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“A painter should begin every canvas with a wash of black, 

because all things in nature are dark except where exposed 

by the light.”  

― Leonardo da Vinci 
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Summary 

 

The incoming solar radiation is a crucial component of the Earth’s energy balance. As the Sun's 

emissions reach the Earth’s surface, a certain percentage of that energy is absorbed by Earth. 

Albedo is defined as the ratio of the radiant flux reflected from a unit surface area into the whole 

hemisphere to the incident radiant flux of hemispherical angular extent. It is a dimensionless 

value that ranges from 0 to 1. The total Earth albedo is currently estimated around 0.3. Each 

type of surface present on Earth contributes differently to its total albedo, however no natural 

occurring surface has a higher albedo than fresh snow, which can be as high as 0.90. Snow-

covered areas therefore play a key role in the Earth’s energy balance. The duration and 

extension of a snowpack can influence the amount of radiation absorbed by the Earth surface, 

hence the global temperature. Albedo is relevant both at a large global scale and at a smaller 

scale, when considering systems like glaciers. For glaciers, albedo is influenced by the ageing of 

the snow, which affects snow grain size. The older it is the larger are the snow crystals and 

consequently the lower the albedo. Also the presence of liquid water lowers albedo by 

increasing the snow crystal size and the penetration depth of the radiation. Further decrease of 

albedo is caused by the exposure of underlying bare ice on glaciers, and by the presence of light-

absorbing impurities (LAI). LAI darken the snow/ice surface, resulting in greater absorption of 

solar energy, consequently increasing surface temperature. In glaciers with high LAI deposition 

and enrichment, LAI can be a larger driver of snow/ice melt than temperature. The types of LAI 

present on a glacier depend on the local conditions. Principally they can be divided into three 

categories: black carbon (BC), organic matter and mineral dust. BC is a product of incompletely 

combusted gas phase condensates of biomass or fossil fuels; with natural and anthropogenic 

sources, in the case of biomass. The organic matter can be the living biota whose habitat is the 

glacier itself or humic substances, which are formed by the decomposition of algae and bacteria, 

and possess very dark colouring. Mineral dust sources can be natural, like desert regions and 

local outcrops or anthropogenic as construction areas and agricultural sites. Most studies have 

focused on one or two of these types of LAI, with a special emphasis on anthropogenic BC. The 

majority of these studies have considered the LAI’s influence on snow and not on ice. Therefore 

a knowledge gap exists for LAI identification and quantification on a snow free glacier surface 

considering all involved LAI. 
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The aim of this research project was therefore to characterize the LAI present on a glacier, to 

identify their main classes and their optical properties and finally to quantify their contribution 

to the albedo lowering. The final task was to upscale the quantification of the LAI effect by using 

high spatially resolved reflectance data collected remotely with the Airborne Prism Experiment 

(APEX) sensing flight. A number of techniques were applied in the effort to characterize the 

complex mixture that comprises LAI on the glacier surface. Scanning electron microscopy, 

Raman micro-spectroscopy, inductively coupled plasma atomic emission spectroscopy, single 

particle soot photometry and X-Ray diffractometry all contributed to understanding the nature 

and composition of the LAI. Glacier de la Plaine Morte was chosen as study site because it is 

both easily accessible and its mass balance is strongly negative; resulting in a strong ice-albedo 

feedback as all the various melting events enrich the surface with increasing amount of 

impurities. To characterize the optical properties of the different LAI classes mineral dust, 

organic matter and BC, a new method was developed by modifying a Hyperspectral Imaging 

Microscope Spectrometer (HIMS). The use of the HIMS for this particular research question 

represented a new application for this instrument. Both the hardware and the method approach 

needed to be adapted to the requirements of the analysis. The HIMS method was validated 

through the comparison with a field spectroradiometer by measuring different standard 

materials. The measurement of the bulk standard materials with the field spectroradiometer 

agreed well with the measurements of the same materials with the HIMS, with an average 

deviation between the spectra of 3.2% for the 400 to 1000 nm wavelength range. To be able to 

define the LAI condition at Glacier de la Plaine Morte and its link to albedo decrease the relative 

abundance of each LAI class present on the glacier was determined with a thermo-optical OC–

EC analyser. This measurement was done on 110 surface samples collected in a grid-like 

manner in a campaign that occurred in August 2015. On average a relative abundance of 91.1 ± 

3.7, 8 ± 3.5 and 0.9 ± 0.4 % was found for mineral dust, organic matter and black carbon, 

respectively. Interpolating the 110 measured points the distribution of the relative abundance 

of the three LAI classes was obtained. From this distribution map it was revealed that both 

mineral dust and organic matter are mostly of local origin. This was confirmed for the mineral 

also by the composition found with X-ray diffractometry, which is compatible with the local 

geology, primarily made up of limestone with marl beds, calcareous phyllite and marly shale. 

Using the HIMS the reflectance spectrum of each LAI class was determined, averaging 10 to 15 

reflectance measurements for each LAI class. The characteristic reflectance spectrum of each 

LAI class was used as endmember, along with the one of bare ice, for the spectral unmixing of 

five reflectance spectra measured on the glacier with a field spectroradiometer. The relative 

abundance determined by spectral unmixing matched well, with a 0.4% average standard 

deviation, with the values measured for the five surface sample collected where surface spectral 
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reflectance was measured. The spectral unmixing method was also used on the APEX 

hyperspectral dataset, determining the distribution on the LAI of the glacier, which was 

compared with the interpolation of the measured samples and the average relative abundance 

values 91.6, 4.9 and 3.3% for minerals, organic matter and BC respectively; both results 

provided a good match with the measured data. The same spectral unmixing was applied on a 

highly spatially resolved airborne hyperspectral dataset, covering the entire glacier surface. The 

resulting distribution of the LAI on the glacier and the average relative abundance values agreed 

well with the measured data. Relatively high abundance of organic matter in the areas with 

particularly low albedo suggests that the latter plays an important role in glacier darkening. The 

study executed on Glacier de la Plaine Morte revealed plenty of valuable information on sources, 

effect and distribution on LAI, such approach could be explored for other glacier as well as 

considering reflectance spectra collected by satellite remote sensing. 
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1 Introduction 

It is universally acknowledged that the earth’s climate is changing. The effects of these changes 

strongly impact all aspects of life on Earth. It has been shown that these changes are induced by 

mankind, by the pressure that we exert on the climate system through the emission of 

greenhouse gases, which highly affect the Earth’s radiation balance (Myhre et al., 2013). The 

relationship between temperature and greenhouse gases such as carbon dioxide (CO2), methane 

(CH4) and nitrous oxide (N2O) is well established and their temporal evolution has been 

documented for the last 800 kyr (Figure 1) (Schilt et al., 2010) thanks to the advances in ice core 

research. What is not yet as clear is how each aspect of Earth’s climate will be affected. The 

complexity and interconnectivity of biosphere, atmosphere, hydrosphere and cryosphere 

pushes the scientific community, with an unprecedented sense of urgency, to understand, model 

and project the fate of the climate.  

 

Figure 1 Reconstructed greenhouse gas concentrations from Antarctic ice cores (Schilt et al., 2010). A: N2O from EDC; 
B: CH4 from EDC; C: CO2 from Vostok between 20 and 390 kyr BP, EDC elsewhere; D: D EDC; grey shade area mark 
interglacials. 
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An important part of the Earth’s climate is the cryosphere. The cryosphere, from the Greek kryos 

meaning cold, constitutes the frozen water part of the Earth system. It comprises mountain 

glaciers, ice sheets, ice caps, ice shelves, sea ice, seasonal snow, permafrost and frozen rivers 

and lakes; permanently covering up to 10% of Earth surface (Figure 2). 

 

 

Figure 2 Components of the cryosphere and their relative time-scales (IPCC, 2013). 

 

The subject of this thesis is the cryosphere, in particular alpine glaciers. The IPCC (IPCC, 2013) 

reported that, even taking in consideration the great variability given by the different response 

times and the local environments, the annually measured glacier terminus fluctuations from 

about 500 glaciers worldwide reveal a largely homogeneous trend of retreat. Glaciers in Europe 

are also following this trend (Figure 3), and Switzerland, with its many glaciers, is particularly 

affected. Switzerland is known as the “water tower” of Europe due to its numerous glaciers and 

rivers (Agrawala, 2007); much of its agriculture and hydropower depend on them. The current 

glacier retreat threatens the survival of many species of flora and fauna as well as the Swiss 

economy (Walther et al., 2002). Although to a large degree the increase of temperature caused 

by greenhouse gases may be responsible for accelerating glacier melt, a number of mechanisms 

contribute to influence radiative forcing as well (Bony et al., 2006). Some of the mechanisms in 

question are called feedback mechanisms as they are caused by the temperature increase and in 

case of a positive feedback mechanism contribute to further enhancing the temperature. 

Positive feedbacks are e.g. methane release from melting of permafrost, methane is also a  
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greenhouse gas (Anisimov, 2007), ocean warming, which reduces the uptake of CO2 by oceans 

(Soden and Held, 2006) etc. Many types of aerosol particles, like BC (Black Carbon) or mineral 

dust, when released in the atmosphere generate climate feedback. These particles scatter the 

sunlight in the atmosphere, thus preventing it from reaching the Earth’s surface. A positive 

feedback can be given when these aerosol particles are deposited on snow and ice influencing 

radiative forcing as much as by -1.2 Wm-2 (Figure 5)(CHARLSON et al., 1992). This phenomenon 

causes the reduction of glacier albedo. 

 

 

Figure 3 Cumulative mass balance for Clariden and Silvretta (1918–2014) and Aletsch glacier (1939–1999) (Huss et al., 

2017). 

 

The first mentions of the effect of albedo-reducing materials and their effect on snow go back to 

1968 (Megahan and Meiman, 1968). Many studies have been published since then. Several 

techniques have been developed and remote sensing has certainly played a part in describing 

and quantifying the phenomenon (Oerlemans and Hoogendoorn, 1989;Konig et al., 

2001;Corripio, 2004;Painter et al., 2016) with much attention focused on the variation in grain 

size. The snow grain size can vary up to 50%, (Wiscombe and Warren, 1980), this variation is 

part of the snow aging processes, effecting albedo in the infrared range; it was reported to lower 

albedo by 0.12 in the course of 14 days (Flanner et al., 2007a). The effect of the reduction of 

snow albedo is visible in Figure 5 under the label ”black carbon (BC) on snow”, listed and 

Year 
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estimated along with all other known radiative forcing (Ramanathan et al., 2007). The radiative 

forcing given by “soot in snow” corresponds to 0.65 Wm-2, which is one third of the radiative 

forcing of CO2 but with a much larger uncertainty. In Figure 6 albedo is shown for different 

concentration of BC in snow and for different snow grain sizes. McConnell, 2007 #55 reported 

that, in Greenland, for the period of maximum emission of BC (1906 – 1910) the estimated 

surface climate forcing in early summer from BC in Arctic snow was ca. 3 Wm-2, which is eight 

times the typical preindustrial forcing value. Most of the focus has been the effect of light-

absorbing impurities (LAI, all matter absorbing light in the visible range), especially BC, in snow, 

and the effect that these have on snow melt. The phenomenon can be described this way: when 

LAI are present in snow they cause direct surface warming due the additional absorption of 

solar radiation (Hansen and Nazarenko, 2004;Jacobson, 2004;Gardner and Sharp, 

2010;Yasunari et al.;Aoki et al., 2011).The sun’s spectral irradiance (Figure 4) is highest in its 

intensity in the visible range (400-700 nm) of the light spectrum, coloured LAI that are present 

on a glacier’s surface receive this powerful radiation in its entirety when sunlight is not 

obstructed by clouds and the darker the LAI are the more radiation they will receive, translating 

into higher temperatures (Hall et al., 1990;Cutler and Scott Munro, 2017). 

 

Figure 4 Three models of spectral irradiance for the top of the atmosphere, intensity in logarithmic scale (Thuillier et al., 

2004) 

 

The absorbed solar radiation causes a rise in temperature of the surface ultimately contributing 

to higher melt rates. Among the various approaches a widely used model has been developed to 

calculate the albedo of snow, considering several variables like snow grain size, BC and mineral 

dust concentration (Flanner et al., 2007b).  
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Snow albedo has received more attention from the scientific community (Nolin and Dozier, 

2000;Dozier and Painter, 2004); less visibility however has been given to the impact of LAI on 

glacier ice on the ablation zone. Glaciers have typically two distinct areas: an accumulation zone 

and an ablation zone; the first maintains snow cover throughout the year and gains mass while 

in the latter the snow melts away in the warmest months exposing the ice underneath 

consequently losing mass (Boggild et al., 2010;Gabbi et al., 2015). These two zones are 

separated by the equilibrium-line which, depending on the condition of the glacier, may be at 

higher or lower elevations. 

 

Figure 5 Change of Radiative Forcing (RF) between 1750 and 2011 for the different components based on emitted 

compounds or other changes (IPCC, 2013). 

The LAI that are located on the bare ice surface of the ablation zone are consequently enriched 

by the different layers that each year deposits on the fresh snow (Moustafa et al., 2015). The 

lack of scientific studies on albedo effect on bare ice surfaces can be attributed to the fact a 
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glacier reveals its surface partially and only for a limited amount of time in the warmer months. 

Furthermore bare ice has a lower albedo then snow (0.4 and 0.8 respectively) (Gabbi et al., 

2015). The exposure of the ice surface is however bound to increase both in width and in time, 

having a greater effect on the radiative balance on a glacier. 

 

Figure 6 a, 55 μm Reff, b, 65 μm Reff and c, 110 μm Reff. Error bars show the standard deviation of the measurements. 

