whakapapa, heavy tephra 18.4 2.8 10

ASTER AST_08 clear sky data acquired on 7 July 2010 was used to compare bare ice and slightly
dust covered ice at Gorner glacier and heavily debris covered ice at nearby Zmutt glacier. Mean surface
temperature of Gorner glacier bare cold ice in the ablation area was found to be 3.5 °C, and slightly
dust covered ice in the accumulation area was found to be 2.2 °C. Nearby heavily debris covered Zmutt
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glacier mean supraglacial temperature was found to be 28.8 °C, a difference of 25.3 or 26.6 °C between
bare and slightly dust covered Gorner glacier ice, respectively.

Bare ice, schistic debris covered ice and granitic debris covered ice surface temperatures on Khumbu
glacier in Nepal were analyzed from ASTER AST_08 data acquired 29 November 2005, in the late
ablation season. The visually distinct schistic debris vs. the granitic debris (true color composite in
Figure 2) were found to be over one degree apart: schistic debris 6.2 °C, and granitic debris 7.8 °C.
Khumbu icefall bare ice was measured to be —4.9 °C, with the difference between bare ice and schistic
debris 11.1 °C, and bare ice and granitic debris 12.7 °C.

In Iceland, heavily tephra covered Myradalsjokull as well as lesser tephra covered Vatnajokull
supraglacial temperatures were measured using ASTER AST_08 surface kinetic temperature and Landsat
ETM+ derived surface temperature to spatially investigate both ice caps. ASTER data acquired
on 25 August 2010 over Myradalsjokull heavy tephra displayed an average surface temperature of 2.6 °C.
Using Landsat ETM+ data also acquired on 25 August 2010, the least amount of supraglacial tephra over
Vatnajokull was measured to be —3.3 °C. The difference between least tephra covered and most tephra
covered ice in Iceland was measured to be 5.9 °C. Of note, no completely clear sky scenes of Iceland
study area icecaps post-Eyjafjallajokull eruption were available at the time of publication. We speculate
that total clear sky scenes in Iceland could yield even higher temperature differences between bare
or lesser tephra covered and heavy supraglacial tephra coverage due to increased shortwave radiation.
However, a total clear sky day Iceland scene may not result in marked differences, as partially cloudy
AST_08 surface temperatures were compared with clear sky temperatures, and the results were found to
be within 1 °C at each of the Gorner glacier and Zmutt glacier study sites.

Supraglacial tephra surface temperatures were inspected at Mt. Ruapehu area glaciers in New Zealand
using ASTER AST_08 data collected 9 January 2008. The mean surface temperature of the least tephra
covered glacier Mangaehuehu was 3.2 °C. The mean surface temperature of the slightly tephra covered
glacier Mangatoetoenui was 3.8 °C. The heaviest supraglacial tephra at Whakapapa glacier yielded a
mean surface temperature of 18.4 °C. Thus, in the Mt. Ruapehu area glaciers, the difference between
least supraglacial tephra and heavy supraglacial tephra was measured to be 15.2 °C.

From this study, continental supraglacial debris temperature variation within a scene was found to
be from 12.7 to 26.6 °C, while volcanic supraglacial debris temperature variation was found to be
from 5.9 to 15.2 °C. Continental supraglacial debris may have stronger potential to alter glacier surface
temperature. Further supraglacial temperature variation analysis could prove promising toward radiative
absorption glaciologic studies.

5. Conclusions

This study provided a fundamental step toward VNIR, SWIR and TIR satellite estimation of surface
glacier dust and debris composition. Surface glacier dust, debris, ash and tephra sample mineralogy and
trace elemental abundance results are given for the four distinct glacier regions. Analytical geochemical
results were compared with satellite reflectance and emissivity derived surface glacier geochemical
estimates, demonstrating that transition metal content can be determined by atmospherically corrected

visible band absorption features, carbonate and silicate can be determined by SWIR reflectance and
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silica content can be determined by ASTER TIR emissivity. ASTER TIR supraglacial silica content
accuracies were within 1% in volcanic study regions and 7%—17% in continental study regions. Note,
with regional tuning, continental supraglacial silica estimate accuracies are improved significantly. This
study provided some of the first work toward supraglacial volcanic ash and tephra silica mapping, and
given the high accuracies, this method may prove useful for characterizing volcanic eruptive impacts on
land ice.

The VNIR-SWIR suprglacial dust and debris reflectance analysis suggested use of mapping
thresholds for geochemical characterization. Volcanic ash and tephra, even at low concentrations, was
differentiated by VNIR reflectance below 0.2 and SWIR reflectance below 0.1. Continental supraglacial
debris often contains higher silica content, and in this study all continental debris was signaled by VNIR
reflectance above 0.2 and SWIR reflectance above 0.1, often ranging up to 0.4 due to the high silica
content. Automated mapping thresholds could be used to differentiate volcanic ash and tephra from
continental dust and debris on land ice.

Emissivity-derived ablation season surface glacier temperatures demonstrated a significant range in
temperature of differing supraglacial debris coverage in similar areas. Continental supraglacial debris
temperature variations exceeded volcanic supraglacial debris temperature variations, with Switzerland
supraglacial temperature variations at 25.3 and 26.6 °C, and Khumbu temperature variations at 11.1 and
12.7 °C vs. Iceland temperature variations at 5.9 °C and Ruapehu variations at 15.2 °C.

The sensors most amenable to quantitative determination of geologic composition are ASTER,
MODIS and Hyperion. ASTER and Hyperion offer the highest spaceborne SWIR spectral resolution,
while MODIS and ASTER offer the highest spaceborne TIR spectral resolution. The suite of Landsat
sensors provide a means to qualitatively assess surface glacier geochemical composition via shortwave
and thermal infrared image composites. Forthcoming Earth observation sensors include NASA’s Landsat
Data Continuity Mission (LDCM) and the European Space Agency’s Sentinel-2. LDCM will collect
similar Landsat heritage spectral and spatial resolution (plus an additional visible, NIR and 2 TIR bands
at 15-100 m) and is expected to launch in early 2013. ESA’s Sentinel-2 pair of VNIR-SWIR sensors
(expected launch 2013) prove especially promising for global glacier monitoring, as they are designed
to collect 13 VNIR-SWIR spectral bands, with 10—60 m spatial resolution on 2-5 day repeat temporal
resolution. Such improved spatial and temporal global coverage address one of the primary limitations
of current spectral glacier observations—simply the need for enhanced spatial, spectral and temporal
coverage, as optical sensors rely on cloud-free atmosphere to collect reflective data.

Future work is recommended toward investigating supraglacial debris composition glacier variables,
e.g., albedo, surface emissivity and temperature in relation to spatial geochemical supraglacial
compositions. Investigation of topographic influences on supraglacial reflectance and emissivity could
prove fruitful as supraglacial debris composition spatial variability can be related to elevation, aspect,
slope and atmospheric influences. Atmospheric transport and mapping of particulate plumes may be
enhanced by the methods presented in this study to map surface glacier geochemical composition and

pinpoint ash, tephra, dust and debris provenance.
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