Upper and lower boundaries of the shaded bands correspond to modelled albedo assuming BC mass absorption cross-

sections, at λ=550 nm, of 7.5 and 

 

1.1 Albedo 

The origin of the word albedo is Latin and its meaning is whiteness. In more scientific terms, the 

albedo of a surface is the ratio of the radiant flux reflected from a unit surface area into the 

whole hemisphere to the incident radiant flux of hemispherical angular extent (Schaepman-

Strub et al., 2006)(Figure 7). To demonstrate the role of albedo on the earth’s energy balance a 

computer simulation named Daisyworld was introduced in 1983 (Wood et al., 2008). 

Daisyworld considers a hypothetical world orbiting a star whose radiant energy is slowly 

increasing or decreasing. It is meant to mimic important elements of the Earth-Sun system and 

its final purpose is to illustrate the plausibility of the Gaia hypothesis (Lenton, 1998). 

Daisyworld is seeded with two varieties of daisy as its only life forms: black daisies and white 

daisies. White daisies reflect light, while black daisies absorb light. The simulation tracks the 

two daisy populations and the surface temperature of Daisyworld as the sun's rays grow more 

powerful. The surface temperature of Daisyworld remains almost constant over a broad range 
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of solar output. The temperature that is most comfortable for the two life forms is achieved; the 

daisies act as a buffer for temperature. When the solar radiation reaches high enough levels the 

white daisies proliferate up to a point in which the temperature is too high to support their own 

growth and ultimately they die out; leaving the world with a lower albedo and therefore an even 

higher temperature. The Daisyworld simulation can be loosely applied to the case of the Earth 

albedo and what is currently happening to the albedo for the Earth, now that we are pushing its 

boundaries.  

 

Figure 7 Orientation of incident sunlight (incident on the surface XY) and reflected light. θ0 is the solar zenith angle, θ is the 

view zenith angle, ϕ is the relative azimuth angle, and Θ the scattering angle. The incident sunlight is taken to be in the YZ 

plane. 

The spectral albedo  is the albedo of monochromatic radiation at wavelength . This value is 

given by  

 

F
+ 

F
− =  𝛼  F

− : flux of incident light on the surface, F
+ : flux of reflected light on the surface 

 

Radiative flux is therefore the energy in Wm-2 per unit area per unit wavelength interval which 

is incident on or reflected by the surface. Irradiance is a common term for radiative flux. The 

broadband albedo, which is often referred as just albedo, is given by the ratio of the total 

radiative fluxes, 



20 

 

Fi
+ 

Fi
− =  𝛼𝑖  F𝑖

− : flux of incident light on the surface, F𝑖
+ : flux of reflected light on the surface 

Where the integration over wavelength is performed separately for the incident and reflected 

radiative fluxes prior to taking the ratio. Each surface found on Earth has a certain albedo, lower 

for water and evergreen forests and higher for deserts and snow covered areas (Coakley, 2003 

(Coakley, 2003 #303). It is not however an intrinsic property of a surface but rather it depends 

on the spectral and angular distribution of the incident light; in case of solar energy this varies 

depending on the atmospheric composition and the direction of the beam of light coming from 

the sun. 

 

1.2 Light-absorbing impurities 

LAI are materials that present a certain absorption in the visible range of the solar spectrum 

(390 - 700 nm, Figure 4). The different altitude, location and topography of a glacier influences 

the types of LAI encountered on its surface, a certain variance between glaciers is therefore to 

be expected (Nagatsuka et al., 2014). Varying concentration of impurities is also observed 

within the same glacier (Takeuchi et al., 2014). 

 

1.2.1 Black Carbon 

BC has both natural and anthropogenic sources and is a product of incompletely combusted gas 

phase condensates of fossil fuels or biomass, it is refractory, with vaporization temperature 

near 4000K and exists as an aggregate of small spheres. The emission sources of BC can be 

defined by a few categories; diesel engines, industrial BC, residential solid fuel, and open 

burning (all main sources and climate effects are visible in Figure 8). Due to the strong light 

absorption properties (mass absorption cross section (MAC) >7.5±1.2 m2/g at 550 nm (Bond et 

al., 2013)) BC has long been investigated in the climate science community. It is a major 

contributor to positive climate forcing by causing atmospheric warming and reducing snow and 

ice albedo (Bond et al., 2013;IPCC, 2013). Hansen et al, 2005 estimated that fossil fuel BC has an 

efficacy of about 78% (efficiency being the effectiveness in causing climate change) and found 

that considering indirect effects (snow albedo and cloud changes) fossil fuel soot constitutes an 

overall net positive forcing. Considering specifically the effect of BC in snow it has been found to 

lower albedo by 5% ca. depending on the snow crystal size (Grenfell et al., 2002;Ming et al., 

2009;Yasunari et al., 2010) and the BC concentration.  
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Figure 8 Schematic overview of the primary black-carbon emission sources and the processes that control the distribution of 

black carbon in the atmosphere and determine its role in the climate system (Bond et al., 2013) 

 

1.2.2 Mineral dust 

Sources of mineral dust found on glacier can be very diverse. Mineral dust can be mobilized in 

the large desert regions and transported over long distances in the atmosphere (Schwikowski et 

al., 1995). Additionally local outcrops or land use (construction and agriculture) can also be 

important sources of mineral dust (Tegen and Fung, 1994;Xuan and Sokolik, 2002). The 

variability in origin translates in a large variability of the mineral composition. Light absorption 

by mineral dust depends on the dust composition (Tedesco et al., 2013;Nagatsuka et al., 

2014;Nagatsuka et al., 2016). Iron oxides are the most light-absorbing compounds in the visible 

range of the spectrum which can be found in mineral dust (Alfaro et al., 2004;Lafon et al., 2006). 

Due to the high MAC of BC, the majority of LAI in snow research has focused on BC; the MAC of 

hematite (0.97 ± 0.02 m2/g at 550 nm) is lower than BC. However, recent research suggests that 

because dust is present in much larger concentrations than BC in some regions, dust can 

dominate LAI albedo reductions and melt (Clarke et al., 2004;Kaspari et al., 2014). However 

hematite is not necessarily present in the mineral dust located on a glacier, which can be 
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composed of a broad range of minerals, some of which absorb in the visible wavelength range. 

More information needs to be collected on the optical properties of mineral dust and their role 

on decreasing glacier albedo.  

 

1.2.3 Organic matter 

When talking about the influence of organic matter on albedo one must also take into 

consideration the different sources that the organic matter may have. Organic matter can 

originate from biota autochthone to the glacier of from windblown matter originating from flora 

more of less removed from the glacier. As for the biota that naturally grows on the glacier a 

primary and a secondary effect can be identified that lower albedo in different ways. The 

primary effect is the direct absorption of light from certain snow algal species, e.g. 

Chlamidomonas nivalis, which reduces spectral reflectance in the range of carotenoid (400-600 

nm) and chlorophyll (670-680 nm) absorption bands (Thomas and Duval, 1995). (Lutz et al., 

2016) found that in the Arctic red algal bloom might be responsible for 13% decrease in snow 

broadband albedo over the course of one melt season. The summer months provide the 

necessary melting condition so that the presence of liquid water promotes algal growth. 

Minerals necessary for the algae’s growth is supplied by windblown dust. The algae produce an 

anti-freeze that keeps the bodies liquid well below 0°C. In the winter months, the small cells of 

the red algae are covered under layers of snow, however with summer, the algae move up 

towards the surface where light and the higher temperatures are available (Attenborough, 

1995). The secondary effect that concerns organic matter has to do with the product of 

decomposition of the algae and bacteria that inhabit the glacier. Humic substances are formed 

by the decay of microorganisms and exhibit dark coloration due to a large amount of conjugated 

double bonds related mainly to phenolic and carboxylic functional groups (Kumada and 

Kumada, 1987). The latter effect is expected to be predominant in the ablation zones of a glacier, 

where an accumulation of the various years of biological activity is present. Organic matter in 

glaciers is mainly present in the form of cryoconite granules; these granules, whose schematic is 

shown in Figure 9, are composed of bacteria, algae, mineral particles and black carbon particles 

in a humic substance matrix, and can vary greatly in content both among different glaciers but 

also within one glacier. The variation can be in the mineralogy, in the biology or in the chemistry 

of the granule (Uetake et al., 2016); all of the above can determine a higher of lower effect on a 

glacier albedo (Musilova et al., 2016). Furthermore cryoconite granules can occur both in holes 

or as superficial impurities, both of which affect albedo. 
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Figure 9 Cross section of a cryoconite granule (www-es.s.chiba-u.ac.jp/~takeuchi/crygranule.html). 

 

1.3 Motivation of the study 

For the last forty years studies have been carried out on snow albedo; but a lack of knowledge 

remains for the bare ice albedo of ablation zones. Climate change is affecting snow coverage; in 

glaciers this translates into a progressively upward movement of the equilibrium line altitude 

(ELA); a larger exposure of bear ice in the warmest months with progressively larger ablation 

zones. For this reason it is now necessary to further our understanding of the albedo of bare ice. 

The approaches with which bare ice albedo has been studied have mostly been the same 

techniques and methods used to look at albedo of snow. These approaches ignore the relevant 

differences between the two surfaces (reflectance spectra in the visible and IR), their optical 

properties and interaction with LAI. To obtain the maximum information and draw robust 

conclusions a step back must be taken and new and more suitable ways to analyse the 

phenomenon must be outlined. One of the motivations for this project is the fact that most 

studies have focused on BC, on BC and mineral dust or only on organic matter. We propose a 

method that allows the measurement of most LAI present on a sample, LAI belonging to 

different classes, thus allowing all to be measured with the same technique. As study site Glacier 

de la Plaine Morte was chosen; this glacier was selected since it has a large ablation zone, it is 

easily accessible and was subject to albedo remote sensing studies. On Glacier de la Plaine Morte 

we outlined a method to understand the role of LAI on bare ice, with the application being of use 

also in other glaciers. Glacier de la Plaine Morte presents an enriched layer of LAI on its surface 

and different questions emerged: 

 What composes these LAI, can we quantify the different classes? 

 How are the LAI distributed on the glacier, what is their gradient? 
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 To what extent does each class contribute to lowering the surface albedo? 

 Is it possible to develop a method to determine the abundances of classes through the 

analysis of surface spectral reflectance? 

 Is it possible to upscale the previous point to reflectance spectra collected with the APEX 

flight over the glacier, what about satellite remote sensing? 

 

To answer these points we developed a method to determine optical properties of individual 

LAI classes within a sample. Such method, whose development, validation and use is described 

in this thesis, collects the characteristic reflectance spectra of particles under a microscope so as 

to determine what is the contribution of each class to a total spectrum of the glacier surface; 

may it be a portable spectrometer or remote sensing data. 

 

This thesis is divided into 7 parts. In chapter 1 the current knowledge on glacier LAI and their 

effect on albedo are summarized and the motivation for the study is stated. The doctoral project 

started with an open research question and required method development, therefore different 

methods were tested; in chapter 2 the results from different techniques are shown. The 

techniques reveal valuable information on the research subject but are not part of published 

works. In chapter 3 the first paper (in the revision process in the Journal of Glaciology) is 

reported; the method developed for the identification of characteristic reflectance spectra for 

each LAI classes is described and validated. The developed method is applied in chapter 4 as 

part of a broader study of Glacier de la Plaine Morte (on a paper to be submitted). In chapter 5 

an outlook is given for the further development of the method shown in the previous chapters 

and an outline is given to apply the same methods described to other glaciers. A conclusion is 

given in chapter 6 while in the appendix all measurements with the HIMS reported.   
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2 Methods 

The project developed in the course of the PhD stemmed from the interest in the LAI that are 

present on Glacier de la Plaine Morte and more generally on the bare ice surfaces of glaciers. In 

order to obtain this information a number of techniques were used as first approach to 

understand the studied subject (SEM-EDX, Raman Spectroscopy, ICP-OES, SP2, optical 

microscopy). A principal challenge is the nature of LAI themselves; LAI on glaciers are typically 

very finely mixed heterogeneous material, can vary greatly from glacier to glacier and not much 

is known about their composition (Pautler et al., 2013;Nagatsuka et al., 2014;Liu et al., 2017). 

Being the scope of the thesis to explore the suitability of techniques and methods to investigate 

LAI, a large part of the research project was spent on testing out different methods before 

arriving at the most suitable one. In this chapter the various techniques will be described and 

the results obtained from them will be shown as they contain valuable information on the 

nature and behaviour of the LAI of Glacier de la Plaine Morte. Overall two field campaigns were 

conducted to collect LAI. During the first campaign in August 2014 sufficient samples of LAI 

were collected to test various techniques. The second campaign in August 2015 was structured 

to obtain good sample coverage from the entire glacier. 

 

2.1 Glacier de la Plaine Morte 

As study site the Glacier de la Plaine Morte (latitude 4637988 – 4638454, longitude 750895 – 

751231) was chosen; this glacier has an easy access and has been one of the subjects of the 

Swiss Earth Observatory Network (SEON) projects, looking at hyperspectral imaging from an 

aircraft. Glacier de la Plaine Morte is located in the western Swiss Alps, where it forms the water 

divide between the cantons of Valais and Bern. The glacier forms a large plateau, having an area 

of 7.52 km2 in 2013 (Naegeli et al., 2015), a mean altitude of 2750 a.s.l and a small outlet tongue 

towards the north side (Rezligletscher). The region has a long history of tourism and winter 

sports, with the first alpine ski competition of 1911 taking place at the Plaine-Morte glacier. 

Plaine Morte is still strongly influenced by human activity and is currently accessible with a 

cable car running from Crans Montana to the glacier’s edge. The equilibrium line altitude has 

lain above the glacier since 2002, leaving the glacier entirely snow free by mid-August, as shown 

in Figure 10. The mass balance is strongly negative (Figure 11); this results in a strong ice-

albedo feedback as all the various melting layers enrich the surface with increasing amount of 
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impurities. Several studies on albedo have had Glacier de la Plaine Morte as their subject; (Paul, 

2005) and (Naegeli et al., 2015) looking at albedo and remote sensing, (Bühlmann, 2011) 

characterizing the impurities on Plaine Morte and Huss, 2013 #108 determining the effect of 

climate change on this particular glacier. 

 

Figure 10 Glacier Plaine Morte hyper spectral image taken on August 2013 with the APEX imaging spectrometer (Naegeli 

et al., 2015). 

 

 

Figure 11 Cumulative mass balance of Glacier de la Plaine Morte since 1954 compared to the average of the European Alps. 

The inset shows mean mass balance in two periods (Huss et al., 2013). 
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2.2 Field campaign 2014 

The LAI samples used to carry out the series of preliminary test discussed in this chapter were 

collected during a field campaign which was conducted on Glacier de la Plaine Morte on August 

29th 2014. The collection of the samples consisted of extracting fourteen blocks of surface ice 

with dimensions of about 30 x 30 x 8 cm using a battery driven electrical chainsaw (Figure 12) 

and stored in pre-cleaned sealed plastic containers. The blocks (one of which is shown in Figure 

13) were kept frozen during the transport to Paul Scherrer Institute, weighted (Table 1) and 

stored until analysis. The blocks were cut into ca. 2 x 2 x 8 cm sections and stored in 50 ml 

polypropylene vials, resulting in a total of 396 samples (Table 1), which were stored frozen until 

analysis. Before the extraction of the block the reflectance spectrum of each surface was 

collected with a Field Spectroradiometer (FieldSpec 3, ASD Inc., PANanalytical) (the location of 

the measurements are shown in Figure 14). All measurements (Figure 15) display reflectance in 

% as each measurement was light corrected with a white reference (Spectralon, Labsphere) 

accounting for the variations of the sky condition. For each surface area measured 30 spectra 

were measured and averaged. The field spectroradiometer used measures the 350–2500 nm 

spectral range, has a spectral sampling interval of 1.4 nm (350–1000 nm) and 2 nm (1000–2500 

nm), and a full width half maximum of 3 nm at 700 nm and 10 nm at 1400 nm (Analytical 

Spectral Devices, I., 2014). Approximately a 30 cm2 area was measured (the height from the 

ground of the fibre optic pistol determines the area measured); unfortunately because of a 

malfunctioning of the field spectroradiometer 8 out of the 14 measurements had to be discarded 

(in Figure 16 are the 6 spectra not effected by the malfunctioning). 

 

Table 1 Samples collected on Plaine Morte during the 2014 expedition. 

Sample Weight (g) Vials number Degrees lat, long (32T) Malfunction 

1 2311.5 1-76 46.3756431, 007.4887960  

2 945.2 77-99 46.3762898, 007.4887002  

3 1029.1 100-123 46.3762984 007.4886739  

4 795.4 124-149 46.3767424 007.4882196 X 

5 790.7 150-179 46.3769302 007.4881234 X 

6 1117.8 180-192 46.3789519 007.4871963 X 

7 1572.0 193-215 46.3786256 007.4883886  
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Figure 12 Cutting of the ice blocks samples using an electrical chainsaw. 

 

Figure 13 Sample block 11 before being cut into smaller sections the size is ca. 30 x 30 x 8 cm. 

8 965.6 216-249 46.3782089 007.4895445 X 

9 1753.9 250-283 46.3782309 007.4898429  

10 1850.5 284-311 46.3779966 007.4898234 X 

11 2472.2 312-334 46.3778805 007.4898916 X 

12 761.1 335-352 46.3776086 007.4897431  

13 1304.9 353-380 46.3775364 007.4897321 X 

14 1169.1 381-396 46.3768198 007.4893097 X 
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Figure 14 Sampling points of the 14 samples shown in more detail in Figure 13 (Swiss Federal office of Topography). 

Figure 15 Reflectance spectra of 2014 sampled areas, showing only the spectra unaffected by the noise for the 600 – 1000 

nm range. 

 

2.3 Field Campaign 2015 

On 20th and 21st of August 2015 a fieldwork was carried out on Glacier de la Plaine Morte. On 

the first day a total of 90 surface samples were collected. On the second day 20 surface 

reflectance spectra were measured and the measured area was then sampled, with the same 

procedure adopted for the sampling on the previous day. The collection of the first 90 samples 

went as follows: five members of the fieldwork team were each given 18 PET containers (500 

ml) a plastic spatula and a plastic shovel; the spatula was used to lightly break apart the surface 
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and the shovel to collect the ice and LAI in the containers. The 18 samples were collected by 

each member along the length of the glacier keeping equal distance with each other. This 

collection resulted in a grid-like sampling (Figure 16). GPS positions were determined for the 

starting point of the travellers and ending point as well as for each collection site by one of the 

members as shown in Figure 16. To ensure an equally spaced grid the members maintained an 

equal distance and kept as much as possible a linear trajectory (with Glacier de la Plaine Morte 

being very flat, the members were able to observe the positions of their adjacent members).  

The estimated uncertainty in the sampling point is ± 25 m, and is given by the standard 

deviation of the distances between GPS points (green points of Figure 16). All the samples were 

kept frozen until analysis. The second day of fieldwork a field spectroradiometer (FieldSpec 3, 

ASD Inc., PANanalytical) was used to collect reflectance spectra of the surface; the 

measurements were obtained in cloud free conditions between 11:00 and 13:00. The field 

spectroradiometer used measures the 350–2500 nm spectral range, has a spectral sampling 

interval of 1.4 nm (350–1000 nm) and 2 nm (1000–2500 nm), and a full width half maximum of 

3 nm at 700 nm and 10 nm at 1400 nm (Analytical Spectral Devices, I., 2014). Approximately a 

20 cm2 area was measured (the height from the ground of the fibre optic pistol determines the 

area measured). Unfortunately because of a malfunction of the field spectroradiometer 15 out of 

the 20 measurements were discarded, in Figure 17 the valid spectra are reported. 

 

Figure 16 Glacier de la Plaine Morte and its location within Switzerland (inset). The grid-like dotted pattern 
represents the sampling locations; the green points indicate GPS position and the black points the estimated position 
of sampling (Swiss Federal office of Topography). 
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Figure 17 Reflectance spectra collected with the field spectroradiometer on the surface of Plaine Morte.  

 

All measurements display reflectance in % as each measurement was light corrected with a 

white reference (Spectralon, Labsphere) accounting for the variations of the sky condition. For 

each surface area measured 30 spectra were averaged. The 20 cm2 area measured with the field 

spectroradiometer was sampled according to the sampling practice adopted the previous day; 

the depth of the sampling ranged from 1 to 2 cm. The samples were all kept frozen until they 

were stored in freezers at -20° C in Paul Scherrer Institute. Each of the 110 samples were melted 

at room temperature and filtered with a vacuum pump on glass fibre filters (Whatman GF/B, 4 

cm diameter). The filtrate was dried overnight in an oven at 80° C and the weight of each was 

recorded after cooling, in Table 1 of the Appendix each dried sample weight is reported. 

 

2.4 Scanning Electron Microscope Energy dispersive X-ray 

spectroscopy (SEM-EDX) 

SEM is an electron microscope type which produces images from a sample by scanning its 

surface with a focused electron beam. It uses a focused high energy electron beam to generate a 

number of signals at the surface of a solid specimen; secondary electrons (SE), back-scattered 

electrons (BSE)(used to generate the image), characteristic X-rays (used for the detection of the 

elemental composition), light (cathodoluminescence, CL), absorbed current (specimen current) 

and transmitted electrons. The various processes that occur are shown in Figure 18. The signals 

produced by the electron–sample interaction disclose information about the sample; revealing 
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the elemental composition of any specific point selected in the image as well a detailed 

morphology. SEM has been used in studies concerning cryoconite mainly for the purpose of 

studying size and morphology of the particles of the sample (Hoover and Gilichinsky, 

2001;Suzuki, 2006;Dong et al., 2016). The SEM (NVision 40, Zeiss) used to conduct the 

measurements of the LAI belongs to the Electron Microscopy Facility (EMF) at the Paul Scherrer 

Institute; it was used for all measurements at 10kV. The sample’s surface must be conductive in 

order to provide a measurement; being that the LAI is mostly not conductive it was treated with 

a carbon coating, providing a conductive surface. A total of 32 Energy-dispersive X-ray 

spectroscopy (EDX) measurements were completed; 14 of which were identified as quartz and 

one as an iron oxide, whereas all remaining minerals were not easily identifiable but comprised 

nonetheless a variety of mixtures of the following elements: Si, Al, K, Fe, Na, C and O (see two 

EDX spectra in Figure 19). This elemental composition is compatible with silicate type minerals. 

 

Figure 18 Phenomena that occur from the interaction of highly energetic electrons with matter. 
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Figure 19 SEM image of measured areas for Spectrum 4 (a) and Spectrum 5 (b) (measured area in the green box) 
along with their respective EDS spectra (c)(d). 

 

2.5 Raman Micro-spectroscopy 

Raman Micro-spectroscopy is a technique that observes the vibrational, rotational, and other 

low-frequency modes in molecules, and is commonly used in chemistry to provide a structural 

fingerprint by which molecules can be identified. Raman Micro spectroscopy measures samples 

at the microscopic scale. The optical image is displayed on a monitor and on this image the laser 

beam can be pointed to obtain a measurement of the correspondent area. One of the advantages 

of this technique is the little sample preparation; it requires minimal quantity of material (<15 

mg) and no sample treatment. The instrument used is a Jobin-Yvon LabRam HR-800 laser 

Raman spectrometer located at the University of Bern in the Geology department within the 

rock-water interaction group. Minerals can be identified with the help of a spectral library that 

is able to provide a match with a known material. Through the use of this technique a relation 

was found between the morphology of the various particles observed in the Glacier de la Plaine 
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Morte samples and their chemical and mineralogical composition. The minerals identified were 

silicate minerals: albite, feldspar, mica, muscovite, quartz and talc or iron oxide minerals: 

hematite and goethite, or chalcocite, a sulphide mineral. Visually correlating minerals in a 

sample with their composition proved valuable when, with the hyperspectral imaging 

spectrometer microscope (HIMS), a microscopic visual inspection of the samples was done. The 

Raman Micro-spectrometer used did not offer the possibility to collect the images of the area 

measured, but offered in turn a precise and quick detection of the sample’s main mineralogical 

types. 

 

 

2.6 Inductively coupled plasma optical emission spectroscopy (ICP-

OES) 

Inductively coupled plasma optical emission spectroscopy is a technique which uses an 

inductively coupled plasma to excite atoms and ions to emit electromagnetic radiation at 

wavelengths characteristic of a particular element. The plasma temperature in the ICP ranges 

between 6000 and 10000 K. The emission’s intensity depends on the concentration of the 

element in the sample. The instrument used in this study is an ICP-OES (Vista Pro AX, Varian) 

operated by Silvia Köchli at Paul Scherrer Institute. The dissolution of the sample was carried 

out with acid digestion on a microwave oven (turboWAVE Terminal 660, MWS). The silicon 

however cannot be determined with this method due to the high background. The elemental 

concentrations detected in sample 89 (2015 Plaine Morte campaign) are reported in Table 1 all 

values are above the limit of quantification. The abundant iron content suggests that the 

minerals present on this sample might be light-absorbing as iron rich minerals are correlated 

with light absorbency (Alfaro et al., 2004;Linke et al., 2006).  

 

Table 1 Elemental composition of Sample 89 from the 2015 Glacier de la Plaine Morte campaign. 

Element Plaine Morte (mg/g) % 

Al 29.20 36.16 

Fe 17.51 21.68 

Ca 11.62 14.38 
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K 7.29 9.03 

Mg 5.02 6.22 

Na 4.32 5.35 

Ti 1.20 2.47 

S 1.14 1.41 

P 1.09 1.35 

Cu 0.47 0.58 

Mn 0.34 0.42 

As 0.26 0.33 

Zn 0.17 0.21 

Ba 0.13 0.16 

Zr 0.10 0.13 

Ce 0.10 0.12 

Total ppm 320.66  

Total % 32.1  

 

 

2.7 Thermal Optical OC-EC Analyser  

A Thermal Optical OC-EC Analyser (Model4L, Sunset Laboratory Inc, USA) was used, applying 

the Swiss 4S protocol (Zhang et al., 2012), to determine the amount of OC (organic carbon) and 

EC (elemental carbon) present in the surface samples from Glacier de la Plaine Morte. To obtain 

the mass of organic matter, the mass o OC was multiplied by a factor of two (Pribyl, 2010). EC is 

considered as an upper limit of the amount of BC is equated to organic matter. The basic 

principle of the instrument is the following: the sample, deposited on a quartz filter, is 

introduced in a chamber where it is subjected to stepwise increasing temperature and changing 

carrier gasses to oxidize separately the OC (first) and EC (second). The carrier gasses used are 

pure O2 for steps 1, 2 and 4 and He (pre-cleaned with a moisture/O2/hydrocarbon trap) for step 

3. With a 660-nm tuned-diode laser the transmittance of the filter is monitored. The CO2 

fractions are detected and quantified with a non-dispersive infrared (NDIR) detector.  
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The sample preparation occurred as follows: 18 samples (from the Plaine Morte campaign of 

2015) were melted at room temperature and filtered with a vacuum pump on glass fibre paper 

filters (Whatman GF/B, 4 cm diameter). The filtrate was dried overnight in an oven at 80° C and 

the weight of each was recorded after cooling. The filtrate was grinded and mixed in an agate 

mortar; a small amount of the sample (4 mg ca.) was weighted and placed in a plastic vial. The 

vial containing the sample was then filled with 30 ml of Milli-Q water and sonicated for 30 

minutes, with the purpose of braking apart large aggregates. The suspension was then filtered 

onto preheated quartz fibre filters (Pallflex Tissuquartz, 2500QAOUP, filtration efficiency of 91 

± 7 % (Liechti, 2015)). 

 

2.8 Single Particle soot photometer (SP2) 

The SP2 (Schwarz et al., 2006, Droplet Measurement Technologies, Boulder, CO) uses a 1064 nm 

Nd:YAG intra-cavity laser which induces the incandescence and scattering signals of refractive 

BC-containing particles. The refractive BC mass is proportional to the intensity of the 

incandescence signal. For application to liquids, the sample needs to be aerosolized, because the 

instrument only analyses airborne particles (Laborde et al., 2012). The SP2 has been used in 

many studies to determine BC concentrations in snow and ice (Kaspari et al., 2011;Lim et al., 

2014;Wendl et al., 2014;Jacobi et al., 2015). The advantages are that no filtration step is 

required, making it less time consuming than other methods and allowing it to be used in a 

continuous flow system. Here we applied the SP2 to determine the efficiency of the filter used to 

collect the LAI. The BC concentration was analysed in the filtrate liquid and related to the EC 

amount on the solid LAI sample obtained with the thermal optical method. The amount of BC in 

the filtered liquid represents in average 0.005%of the total amount of EC in the investigated 

samples. 

This results confirms the efficiency of the filtration method. 

Table 2 Amount of BC in filtered liquid compared to the total amount of EC in the sample 

Sample BC (μg) EC (mg) 

PM1 0.77 13.31 

PM2 0.42 19.53 

PM3 4.82 75.55 

PM4 0.86 71.88 

PM5 1.41 42.44 
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PM6 1.00 68.16 

PM7 1.12 33.54 

PM8 1.46 39.44 

PM9 2.46 45.75 

PM10 8.00 41.72 

PM11 4.83 42.90 

PM12 1.41 19.07 

PM13 2.60 28.88 

PM14 2.00 30.37 

PM15 8.64 386.00 

PM16 10.25 40.66 

PM17 8.22 218.35 

PM18 1.39 91.43 

Average 3.43 72.72 

 

2.9 Optical Microscopy 

The first approach to understand any given material is a close up observation. With the use of an 

optical microscope with a 60x magnification objective (Figure 20 a, c) and with a 20 x objective 

(Figure 20 b) (Bresser Erudit, 20X-1536X) both equipped with an eyepiece camera (Dino-Eye, 

AM4023CT USB) the dried LAI was observed. In Figure 20a a dense group of particles are 

present; lighter bright semi-transparent minerals are observed alongside with yellow, red and 

green coloured ones. Darker particles are also present, but for this area they are in relatively 

small number. A large light yellow aggregate is shown in Figure 20b. In Figure 20c looser 

particles, detached from larger aggregates, are shown; a transparent mineral with yellow hues, 

one bright white and a small red particle in the centre.  
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75 μm 

225 μm 
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c 

Figure 20 Optical microscope images of impurities collected on Glacier de la Plaine Morte with 60x (a, c) and 20x (b) 

magnification.  

 

  

75 μm 
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Abstract. Light-absorbing impurities (LAI) can darken snow and ice surfaces, reduce snow/ice 

albedo, and accelerate melt. Efforts to allocate the relative contribution of different LAI to 

snow/ice albedo reductions have been limited by uncertainties in the optical properties of LAI. 

We developed a new method to measure LAI spectral reflectance at the submicron scale by 

modifying a Hyperspectral Imaging Microscope Spectrometer (HIMS). We present the 

instrument’s internal calibration, and the overall small influence of a particle’s orientation on its 

measured reflectance spectrum. We validated this new method through the comparison with a 

field spectroradiometer by measuring different standard materials. Measurements with HIMS at 

the submicron scale and the bulk measurements of the same standard materials with the field 

spectroradiometer are in good agreement with an average deviation between the spectra of 

3.2% for the 400 to 1000 nm wavelength range. The new method was used 1) to identify BC 

(black carbon), mineral dust, hematite, and the humic substances present in an environmental 

sample from Plaine Morte glacier and 2) to collect the individual reflectance spectra of each of 
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these types of impurity.  The results indicate that this method is applicable to heterogeneous 

samples such as the LAI found in snow and ice. 

 

1. Introduction 

 Glaciers and the seasonal snowpack are important sources of water in many regions 

(Jansson et al., 2003;Barnett et al., 2005), and are essential components of the Earth’s climate 

system. Widespread decline in glacier size and snowpack depth as well as extent has occurred in 

recent decades (IPCC, 2013). Previous studies have suggested that along with rising 

temperatures, a decrease in surface albedo plays a role in their decline (Hock, 2005;Flanner et 

al., 2007b). Albedo is defined as the ratio of the radiant flux reflected from a unit surface area 

into the whole hemisphere to the incident radiant flux of hemispherical angular extent 

(Schaepman-Strub et al., 2006). For snow and ice, albedo is influenced by the ageing of snow, 

which affects snow grain size (Dozier and Painter, 2004); the presence of liquid water (Colbeck, 

1979;Gardner and Sharp, 2010;Brun, 2017); the exposure of underlying bare ice on glaciers; 

and the presence of light-absorbing impurities (LAI) (Wiscombe and Warren, 1980;Gardner and 

Sharp, 2010). LAI cause darkening of the snow/ice surface (i.e., reduce the albedo), resulting in 

greater absorption of solar energy, heating of the snow/ice, and accelerated snow and glacier 

melt. In regions with high LAI deposition, LAI can be a larger driver of snow/ice melt than 

temperature (Hansen and Nazarenko, 2004) 

LAI include BC, and certain types of mineral dust and organic matter. BC is a product of 

incompletely combusted gas phase condensates of biomass or fossil fuels, and has both natural 

and anthropogenic sources. BC has been investigated extensively in the climate science 

community because it strongly absorbs light (mass absorption cross section >7.5±1.2 m2/g at 

550 nm; (Bond, 2013)) and is a major contributor to positive climate forcing by warming the 

atmospheric layer it is in and reducing snow and ice albedo (Hansen et al., 2005;Bond et al., 

2013;IPCC, 2013). Dominant mineral dust sources are desert regions; however local outcrops or 

land use (construction and agriculture) can also be important sources of dust emissions. Light 

absorption due to mineral dust is highly variable depending on the dust composition, but in 

general is considerably lower than BC (Clarke et al., 2004). Due to the high MAC of BC, most 

research on LAI in snow has focused on BC. However, recent research suggests that because 

dust is present in much larger concentrations than BC in some regions, dust can dominate LAI 

albedo reductions and melt (Kaspari et al., 2014). Organic matter can be present in snow and ice 

in many forms, some of which contribute to the darkening of these surfaces. It was estimated 

that red algae bloom can cause a decrease in snow broadband albedo of 13% over the course of 
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one melt season of glaciers and snow patches in various locations in the Artic (Lutz et al., 2016). 

The presence of organic matter as humic substances, the matrix composing cryoconite granules 

(which consist of dead organic matter, algae, bacteria, mineral dust and BC particles) was 

reported to influence surface albedo as well (Takeuchi, 2002;Takeuchi et al., 2015a;Takeuchi et 

al., 2015b). Humic substances are formed by the decay of microorganisms and exhibit dark 

coloration due to a large amount of conjugated double bonds related mainly to phenolic and 

carboxylic functional groups (Kumada, 1987 #130). 

Previous research investigating the role of LAI in albedo reduction has utilized chemical 

analysis (e.g. thermal optical methods, Single Particle Soot Photometer, mineral composition 

analysis) to determine the relative abundances of LAI, e.g. (Gabbi et al., 2015). For studies where 

snow spectral albedo measurements were not taken, various snow albedo models such as the 

Snow, Ice, and Aerosol Radiation (SNICAR) model (Flanner et al., 2007b;Flanner et al., 2009) 

have been widely used (Sandells et al., 2017). SNICAR inputs include user defined BC 

concentration and dust concentration and snow size distributions. A key limitation of this 

approach is that most users utilize generic optical properties (Dang et al., 2015) for the LAI that 

are based on global means, and that may not accurately reflect the unique optical properties of 

LAI inherent to different sampling locations. Furthermore, the optical properties of organic LAI 

have only minimally been investigated (Takeuchi, 2002), and are not incorporated into snow 

albedo models. Poorly constrained optical properties of LAI, particularly in the visible range, can 

result in differences in observed and modelled snow albedo (Kaspari et al., 2015). Advanced 

methods are needed to constrain the optical properties of LAI, which will improve our ability to 

identify the contribution of the different LAI constituents to albedo reductions and snow and ice 

melt. 

The aim of this study is to establish a method to analyse the reflectance of LAI in 

environmental samples using a Hyperspectral Imaging Microscope Spectrometer (HIMS, called 

Hyperspectral Microscope by CytoViva). This instrument captures the hemispherical directional 

reflectance (which will be referred to as reflectance throughout this paper) of each class of LAI 

in a heterogeneous sample. The identification of the impurities is possible as well as the 

characterization of their reflectance. The use of HIMS is unique in measuring LAI in snow and on 

glacier surfaces, and has the potential to improve quantifying the contributions of different LAI 

classes to albedo reduction and therefore to attribute causes of snow and ice melt. We describe 

modifications made to HIMS to allow particle reflectance to be measured at the submicron scale. 

We present the instrument’s internal calibration, a test done to identify the optimal sample 

substrate for measurement, and the results comparing reflectance spectra of reflectance 

standards, Diesel soot, mineral standards, and humic substances at the particle scale measured 

with the HIMS to spectra of the bulk materials obtained with a spectroradiometer that has 
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previously been used for measuring LAI (FieldSpec 3, ASD Inc., PANanalytical)(Kaspari et al., 

2015;Naegeli et al., 2015). Lastly, for a sample collected on Plaine Morte glacier, reflectance 

spectra of various particles belonging to different classes of LAI were measured. These spectra 

provide information on how much radiation is reflected from each class of LAI and could allow 

quantifying the contribution of each class to the overall reflectance of the glacier surface 

through spectral un-mixing data obtained in the field or by remote sensing, offering the 

possibility to upscale to entire glacier systems. 
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2. Methods 

 

2.2 Modifications of the HIMS 

We used optical microscopy combined with a hyperspectral imaging spectrometer. The 

system included an integrated camera (Dage-MTI) and a prism-grating-prism (PGP) type 

spectrometer (V10D, Specim) mounted onto the camera mount of an optical microscope 

(BX43F, Olympus) with a motorized stage (Figure 1). When capturing a hyperspectral image the 

motorized stage moves the sample across the field of view, this way spectral images are created 

in a line scan fashion with a 10 nm step resolution. The motorized stage also allows the user to 

manually move the area of the sample that is viewed to select the region to be scanned. 

The spectrometer’s internal calibration was carried out using a mercury-argon pencil 

style calibration lamp (Hg (Ar) Lamp, Orel). Each wavelength corresponding to a peak in the 

calibration lamp was assigned to a camera line of the spectrometer and a relationship is 

established for the whole spectral range (400-1000 nm). Multiple calibration lamps can be used 

to cover the full HIMS spectral range. For example, at Central Washington University the HIMS 

system was calibrated with a helium lamp between 400-713 nm, and a xenon lamp between 756 

and 1000 nm. 

 

 

Figure 1 Scheme of the measurement setup: A) 100 x objective. B) Light source. C) Spectrometer. D) Motorized stage. 

E) Ring light. F) Black microscope slide. G) Camera. H) Rotatable slide holder. 
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The light source is a quartz halogen aluminium reflector (DC-950, Fiber-Lite) (400-2500 

nm; 150 watts) used at 75% of its full power. The hyperspectral image is composed using 

pushbroom imaging (one line, all spectral bands) by moving the sample across the field of view 

with a motorized stage. Spectra are collected between 400 and 1000 nm (visible and near-

infrared) with a 2.5 nm spectral resolution (Beach et al., 2015) and a spectral sampling interval 

of 1.2 nm. The wavelength range of the HIMS is particularly apt at measuring LAI as their main 

influence to snow/ice albedo is in the visible region. At 100x magnification the pixel in the 

hyperspectral image is ~ 129 nm x 129 nm. One scan line has a length of 89.8 µm equivalent to 

696 pixels). By selecting, through visual inspection, a region of interest (ROI) in the 

hyperspectral image, an average spectrum for the selected ROI can be obtained with specific 

software (4.8, Harris ENVI). Hence, with the ROI tool it is possible to obtain the average 

spectrum of every pixel that make up the ROI, ranging from as small as one pixel to the whole 

hyperspectral image (8064 µm2). The ROI is selected along the edges of a particle, avoiding the 

pixels closest to the edge as they may not be representative of the particle. Typical applications 

of the HIMS utilize darkfield microscopy to map and characterize bacteria or pathogens in tissue 

(Mortimer et al., 2014) or to confirm functional groups added to nanomaterials (Roth et al., 

2015). For measuring reflectance spectra of individual LAI a series of modifications were made 

to the microscope. Reflectance measurements require illumination from a similar geometry as 

the observation. For this purpose the microscope objective was fitted with a ring light of 2.8 cm 

inner diameter (1.125" ID, Dolan-Jenner) that minimizes shadow effects. To use the ring light 

the objective was changed from the regular 100x magnification objective to a long working 

distance 100x objective, with a Field of View (FOV) of 72°, to ensure that the sample was fully 

illuminated. A rotatable slide holder was added to the motorized stage of the microscope to 

allow collecting directional, rotational-symmetric reflectance spectra when measuring the same 

particle from different viewing geometries. On a daily basis a white reference (SRS-99-010, 

Labsphere) was measured to normalize every spectrum to unity and minimize calibration drift 

(also for the field spectroradiometer). The integration time was set to 0.25 s for the white 

reference as well as for bright materials (reflectance standards and minerals); while for darker 

materials (e.g. BC and humic substances) the integration time was set to 0.5 s. We assumed 

linearity in the instruments response, when doubling integration time (Butz et al., 2015). To 

create a non-interfering substrate on which to place the LAI samples, a glass microscope slide 

was spray painted with three layers of black matte paint of ca. 100 μm thickness each (Black 

Mat, Motip Dupli).  
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2.3 Validation of the HIMS 

 

Since particle reflectance at this scale has not previously been measured, we first 

needed to investigate how reflectance at the particle scale, measured using the HIMS method, 

compares to spectral reflectance of bulk samples using a common field spectroradiometer. The 

latter measures in the spectral range between 250–2500 nm, but for comparison with the HIMS 

throughout this paper only the 400 to 1000 nm range will be shown. The spectral sampling 

interval of the spectroradiometer is 1.4 nm (250–1000 nm) and 2 nm (1000–2500 nm), and a 

full width half maximum of 3 nm at 700 nm and 10 nm at 1400 nm (Analytical Spectral Devices, 

2017). This instrument has been used to measure reflectance of a wide range of materials 

(Kokaly, 2017 #55), including snow and ice containing LAI (Kaspari et al., 2015). The 

measurements with the field spectroradiometer were conducted in an optical laboratory 

(Remote Sensing Laboratories, University of Zurich) using a collimated and stabilized tungsten 

halogen light source (Dedolight Aspherics 2, with stabilized power source). The FOV of the field 

spectroradiometer is 46° (bare fibre), the diameter of the measured area is 2 cm and 

consequently the distance between the sample and the fibre is 4.7 cm.  

Reference materials were measured with both the field spectroradiometer and the HIMS 

to assess the potential of the latter instrument to collect representative reflectance spectra. 

With the exception of the commercial reflectance reference standards, which are provided as 

compressed discs, the standards for the field spectroradiometer measurement were deposited 

on a black microscope slide (prepared with the same black coating as for the HIMS 

measurement) and slightly compacted to form an optically thick layer of ca. 2 mm (Mulder et al., 

2013). The reflectance measured in the micro scale of particles typical for Diesel soot, minerals 

and humic substances can vary depending on the size, shape and orientation of each particle 

(see also section 3.3). Thus, at least ten measurements of different particles of each standard 

material were averaged. Three reflectance standards were used for calibration: a 10% 

reflectance reference panel (SRS-10-010, Labsphere); a 50% reflectance reference panel (SRS-

50-010, Labsphere); and a Multi-Component Wavelength Standard (MCWS) (WCS-MC-020, 

Labsphere). The three hemispherical reflectance spectra used in this study were provided by 

the producer (for the 250 – 2500 nm range) and they were measured using a dual beam 

spectrophotometer with Labsphere PELA-1000 integrating sphere over a wavelength range of 

250 -2500 nm (Perkin Elmer Lambda 900 or Lambda 950). The 10% and 50% reflectance 

standards were commercially produced by mixing different amounts of white and dark particles 

(as is visible in Figure 5). At the macroscopic level this results in 10% and 50% reflectance, 

respectively, but at the microscopic level the standards are heterogeneous. To take this into 

account, the reflectance spectra presented in Figure 4 are based on averages of each individual 
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wavelength point of ten HIMS hyperspectral images (ROI of 89.8 µm x 89.8 µm) taken from 

different areas of the standard. Ten measurements were found to be sufficient in obtaining a 

representative average. The Diesel soot (2975) and urban dust (1649b) are from the National 

Institute of Standard and Technology (NIST). The mineral samples are of high purity and include 

hematite (44956, Fluka), quartz, chlorite, and kaolinite, which were kindly provided by Dr. M. 

Plözte (ETHZ) and were previously characterized by (Mulder et al., 2013). The humic 

substances represent a mix between Elliot Soil HA standard (Elliot soil is typical of the fertile 

prairie soils of the U.S. states of Indiana, Illinois, and Iowa; humic and fulvic acids were isolated 

from the source material) and Leonardite HA standard (Leonardite is produced by the natural 

oxidation of exposed lignite, a low-grade coal; and was obtained from the Gascoyne Mine in 

Bowman County, North Dakota, U.S.A) (mixture level 50:50%, International Humic Substance 

Society). The Diesel soot, minerals and humic substances were obtained dry and ground with an 

agate mortar and pestle to the appropriate size for measurement (1 < x < 50 µm of diameter ca.). 

To investigate the influence of the particle orientation on reflectance, hematite was selected 

because it does not display any optical interference as was the case for the other mineral 

standards examined in this study (described in 3.4), and because it has more distinct spectral 

features than Diesel soot or humic substances. Five spectra were obtained with the HIMS from 

the same hematite particle rotated 360° in equal increments of 72°.  

 

 

2.4 The environmental sample 

 

The environmental sample consists of surface ice containing LAI collected in 500 ml PET 

containers on Plaine Morte glacier, Switzerland, on August 20th, 2015. The ice was melted at 

room temperature and the LAI were separated from the melted ice through vacuum filtration on 

a glass fibre filter (Whatman GF/B, 4 cm diameter). The sample was collected from the filter 

with a spatula without scraping the surface of the filter itself to avoid contamination by the glass 

fibres. The filtrate was then dried at 80°C overnight, weighed (~ 3 g) , and a fraction of it was 

slightly ground in an agate mortar with the purpose of breaking apart the larger aggregates 

which formed during the filtration step. For the HIMS measurement a small amount of the 

sample was deposited with a spatula on the microscope slide to obtain as many isolated 

particles as possible. The observed impurities in the Plaine Morte environmental sample were 

assigned to different LAI classes according to their morphology and the colour perceivable to 

the human eye. BC particles are mostly spherical and dark (Figure 10e); minerals have angular 

shapes and display on average brighter colours (Figure 10c, and Figure 10a), while humic 
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substances compose the matrix of most of the aggregates in the sample, i.e. cryoconite granules 

(Figure 10i).  

 

3. Results 

 

3.1. Internal calibration of the HIMS 

 

The fit of calibration lamp’s wavelengths and the instrument’s camera lines proved 

linear (R2 = 0.999, Figure 2) as shown in Figure 2.   

 

Figure 2 Linear calibration function for attributing the camera lines to a certain wavelength, based on the four 

known peaks of the calibration lamp at 404.66, 435.84, 546.07 and 578.01 nm. 

 

3.2. Measurement substrate 

 

The spectra in Figure 3 show the reflectance of a microscope slide with three layers of 

black spray paint, compared with just one and two layers as well as a standard low reflecting 

material (MetalVelvetTM, Acktar) measured with the HIMS. The low reflectance of the triple 

paint coat (1.17 ± 0.12% reflectance) guarantees that the measurement of the samples is not 

influenced by its background, and was subsequently used in all experiments. With increasing 

numbers of layers the noise in the range 800 to 1000 nm appears smaller, suggesting that only 

one or two layers might not be sufficiently opaque in that wavelength region. 
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Figure 3 Reflectance spectra of a microscope slide with different numbers of black paint layers and of a low reflecting 

material (MetalVelvetTM).  

 

3.3. Reflectance standards 

 

The spectra obtained for the 10% and 50% reflectance standards by the HIMS and the field 

spectroradiometer were compared with the respective spectra provided by the producer 

(Figure 4).  

 

 

Figure 4 Reflectance spectra of the 10% and 50% reflectance standards measured with the HIMS and the field 

spectroradiometer and provided by the producer (Labsphere). 
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a b 

Figure 5 Microscopic images at 100x magnification of the 10% (a) and 50% (b) reflectance standards.  

 

The average deviation of the reflectance spectra between the HIMS spectra and the calibrated 

spectra provided by Labsphere, over the whole spectral range, was small for both reflectance 

standards (1.2%, for the 10% standard and 3.2% for the 50% standard). This deviation 

represents the heterogeneity of the standard, visible in Figure 5, on the microscopic scale and 

not the uncertainty of the HIMS. In contrast to the 10% reflectance standard, the 50% 

reflectance spectrum obtained with the HIMS shows a wavelength dependent deviation. For the 

400-830 nm range reflectance is overestimated by the HIMS, while it is underestimated for the 

900-1000 nm range. The field spectroradiometer is not sensitive to the microscopic 

inhomogeneity of the reflectance standards; accordingly the deviation values between the 

spectrum provided by the producer and the one measured with the field spectroradiometer is 

even smaller (0.8% for the 10% standard and 0.6% for the 50% standard). 

 

The MCWS reflectance standard has fourteen characteristic peaks in the spectral region 

between 400 and 1000 nm (Figure 6). The average deviation between the characteristic 

wavelengths given by the producer of the MCWS standard and the measured HIMS spectra is 1.1 

nm, which is below the 2.5 nm spectral resolution given by the HIMS producer. This 

measurement shows that the spectral resolution given by the instrument’s producer is valid 

also in the case of reflectance measurements. 
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Figure 6 Reflectance spectra of the MCWS reflectance standard provided by the producer (green) and measured with 

the HIMS (orange) with characteristic peaks, and the relative intensity (Apeak/Amax, normalized to the 448.6 nm peak) 

reported by the company (grey lines). 

 

3.3 Influence of particle orientation on the reflectance 

 

The five spectra obtained by rotating a single hematite particle (visible in Figure 10a) 

are shown in Figure 7. The influence of orientation is negligible for wavelengths between 400 

and 700 nm (average deviation of 0.2%), but is measurable in the 700 to 1000 nm range 

(average deviation 4.3%). This suggests that in order to acquire representative spectra several 

measurements with varying orientations should be averaged. The larger deviation at longer 

wavelengths might be due to the fact that when particle size and wavelength become more 

comparable in size, the orientation of the particle plays a bigger role. 
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Figure 7 Five reflectance spectra of one hematite particle rotated 72° on the horizontal plane between each 

measurement.  

 

3.4. Diesel soot, mineral, and organic standards: 

 

 Reflectance spectra of the standard materials Diesel soot, minerals and humic 

substances measured with the HIMS and the field spectroradiometer are shown in Figure 8. The 

comparison demonstrates that microscopic and macroscopic measurements yield comparable 

results, especially in the case of low reflecting materials. The absolute deviation between the 

corresponding spectra (R%), obtained by averaging over the entire wavelength range (400–

1000 nm), are 6.79, 3.10, 6.06, 3.74, 0.86, 0.96, and 1.16 for chlorite, quartz, kaolinite, hematite, 

Diesel soot, urban dust and humic substances, respectively. The standard deviations obtained 

from the average of the 10 to 15 HIMS measurements shown in Figure 8 are the following for 

chlorite, quartz, kaolinite, hematite, Diesel soot, urban dust and humic substances, respectively: 

79.95 ± 1.79, 80.2 ± 3.28, 83.74 ±1.77, 15.51 ± 0.59, 1.26 ± 0.13, 5.87 ± 0.42 and 5.81 ± 1.86. It 

was found that averaging 10 to 15 measurements was enough to obtain a precise average. The 

small differences encountered with the particle scale measurements are intrinsic to the 

measurement and are due to the nature of microscopic spectrometry. Recordings from particles 

measured at the microscopic scale can include substrate reflections, which are not included in 

bulk measurements, which allow all natural re-emission of penetrating light to be picked up. 

The more reflective minerals (particularly quartz and chlorite) display in the HIMS spectra an 

interference pattern that is due to the interaction between the incoming radiation and the 

various semi-transparent layers of the minerals. This interference effect results in a larger 

deviation between the HIMS and field spectroradiometer spectra. The small feature that 
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appears at 743 nm in chlorite, quartz and kaolinite in all the field spectroradiometer spectra 

could be a hematite impurity, since it is not present in the other spectra of darker materials.  

 

 

Figure 8 Reflectance spectra of the different standard materials (Diesel soot, minerals and humic substances). Dotted 

lines: HIMS measurements at the particle scale, solid lines: field spectroradiometer measurement of bulk samples. 

The images represent examples of the measured standards; the colours of the frames correspond to the spectra 

(humic substances are not present). 

 

3.5 Environmental sample 

 

The reflectance spectra of the different LAI classes contained in the environmental 

sample collected with the HIMS are shown in Figure 9. The spectra were obtained from a single 

particle for each LAI class to be able to relate the respective spectrum to the corresponding ROI 

in the hyperspectral image shown in Figure 10. To retrieve a representative spectrum of each 

LAI class measurements of 10 to 15 different particles should be averaged. The spectra collected 
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belong to different individual particles within the mixture of LAI in the environmental sample, 

and differ from the spectra shown in Figure 8 for the respective Diesel soot, mineral and humic 

substances standards; which were used to demonstrate the suitability of the method. This 

difference is expected, since emission sources and atmospheric history affect the optical 

properties. This finding underlines the value of the HIMS technique, which is able to collect a 

characteristic signal of the LAI in a heterogeneous environmental sample, rather than relying on 

the optical properties of standard materials. 

 

 
 

Figure 9 Individual measurements of spectral reflectance of a BC particle, a bright mineral particle, a hematite 

particle, and the humic substances matrix of a cryoconite granule, all originating from the Plaine Morte glacier 

environmental sample. The measured ROI for each reflectance measurement is shown in the images in Figure 10. 
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Figure 10 Images of LAI from an environmental sample from Plaine Morte glacier. a, c, e, g and i show the 

hyperspectral image, while in  b, d, f, h and j the measured ROI is indicated in red. a, b) rotated hematite particle (ROI 
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indicated with a red arrow). c, d) mineral particle. e, f) BC particle. g, h) hematite particle. i, j) humic substances 

matrix of a cryoconite particle.  

 

4. Conclusion 

 

A new method using a hyperspectral imaging microscopy spectrometer (HIMS) was developed 

to measure the reflectivity of different types of LAI (mineral, BC and humic substances) at the 

submicron scale, and the method was validated by measuring the same materials at the bulk 

scale with a commonly used spectroradiometer. The new method yields reliable spectra for all 

substances, but for semi-transparent minerals interferences result in a slightly larger 

uncertainty. Studies on the morphology and composition of cryoconite granules could be 

carried out with this technique, shedding light on their formation. This new method also 

advances our ability to constrain the relative importance of the different LAI by allowing the 

reflectance of the specific LAI in a sample to be characterized as opposed to past approaches 

that used generic optical properties from literature. The specific optical behaviour, along with 

the relative abundances of LAI types can deliver a more complete picture of the effect of these 

impurities. As a future prospective the characteristic spectra collected could serve as 

endmembers for interpreting field spectra collected from the ice or snow surfaces either with in 

situ techniques or with remote sensing. The contribution of each endmember would be 

determined through non-linear spectral un-mixing as cryoconite in snow and ice constitutes an 

intimate mixture. The various possible applications in this research field make this a very 

promising method, which can pave the way to improve the understanding of the role of LAI in 

the surface albedo of ice and snow.  
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Abstract 

Light-absorbing impurities (LAI) are known to considerably influence glacier melt, accelerating 

the current trend of negative mass balance in the case of many glaciers, including Glacier de la 

Plaine Morte. The magnitude of the LAI’s effect depends on their abundance on the glacier 

surface as well as on their optical properties. LAI are divided into three classes (black carbon 

(BC), organic matter, and mineral dust). An average relative abundance of 91.1, 8 and 0.9% was 

measured for mineral dust, organic matter and black carbon, respectively with a thermo-optical 

OC–EC analyser on 110 surface samples collected on Glacier de la Plaine Morte. The spatial 

distribution of the LAI classes revealed that mineral dust and organic matter are mostly of local 

origin, which was confirmed for the mineral by the composition found with X-ray 

diffractometry. With a novel method, using a hyperspectral imaging microscope spectrometer 

(HIMS) the reflectance spectrum of each LAI class was determined. These characteristic 

reflectance spectra along with that of bare ice were used as endmembers in the spectral 

unmixing of reflectance spectra measured on the glacier with a field spectroradiometer. The 

relative abundance determined with this method matched well with the measured values for 

the area where the spectra were collected (with a 0.4% average standard deviation). The same 

spectral unmixing was applied on a highly spatially resolved airborne hyperspectral dataset, 

covering the entire glacier surface. The resulting distribution of the LAI on the glacier and the 



59 

 

average relative abundance values agreed well with the measured data. Relatively high 

abundance of organic matter in the areas with particularly low albedo suggests that the latter 

plays an important role in glacier darkening.  

4.1 Introduction  

Glaciers in Switzerland hold a critical role both as a water supplier in Alpine valleys and as 

source of hydropower production (Finger et al., 2013;Huss et al., 2013). According to various 

studies, glaciers in Switzerland have strongly retreated in length and volume with estimates of 

the total glacier length variations for 2016 being -2482.6 m (based on 93 glaciers, GLAMOS, 

2016) (Huss et al., 2008;Huss et al., 2013). Amongst the retreating glacier is Glacier de la Plaine 

Morte, which is situated in the western Swiss Alps, between the cantons of Valais and Bern. It 

forms an extensive plateau (7.88 km2 in 2013) with a mean altitude of 2750 m a.s.l. Glacier de la 

Plaine Morte has been the subject of hydrological studies (e.g. Finger et al., 2013), which 

determined the flow path of the glacier runoff, and remote sensing studies (Paul, 2005;Naegeli 

et al., 2015), which looked at the albedo of Glacier de la Plane Morte in relation to its mass 

balance. In most years since 2003 at least 66% of the glacier’s surface has been snow-free at the 

end of summer (Huss, 2013), i.e. the glacier is located below the equilibrium line altitude. The 

glacier’s condition in the last years has resulted in a strong albedo decrease during the summer 

months. Albedo is defined as the ratio of the radiant flux reflected from a unit surface area into 

the whole hemisphere to the incident radiant flux of hemispherical angular extent (e.g. 

Schaepman-Strub et al., 2006). It plays an important role in the energy balance of a glacier 

system (Arnold et al., 1996). A glacier’s surface albedo may decrease because of multiple 

reasons: when the bare ice surface is exposed and when liquid water or light-absorbing 

impurities (LAI) are present (Fujita and Ageta, 2000;Boggild et al., 2010;Box et al., 2012) 

(Anslow et al., 2008)(Greuell, 2000). In the case of Glacier de la Plaine Morte all these conditions 

are present, contributing to the acceleration of melting rates (Oerlemans and Hoogendoorn, 

1989;Van De Wal et al., 1992;Hock, 2005;Naegeli et al., 2015). In this study the focus is on the 

characterization of the LAI classes and their distribution on the glacier. Commonly found LAI 

include black carbon (BC) or soot (Petzold et al., 2013), mineral dust and organic matter. BC is 

the product of an incomplete combustion of bio and fossil fuels, and its sources can be both 

natural and anthropogenic. BC is a strong contributor to positive climate forcing by directly 

warming the atmosphere and indirectly by reducing snow and ice albedo (Cooke and Wilson, 

1996;Ramanathan and Carmichael, 2008). These positive forcings are due to the high mass 

absorption cross section (MAC) of >7.5±1.2 m2/g at 550 nm of BC (Bond et al., 2013;IPCC, 2013). 

The radiative forcing estimated for the “soot in snow” effect is 0.65 Wm-2 ± 0.4 (relative to the 
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year 1750), which is one third of the radiative forcing of CO2, but with a much larger 

uncertainty. Mineral dust sources vary greatly in space and time and include desert regions, 

local outcrops and land use (construction, mining and agriculture). Mineral dust’s light 

absorption is highly variable as it strongly depends on the mineral composition of the dust; 

although in general it is lower than for BC (Clarke et al., 2004). However, recent research 

suggests that in some regions the dust’s higher concentration with respect to BC causes mineral 

dust to drive albedo reduction and consequently the melt (Skiles et al., 2012;Kaspari et al., 

2014;Gabbi et al., 2015). Organic matter contributes with its many possible forms to the 

darkening of glacier surfaces. It was estimated  that red algae blooms can cause a decrease in 

snow albedo of 13% over the course of one melt season (Lutz et al., 2016). The presence of 

organic matter in the form of cryoconite has been reported to influence surface albedo as well 

with an estimated decrease of  approximately 30%, which is equivalent to 53.4 W m-2 of heat 

gain and 13.8 mm d-1 of ablation rate for the Yala glacier in the Langtang region (Kohshima, 

1993;Takeuchi et al., 2001). In particular humic substances, formed by the decomposition of 

algae and bacteria, which make up the matrix of cryoconite granules, can display very dark 

colouring (Kumada, 1987). Determining the abundances of all LAI classes on a glacier is not 

sufficient to quantify their effect on albedo because of their different optical properties. 

Furthermore, only the MAC or reflective index of BC and of some minerals are known, while 

they have not been described for organic matter. In addition optical properties were derived 

from standard materials, which might not properly represent the BC and minerals present on 

the glacier. In this study we identified classes of LAI present on Glacier de la Plaine Morte, 

determined their relative abundances and distribution on the glacier as well as their sources. To 

obtain a characteristic reflectance spectrum for each of the different classes of LAI we applied a 

novel method using a Hyperspectral Imaging Microscope Spectrometer (HIMS, Hyperspectral 

Microscope, Cytoviva)(Dal Farra et al., submitted). The characteristic reflectance spectra 

obtained with the HIMS were used as endmembers for the spectral unmixing of the reflectance 

spectra of the glacier surface, collected both with a field spectroradiometer and with an 

airborne remote sensing technique, to quantify the relative contribution of each LAI class to the 

measured reflectance and determine the spatial distribution of the impurities. 
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4.2 Method  

 

On 20th August 2015 a total of 90 surface samples were collected on Glacier de la Plaine Morte 

following five tracks along West-East direction and resulting in the grid shown in Figure 1. 

About 20 x 20 cm area of the surface of the glacier was scraped with a small plastic spatula and 

collected in 500 ml pre-cleaned PET containers with a plastic shovel. Sampling positions were 

determined by GPS for the starting point and ending point of the tracks; each sampling point 

was estimated by keeping equal distances during sampling. The estimated uncertainty in the 

sampling point is ± 25 m, and is given by the standard deviation of the distances between GPS 

points (green points of Figure 1). To ensure an equally spaced grid the members kept equal 

distance on a linear trajectory (with Glacier de la Plaine Morte being a very flat glacier the 

members were able to observe the positions of their adjacent members). All the samples were 

kept frozen until analysis. On 21st August 2015 reflectance spectra of the surface were measured 

under cloud free conditions between 11:00 and 13:00 Central European Summer Time (CEST) 

using a field spectroradiometer (FieldSpec 3, ASD Inc., PANanalytical). The field 

spectroradiometer measures the 350–2500 nm spectral range, has a spectral sampling interval 

of 1.4 nm (350–1000 nm) and 2 nm (1000–2500 nm), and a full width half maximum of 3 nm at 

700 nm and 10 nm at 1400 nm (Analytical Spectral Devices, I., 2014). This instrument has a 

Field of View (FoV) of 46°, the optic fibre was placed approximately 23 cm above the surface 

during measurement, resulting in a measured area of 20 cm2. Unfortunately, 15 out of the 20 

measurements had to be discarded due to malfunctioning of the instrument. Reflectance spectra 

were obtained in the area indicated in Figure 1. All spectra display reflectance in % as each 

measurement was light corrected with a white reference (WR, Spectralon, Labsphere) 

accounting for the variations of the sky condition. For each surface area 30 spectra were 

averaged. In addition, surface samples with a depth of 1–2 cm were collected from each 20 cm2 

area for which a reflectance spectrum was collected. The Airborne Prism EXperiment (APEX) 

spectral data presented in this study were collected during a campaign that took place 31st 

August 2013. Between 10:15 and 10:24 CEST under cloud-free conditions two overflights with 

the imaging spectrometer collected spectral data of the Glacier de la Plaine Morte. A surface 

projected pixel resolution of ~ 2 m was achieved by maintaining a 4000 m above ground level 

flying altitude combined with an instantaneous FoV of 0.0025°. APEX is a dispersive pushbroom 

imaging spectrometer which covers the 400–2500 nm spectral wavelength range in 313 narrow 

continuous spectral bands (Schaepman et al., 2015). 
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Figure 1 Topographic map of Glacier de la Plaine Morte and its location within Switzerland (inset). The grid-like 

dotted pattern represents the sampling locations; the green points indicate GPS position taken while the black points 

have an uncertainty of 25 ±m. The location of the sampling points for the XRD measurements are highlighted by the 

yellow stars (adapted from Swiss office of Topography).   

Organic carbon (OC) and elemental carbon (EC) were determined with a thermal optical 

analyser, for this the 110 samples were melted at room temperature and filtered with a vacuum 

pump onto glass fibre filters (Whatman GF/B, 4 cm diameter). The filtrate was dried overnight 

in an oven at 80°C and the weight of each was determined after cooling. The filtrate was grinded 

and mixed in an agate mortar. Between 2.7 and 4 mg of the samples were weighted and placed 

in polypropylene vial, which were then filled with 30 ml of ultra-pure water and sonicated for 

30 minutes to break apart large aggregates. The suspensions were then filtered onto preheated 

quartz fibre filters (Pallflex Tissuquartz, 2500QAOUP) and combusted with a thermo-optical 

OC–EC analyser (Model4L, Sunset Laboratory Inc., USA), using the Swiss_4S protocol for OC–EC 

separation (Zhang et al., 2012).  Here EC (elemental carbon) is used as a proxy for BC (Lavanchy 

et al., 1999), while, to obtain organic matter, the OC was multiplied by 2, as suggested by (Pribyl, 

2010). By subtracting the amount of organic matter and BC from the sample’s initial weight the 

mass purely composed of minerals was determined, assuming that the non-combusted fraction 

is purely composed of minerals.  
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The relative abundances were interpolated to obtain the spatial distribution of the LAI on the 

glacier with an Inverse Distance Weighting (ESRI ArcGIS, version 10.4). A novel method (Dal 

Farra at al., submitted) was used to determine the characteristic reflectance spectrum of each 

class of LAI directly in the LAI samples collected. This has the advantage that little to no sample 

treatment is required and that characteristic reflectance spectra were obtained without the 

need to separate the mixture. The analysis proceeded as follows: amongst the 110 samples the 

ones with the highest abundance of BC, minerals and organic matter respectively, were 

identified. These specific samples were taken as dried filtrate and slightly grinded in an agate 

mortar with the purpose of breaking apart the larger aggregates. 2 to 3 mg of the sample was 

positioned on a glass microscope slide; which had been painted with three coatings of black 

matte paint (Motip Dupli, Black Mat) to ensure minimal interference from the background. A 

characteristic reflectance spectrum for each of the classes of LAI was obtained by averaging 10 

to 15 measurements of particles belonging to the respective LAI class. The particles observed 

through the 100x magnification microscope were divided into the three LAI classes based on 

their morphology and perceived colour. BC particles are mostly spherical and dark; minerals 

have angular shapes and display on average brighter colours, while humic substances compose 

the matrix of most of the aggregates in the sample, i.e. cryoconite granules. All the spectra were 

normalized with a white reference (WR, Spectralon, Labsphere). Measurement times varied 

depending on the brightness of each particle but were all normalized according to (1). 

R (%) =
I𝑠 ∗ Mt𝑠

I𝑊𝑅 ∗ 𝑀𝑡𝑊𝑅
     (1) 

Where R is the reflectance, Is and IWR are the intensity of the signal of sample and WR, 

respectively, while Mts and MtWR are the measuring time for sample and WR. 

The mineralogical composition of 11 samples (location shown in Figure 1) was determined with 

X-Ray Diffractometry (XRD, XPertPro, MPD Panalytical) using a Cu ka radiation at 40 kV/40 mA 

with a detection limit of about 0.5 wt%. About 1.5 g of the filtered and dried samples was 

grinded with an automatic grinding ball mill for 2 min, to guarantee that the size of the 

individual particles was small (5-10 µm diameter) and homogenous enough for the XRD 

measurement. 

To determine the contribution of each LAI class to the glacier surface reflectance, hyperspectral 

unmixing based on a p-linear mixture model (p-LMM) was applied (Marinoni and Gamba, 2015). 

p-LMM is a physics-related nonlinear mixture model, which relies on describing physical 

interactions among the materials in the given hyperspectral dataset. This model has been 

developed to improve the description of macroscopic scale interactions among the constituent 
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elements, typically without prior knowledge of the ground-truth. These schemes aim at 

retrieving an accurate reconstruction of the dataset as well as a precise quantification of the 

fractional distribution of the materials in the scene by approximating their interactions at the 

same order of magnitude of the sensor resolution as powers of products of reflectance. Among 

nonlinear mixture models, p-LMM is able to characterize higher order combinations of 

materials within the given hyperspectral records. Specifically, p-LMM describes the spectral 

signature of the l-th sample  
Nnll n

yy
,...,1

  (where N is the number of bands) as follows: 
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  is the spectral signature of the r-th elements in the scene, whereas
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 . Moreover, the a and β coefficients are used to outline the linear and nonlinear 

contributions provided by each LAI class and a bare ice spectrum, which is reported as “bright 

ice” in (Naegeli et al., 2015), to the target spectral signature, respectively. As p-LMM is able to 

achieve a precise outline of the higher order nonlinear interactions among elements, this 

mixture model is typically suitable to characterize spectrally and geometrically complex 

scenarios, such as those acquired on a glacial surface. To determine the a and β parameters a 

polytope decomposition (POD) scheme (Marinoni and Gamba, 2015;Marinoni et al., 2015) is 

used to perform p-LMM-based unmixing. Then, a volumetric distance is employed in order to 

ultimately achieve an accurate understanding of the distribution of the materials in each 

sample. Specifically, it allows to write each spectral component of 
l
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where 
nrl represents the overall contribution of the r-th element to the reconstruction of the l-

th sample on the n-th band. Thus, 
nrl is a function of the a and β coefficients. Then, it is possible 

to obtain a reliable quantification of the elements in the samples by computing the actual 

proportion of each material to the overall polytope induced by the given samples in the N-

dimensional space (Marinoni and Gamba, 2015), as follows:  
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Hence, the ̂  abundance index is suitable to deliver an overall description of the contributions 

provided by the endmembers to the target spectrum by collecting the whole spectral nonlinear 
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effects in closed form. Moreover, it can be ultimately used to characterize the physical-chemical 

composition of the surface spectra obtained on site or remotely. 
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4.3 Results and discussion 

 

4.3.1 Relative abundances of mineral, organic matter and BC 

 

Considering the 110 samples, the obtained average relative abundances of mineral dust, organic 

matter and BC were 91.1 ± 3.7% (range 76.2 –98), 8 ± 3.5% (range 0.6 – 22.4) and 0.9 ± 0.4% 

(range 0.2 – 2.2), respectively. Thus, mineral dust represents the overwhelming majority of LAI 

on Glacier de la Plaine Morte. The average organic matter abundance is also relatively high 

compared to other glaciers (Takeuchi et al., 2001). Overall the variability of the relative 

abundances is small, indicating a mostly homogeneous composition, which is also visible in the 

relative abundance maps of LAI on Plaine Morte in Figure 2. The higher abundance of minerals 

at the southern and the western side of Glacier de la Plaine Morte is most likely due to the 

presence of steep slopes (see map, Figure 1 and Figure 2a). Mineral dust is transported from the 

slopes in many water paths conveying to the glacier or by wind erosion, becoming more and 

more enriched each year at the surface, since Glacier de la Plaine Morte does not have any 

accumulation area. The organic matter distribution is heterogeneous with four hot spots (Figure 

2b). This is consistent with what we know about of biota proliferation on glaciers. The ideal 

conditions for proliferation are when nutrients (both minerals and organics) and liquid water 

are present (Liu et al., 2017), which might be found in different patches on the glacier. The BC 

abundance is overall low and its distribution rather homogeneous. This is expected, since BC is 

transported to Glacier de la Plaine Morte from the surrounding emission sources, which are 

located within or even outside Switzerland. 

a 
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b 

 

c 

Figure 2 Relative abundances of minerals (a), organic matter (b) and BC (c) on Glacier de la Plaine Morte. 

 

4.3.3 Mineral composition 

 

The mineral composition (Table 1) is dominated by quartz, followed by clay minerals 

(plagioclase and K-feldspar). This reflects greatly the local geology, which is composed generally 

of limestone with marl beds, calcareous phyllite and marly shale. Phyllite is a type of 

metamorphic rock created from slate and primarily consists of quartz, sericite mica, and 

chlorite (Atlas of Switzerland). While calcite is definitely predominant in the local rock 
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(limestone) its higher solubility in water (0.013 g/L at 25°C), compared to the silicate based 

minerals, can explain the small portion that is present on the glacier surface after runoff. In 

addition, the filtration procedure applied to the samples might further deplete the calcite. 

Hematite was not detected, although present in Saharan dust, which is regularly transported to 

the Alps (Schwikowski et al., 1995;Gabbi et al., 2015). Thus, the hematite abundance is below 

0.5%, which is due to the dominant and continuous input of local mineral dust versus the less 

frequent events of Saharan dust deposition.   

 

Table 1 Mineral composition of LAI from Glacier de la Plaine Morte, shown in relative abundances along with the overall 

average and standard deviation. 

Sample 97 99 100 101 102 103 104 105 107 108 109 Average(%) 

Calcite 0.8 0.8 11.9 14.7 0.7 0.8 2.9 0.7 0.8 15.4 4.3 4.9 ± 5.5 

Dolomite 0.8 0.8 0.7 0.7 0.7 0.0 0.7 0.0 1.6 0.0 0.0 0.5 ± 0.5 

K-feldspar 4.7 6.2 5.9 8.8 4.4 6.0 4.3 7.0 12.4 6.2 4.3 6.4 ± 2.2 

Plagioclase 17.2 18.5 11.9 10.3 17.8 15.0 15.7 16.8 14.0 12.3 17.1 15.1 ± 2.5 

Quartz 76.6 73.8 69.6 66.2 74.1 78.2 72.9 72.7 69.8 66.2 68.6 71.7 ± 3.6 

Amphibole 0.8 0.8 0.7 0.0 3.0 0.0 4.3 2.8 1.6 0.0 5.7 1.8 ± 1.8 

 

 

4.3.4 Characteristic reflectance spectra of different LAI classes 

The characteristic reflectance spectra for the different LAI classes BC, organic matter and 

mineral dust obtained with the HIMS together with a bare ice spectrum are presented in Figure 

3. The BC has a low reflectance as expected. The reflectance of organic matter can vary greatly 

depending on what type of organic matter is dominant on the glacier. In the case of Glacier de la 

Plaine Morte the organic matter is primarily composed of humic substances, which are as dark 

as BC (Figure 3). Mineral dust has a lower reflectance than the bare ice, but it is considerably 

higher than that of BC and organic matter. The spectra in Figure 4 were used as endmembers for 

calculating the contribution of each LAI class to the reflectance of the glacier surface. Averaging 

10–15 measurements was sufficient to obtain a representative spectrum since further 

measurements did not change the average substantially. 
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Figure 3 Reflectance spectra used as endmember for the p-LMM, which include the characteristic spectra of the three 

major LAI classes determined with the HIMS and the bare ice spectrum from Plaine Morte collected with the field 

spectroradiometer. 

 

4.3.5 Contribution of each LAI class to the glacier surface reflectance  

For testing the suitability of the p-LMM, the relative abundance of each LAI class (mineral dust, 

organic matter, and BC) was retrieved by unmixing the surface reflectance spectra measured 

on-site with the field spectroradiometer (Figure 4) using the endmembers shown in Figure 3. 

The obtained relative abundances agree reasonably well with the measured relative 

abundances (Table 2) with an average deviation of 0.4%. Compared to the overall relative 

abundances, the variability of the surface LAI composition of this sample subset is 

understandably small, most probably because of the limited area covered. 
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Figure 4 Location of the sampling points of the field spectroradiometer measurements. The colour of the squares corresponds 

to the colour of the spectra in the Figure 6. 

 

 

Figure 5 Reflectance spectra collected with the field spectroradiometer on the surface of Glacier de la Plaine Morte. 
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Table 2 Relative abundances of the different LAI classes measured with the thermal optical method and calculated with p-

LMM in percent (%) and the absolute deviation between the values (Abs. dev). 

 

To obtain a high spatially resolved relative abundance map of the entire glacier, unmixing of the 

APEX reflectance spectra was performed using the same procedure as for the field spectrometer 

reflectance spectra. Overall the average abundance obtained by spectral unmixing of 91.6, 4.9 

and 3.3% for minerals, organic matter and BC, respectively is in good agreement with the 

measured ones (chapter 4.3.1), indicating that the unmixing procedure using the characteristic 

endmembers spectra gives reliable results. Also the spatial distribution of mineral and organic 

matter agree well with the abundance maps obtained by interpolation (Figure 6a and 6b and 

Figure 2a and 2b). This is reasonable since both LAI classes are characterized by large 

variability and an uneven distribution on the glacier. There is no agreement in the spatial 

abundance of BC, BC has a low abundance and variability, since it is the only class of LAI whose 

sources are predominantly remote from the glacier and is therefore expected to be evenly 

distributed on the surface. Thus, spectral unmixing of the reflectance spectra is a suitable 

method to retrieve the overall abundance of major LAI classes on the glacier, but cannot resolve 

the variability of BC, which has an extremely low abundance. 

Sam 

# 

Mineral Rel. ab. % BC Rel. ab. % Organic matter Rel. ab. % 

Calculated Measured Abs. dev Calculated Measured Abs. dev Calculated Measured Abs. dev 

1 96.65 97.03 0.38 1.34 0.55 0.79 2 2.42 0.42 

2 96.08 95.28 0.8 0.92 0.32 0.6 2.99 4.4 1.41 

12 95.58 94.6 0.98 1.12 0.32 0.8 3.29 5.08 1.79 

13 96.52 95.86 0.66 0.82 0.26 0.56 2.65 3.88 1.23 

20 96.95 97 0.05 0.99 0.22 0.77 2.06 2.78 0.72 

Average 96.4 96 0.4 1 0.3 0.7 2.6 3.7 1.1 
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c 

Figure 6 Relative abundance maps of a) mineral dust, b) organic matter and c) BC on Glacier de la Plaine Morte, obtained by unmixing 

APEX reflectance spectra, abundances are given in %. 

 

 

To determine the effect of each LAI class on the glacier albedo, the abundance maps obtained by 

spectral unmixing were compared to the spectral albedo map ( = 400–2500 nm) of Glacier de 

la Plaine Morte, computed from APEX data, (Naegeli et al., 2015)(Figure 7). The mean albedo 

determined from this spectral albedo map is 0.29 ± 0.12. The lowest albedo is found at the small 

tongue of the glacier (north side) as well as in the edges of the glacier, especially in the south 

side. The high albedo at 136312 and from 606000 to 607375 is due to a cloud and is not 

representative of the actual surface. By comparing the albedo map in Figure 7 with the 

distribution of LAI in Figure 6b it becomes clear that organic matter plays a role in lowering the 

albedo of the glacier. In contrast, the areas where mineral is present in higher percentage 

appear to have higher albedo (Figure 6a). This is reasonable since the broadband albedo of 

organic matter (5.9%, 400-1000 nm) is much lower than that of mineral (28.2%, Figure 3). 

Although the nature of the surface (snow/brittle ice/compact ice/liquid water) might have an 

influence, our results indicate that in the case of Glacier de la Plaine Morte the amount of 

organic matter has a detectable effect in lowering albedo. 
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Figure 7 Glacier surface albedo derived from APEX data (Naegeli et al., 2015).The coordinates use the Swiss national grid 

(CH19203). 

 

4.4 Conclusions 

On glacier de la Plaine Morte the dominant LAI class is mineral, with an abundance of 91.1± 

3.7% , followed by organic matter (8 ± 3.5%) and BC (0.9 ± 0.4%). Quartz is the most abundant 

mineral, followed by other types of silicate minerals as well as a smaller fraction of calcite; all 

consistent with the local minerology. Mineral dust is more abundant towards the south side of 

the glacier confirming a major contribution from the surrounding rock, especially where steep 

slopes feed the glacier with mineral particles. Organic matter is present in patches throughout 

the glacier with a particular enrichment in the glacier tongue. Low abundance and variability in 

the distribution of BC are explained by the fact that the sources of BC are external to the glacier 

and are expected to have a homogeneous distribution. To relate the relative abundances of the 

LAI classes to the albedo of the glacier, p-LMM spectral unmixing was performed on the APEX 

hyperspectral reflectance data, using a characteristic reflectance spectrum of each LAI class 

obtained with the HIMS as endmembers, along with a spectrum of base bare ice. The resulting 

abundance maps agree with the maps determined by the interpolation of the measured 

abundances, especially for mineral and organic matter, indicating that it is possible to obtain the 

composition of LAI by spectral unmixing of remote sensing data. The contribution of each LAI 

class to the measured albedo was determined by comparing the abundance maps with the 

albedo map, both derived from APEX data.  A very good correlation between low albedo areas of 

the glacier and organic matter rich areas was found. Although mineral dust is most abundant, 

and contributes to some extent to the decreased albedo, organic matter plays a more important 
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role. This is due to the fact that organic matter has much lower reflectance (5.9%) than mineral 

dust (28.2%). Overall the APEX data, along with the HIMS endmembers and the p-LMM spectral 

unmixing proved very effective in determining the relative abundance of the LAI classes, their 

spatial distribution, and their influence on albedo reduction. 
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5 Conclusion and Outlook 

 

5.1 Conclusions 

 

The aim of this thesis was to define the composition of the LAI of Glacier de la Plaine Morte, 

determine their distribution on the surface and their effect to the albedo of the glacier. To obtain 

this information an exhaustive characterization of the glacier LAI was done, and the LAI 

themselves were divided into three classes, mineral dust, organic matter and BC. The 

characterization was achieved through a number of techniques: (SEM-EDX), Raman micro-

spectroscopy, ICP-OES. To measure the reflectivity of the different classes of LAI measuring at 

the submicron scale was considered as separation of the different classes proved too 

challenging. To measure at the submicron scale a novel method was developed using a 

hyperspectral imaging microscopy spectrometer (HIMS). The HIMS was validated through the 

comparison of the reflectance measurements of a number of different materials with a 

spectroradiometer, therefore comparing particle measurements to the bulk measurements. The 

new method yielded reliable spectra for all materials measured with an average deviation 

between the spectra of 3.2% for the 400 to 1000 nm wavelength range. Only semi-transparent 

minerals displayed interferences which resulted in a slightly larger uncertainty between the 

particle measurement and the bulk measurement. The LAI on Glacier de la Plaine Morte were 

analysed to determine their relative abundance; mineral dominated the composition, with an 

abundance of 91.1± 3.7%, followed by organic matter (8 ± 3.5%) and BC (0.9 ± 0.4%). The 

mineral composition was consistent with the local minerology; with quartz being the most 

abundant mineral, most of the remaining minerals were silicate base with the exception of a 

smaller fraction of calcite. The spatial distribution of the relative abundances of LAI was 

determined by interpolating the results from the measurements of the relative abundance of the 

LAI classes from the samples collected from a large portion of the glacier surface in a grid-like 

manner. Mineral dust was found to be especially abundant along the south side of the Glacier de 

la Plaine Morte, where steep slopes feed the glacier with mineral particles, confirming a major 

contribution from the surrounding rock. Organic matter was found in patches throughout the 

glacier with the glacier tongue being particularly enriched. To relate the albedo of the glacier to 

the relative abundances of the LAI classes, p-LMM spectral unmixing was performed on the 
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APEX hyperspectral reflectance data. The spectral unmixing was done using the characteristic 

reflectance spectra of all the LAI classes obtained with the HIMS as endmembers, along with a 

spectrum of base ice. The distribution maps obtained with the APEX spectra agree well with the 

ones determined with the interpolated measurement data, especially for mineral dust and 

organic matter. Furthermore, a comparison between the albedo map and the APEX distribution 

map reveals that, even though mineral dust is very abundant throughout the surface, a very 

good correlation is found between low albedo areas of the glacier and organic matter rich areas.  

This is understandable, organic matter has much lower reflectance (5.9%) than mineral dust 

(28.2%), it is therefore clear that organic matter plays an important role in the decrease of 

albedo in Glacier de la Plaine Morte. Overall the APEX data, along with the HIMS endmembers 

and the p-LMM proved very effective in determining the relative abundance of the LAI classes as 

well as their spatial distribution. 

 

4.4 Outlook 

 

On the example of the study carried out in Glacier de la Plaine Morte, in which the abundance 

maps of the different LAI classes were retrieved using the HIMS spectra and spectral unmixing 

on the APEX remote sensing data, other glaciers could be subjected to the same method. For 

other glaciers, which may be less accessible or much larger, obtaining samples with a good 

coverage through the whole glacier can be demanding, slow and dangerous, especially in those 

cases this type of method would be beneficial. However, the retrieval of some samples would 

still be necessary to collect enough LAI to determine the classes present, and measure their 

characteristic reflectance spectrum. Glacier located in different geographical areas can have a 

lot of variance in the composition and optical properties of the LAI, based on location, elevation, 

pollution, sources, geology etc. Unfortunately retrieving airborne data is costly and limited in 

the geographical coverage. APEX is a small Swiss Belgian consortium from which most of the 

scientific community can’t take advantage of. Satellites would allow better coverage, they have 

been employed in the study of glaciers for a long time providing information on glaciers spatial 

extent (Kulkarni et al., 2007), bottom and surface topography (Joughin et al., 1998), surface flow 

field, ablation and accumulation rates (mass balance)(Huggel et al., 2002;Berthier et al., 2007), 

changes in these quantities over time and albedo (Konig et al., 2001;Racoviteanu et al., 

2008)(Paul, 2005) etc.  
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Satellites cover large geographical areas but lack in sensitivity, spectral range and present a 

limited spatial resolution. The spatial resolution for the satellites Sentinel-2 and Landsat 8 used 

in (Naegeli, 2017 #330) to determine surface albedo is about 20 to 30 m2; compared to the 2 to 

5 m2 resolved by the APEX. Furthermore sensors on board of satellites do not measure in 

continuous spectra but only at specific wavelength as summarized in Figure 21. The wider 

spatial resolution might cause losses in the details of the distribution, but could overall still 

provide information, especially for the total relative abundances of LAI classes on the surface. 

Tests should be carried out to assess if p-LMM, using the HIMS endmembers, can be applied to 

the reflectance spectra measured form satellites to determine LAI relative abundances on a 

glacier.  

 

 

Figure 21 Reflectance curves of snow, water, vegetation and rock (coloured   lines). Wavelength range of the channels of 

the ASTER and the Landsat ETM+ (and TM) sensors with their spatial resolution (numbered boxes). Coloured area: 

atmospheric transmission; high values indicate that a high degree of solar radiation passes through the atmosphere and low 

values indicate that large parts of solar radiation are blocked by atmospheric gasses (Casey, 2011 #348). 

 

It is known that glacier LAI vary in composition, optical properties and amount. A study using 

HIMS to assess difference in the reflectance spectra from LAI of different glaciers could provide 

information on how much the characteristic reflectance of the LAI changes; this would be linked 

to what the different sources of LAI are and how much they contribute to lowering albedo. 

A more complete approach could be taken with the use of the “Integrated Raman & 

Hyperspectral Microscopy” instrument produces by the same company which produced the 

HIMS. With this instrument a micro RAMAN spectrum can be measured at any location of the 

hyperspectral image confirming visual identification of all LAI, especially in the case of mineral 
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dust. The newest version of the HIMS can measure a wider wavelength range from 400 1700 

nm. That would provide more information on the reflectance in general and also improve the 

performance towards the 800 to 1000 nm range, in which the HIMS which had sometimes a 

higher noise compared to the rest of the spectra. Higher magnification on the HIMS then 100X 

(used throughout this thesis) might allow the investigation of smaller particles, such as the ones 

present in snow. In general the method described in this thesis work offers many possibilities 

for improvement as well as application to different conditions. 

In the framework of this project remote sensing was considered as a fast and efficient tool with 

which to collect information on the location of certain classes of LAI on the surface of a glacier 

and how those classes effect albedo. Remote sensing has given a great contribution to the study 

of glaciers, making it possible to collect data from hard to reach glaciers which would otherwise 

involve lengthy and possibly dangerous expeditions. Some of these contributions include 

obtaining information on a glacier’s spatial extent (Kulkarni et al., 2007), bottom and surface 

topography (Joughin et al., 1998), surface flow field, ablation and accumulation rates (mass 

balance)(Huggel et al., 2002;Berthier et al., 2007), changes in these quantities over time and 

albedo (Konig et al., 2001;Racoviteanu et al., 2008). The remote sensing studies which have 

been executed on Glacier de la Plaine Morte have all focused on its changing albedo. Different 

aspects of a glacier’s albedo have been considered e.g. as a consequence of the extreme glacier 

melt condition faced in 2003 using the Landsat Thematic Mapper in a comparison between 

various years as shown in Figure 21  in a study comparing the albedo from Airborne and 

Satellite (Sentinel-2 and Landsat 8) optical data (Naegeli et al., 2017) and in a study of the 

glacier’s various surface types and their albedo using the an airborne imaging 

spectrometer)(Naegeli et al., 2015).  
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Appendix 

Table 1 Weight of dry filtered samples of the 2015 campaign. 

Sample Weight (g) 
 

Sample Weight (g) 

 

Sample Weight (g) 

1 11.548 
 

38 4.187 75 3.443 

2 2.271 
 

39 16.506 
 

76 9.771 

3 8.784 
 

40 9.936 
 

77 43.292 

4 8.358 
 

41 2.612 
 

78 11.944 

5 4.935 
 

42 14.576 
 

79 4.164 

6 7.925 
 

43 21.524 
 

80 4.456 

7 3.900 
 

44 4.187 
 

81 15.215 

8 4.5863 
 

45 24.250 
 

82 6.957 

9 5.320 
 

46 32.830 
 

83 14.005 

10 4.851 
 

47 19.937 
 

84 11.935 

11 4.988 
 

48 8.429 
 

85 5.701 

12 2.218 
 

49 4.346 
 

86 6.160 

13 3.359 
 

50 2.970 
 

87 30.626 

14 3.531 
 

51 3.961 
 

88 1.501 

15 44.884 
 

52 16.525 
 

89 9.557 

16 4.727 
 

53 4.270  90 N.A 

17 25.390 
 

54 5.076 
 

91 9.021 

18 10.631 
 

55 7.307 
 

92 1.985 

19 4.809 
 

56 3.695 
 

93 2.431 

20 3.469 
 

57 58.149 
 

94 2.301 

21 1.328 
 

58 66.364 
 

95 2.335 

22 12.067 
 

59 13.823 
 

96 1.954 

23 7.853  60 12.917  97 2.239 

24 5.523  61 32.816  98 1.350 

25 2.004  62 48.320  99 1.914 

26 1.328  63 28.924  100 2.155 

27 8.304  64 17.534  101 4.185 

28 1.720  65 17.683  102 3.183 

29 1.256  66 11.662  103 8.550 

30 1.489  67 19.579  104 2.766 

31 2.712  68 9.204  105 2.521 

32 2.558  69 46.462  106 1.912 

33 3.637  70 28.331  107 0.974 

34 1.848  71 17.692  108 1.792 

35 1.725  72 19.159  109 2.333 

36 1.019  73 17.120  110 0.924 
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37 5.3957  74 13.292    

 

 

Figure 22 Reflectance spectra measured with HIMS of urban dust (red lines). The green line represents the average of 9 

HIMS spectra and the black line is the spectrum obtained with the field spectroradiometer. 
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Figure 23 Microscopic images of measured areas of the spectra shown in Figure 29. 
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Figure 24 Reflectance spectra measured with HIMS of hematite (red lines). The green line represents the average of 10 

HIMS spectra and the black line is the spectrum obtained with the field spectroradiometer. 
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Figure 25 Microscopic images of measured areas of the spectra shown in Figure 31. 
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Figure 26 Reflectance spectra measured with HIMS of Diesel soot (red lines). The green line represents the average of 10 

HIMS spectra and the black line is the spectrum obtained with the field spectroradiometer. 
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Figure 27 Microscopic images of measured areas of the spectra shown in Figure 33. 
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Figure 28 Reflectance spectra measured with HIMS of kaolinite (red lines). The green line represents the average of 19 

HIMS spectra and the black line is the spectrum obtained with the field spectroradiometer. 

  

  

 



95 

 

  

  

  

  



96 

 

  

  

  

 

Figure 29 Microscopic images of measured areas of the spectra shown in Figure 35. 
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Figure 30 Reflectance spectra measured with HIMS of quartz (red lines). The green line represents the average of 10 HIMS 

spectra and the black line is the spectrum obtained with the field spectroradiometer. 
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Figure 31 Microscopic images of measured areas of the spectra shown in Figure 37. 
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Figure 32 Reflectance spectra measured with HIMS of chlorite (red lines). The green line represents the average of 10 

HIMS spectra and the black line is the spectrum obtained with the field spectroradiometer. 
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Figure 21 Microscopic images of measured areas of the spectra shown in Figure 39. 

 

 

Figure 22 Reflectance spectra measured with HIMS of humic substances (blue for Elliot Soil, yellow for Leonardite). The 

green line represents the average of 10 HIMS spectra and the black line is the spectrum obtained with the field 

spectroradiometer.  
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Figure 35 Microscopic images of measured areas of the spectra shown in Figure 4, Leonardite. 
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Figure 36 Microscopic images of measured areas of the spectra shown in Figure 4, Elliot soil. 

 

 

Figure 37 Reflectance spectra measured with HIMS of humic substances (red lines). The black line represents the average of 

12 HIMS spectra. 
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Figure 38 Microscopic images of measured areas of the spectra shown in Figure 43. 

 

 

Figure 39 Reflectance spectra measured with HIMS of BC (red lines). The black line represents the average of 11 HIMS 

spectra. 
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Figure 40 Microscopic images of measured areas of the spectra shown in Figure 45. 

 

 

Figure 41 Reflectance spectra measured with HIMS of minerals (red lines). The black line represents the average of 15 

HIMS spectra. 
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Figure 42 Microscopic images of measured areas of the spectra shown in Figure 4 
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Figure 43 Reflectance spectra measured with HIMS of the 10% reflectance standard (red lines). The green line represents 

the average of 8 HIMS spectra and the black line is the spectrum obtained with the field spectroradiometer. 

 

 

Figure 44 Reflectance spectra measured with HIMS of chlorite (red lines). The green line represents the average of 8 HIMS 

spectra and the black line is the spectrum obtained with the field spectroradiometer. 
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