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Cover photo: Looking south across Marthabreen from Lunckefjell. The road was built in 

2012, and streetlights installed in March 2014. Photograph taken by time-lapse camera on 

April 1st 2014.  

 



 

 

ABSTRACT 

This thesis is a continuation of a recently begun monitoring program at Marthabreen, 

Svalbard. Due to coal mining activities in Svea, specifically the new mine in Lunckefjell 

approved in 2011, it has become necessary to investigate effects on the surrounding 

environment. Marthabreen is a valley glacier located between the mines in Lunckefjell and 

Skollfjellet. Mass balance measurements began in March 2013. Ablation stakes, an 

automatic weather station, and time-lapse cameras form the basis of monitoring on 

Marthabreen. Additional techniques applied in 2014 were albedo measurements and snow 

sampling. 

This thesis focuses on the mass balance measurements obtained in 2014, yielding a specific 

glacier-wide net balance of -0.28 to -0.32 m water equivalent. Total net volume balance for 

Marthabreen in 2014 was -4.27 to -4.83 106 m3.  

Analysis of ablation stake measurements revealed exaggerated melting in elevation ranges 

near a road that crosses Marthabreen at elevations 440-660 m.a.s.l. The cause of enhanced 

melting is likely lowered albedo from deposition of coal dust and gravel. Store Norske 

Spitsbergen Kulkompani uses dumper trucks transporting loads of uncovered coal on the 

gravel road.  

As mass balance has only been measured since 2013 on Marthabreen, it is difficult to make 

any assessment of trends in mass balance. However, melting on Marthabreen in 2013 

showed a linear relationship with elevation, whereas 2014 showed clearly exaggerated 

melting near the road. This suggests that the observed effects on mass balance may become 

more pronounced with time and continued transportation of coal on the glacier.  

 

 



 

 

SAMMENDRAG 

Denne masteroppgaven er en fortsettelse av et nylig igangsatt overvåkningsprogram av 

Marthabreen på Svalbard. På grunn av kullutvinning i Svea, særlig den nye gruva i 

Lunckefjell godkjent i 2011, er det nødvendig å undersøke effektene på det omkringliggende 

miljøet. Marthabreen er en dalbre som ligger mellom gruvene i Lunckefjell og Skollfjellet. 

Målinger av massebalanse begynte i 2013. Ablasjonsstaker, en automatisk værstasjon og 

“timelapse-kameraer” utgjør hoveddelen av overvåkningsprogrammet. I tillegg ble det i 

2014 målt albedo og tatt snøprøver på breen.  

Denne oppgaven fokuserer på målingene av massebalanse i 2014, som gav en spesifikk 

nettobalanse på -0,28 til -0,32 m vannekvivalenter for hele breen. Den totale netto 

volumbalansen for Marthabreen i 2014 var -4,27 til -4,83 106 m3.   

Analyse av målinger fra ablasjonsstakene viste overdrevet smelting i høyder nær en vei som 

krysser Marthabreen i intervallet 440-660 m.o.h. Årsaken til større smelting er trolig lavere 

albedo fra avsetning av kullstøv og grus. Store Norske Spitsbergen Kulkompani bruker 

lastebiler som transporterer utildekket kull på grusveien. 

Fordi massebalanse kun har blitt målt siden 2013 på Marthabreen er det vanskelig å si noe 

om trender i massebalansen. Men, smeltingen observert på Marthabreen i 2013 viste en 

lineær korrelasjon til høyde, i motsetning til observert smelting i 2014 som viste tydelig 

overdrevet smelting nær veien. Dette indikerer at de observerte effektene på massebalanse 

muligens vil bli større i fremtiden med fortsatt utvinning og transport av kull på breen.  
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1. Introduction 

The International Panel on Climate Change (IPCC) states that we are in a time of warming 

climate. The IPCC Climate Change 2013: The Physical Science Basis report states: “Over the 

last two decades, the Greenland and Antarctic ice sheets have been losing mass, glaciers have 

continued to shrink almost worldwide, and Arctic sea ice and Northern Hemisphere spring 

snow cover have continued to decrease in extent” (IPCC, 2013, p. 9). The IPCC working 

group on cryosphere goes on to say that “current glacier extents are out of balance with 

current climatic conditions, indicating that glaciers will continue to shrink in the future even 

without further temperature increase” (Vaughan et al., 2013). 

Melting of glaciers and ice sheets may have significant local, regional and global effects. 

Some such effects include decreased fresh water storage in the Himalayas (Barnett, Adam, & 

Lettenmaier, 2005), dwindling of glaciers important for tourism (Purdie, 2013), and sea level 

rise from melting of glaciers, ice caps and ice sheets (Gardner et al., 2013). Several factors 

interact in governing the melting and freezing of glaciers, and certain factors interacting may 

enhance melting or freezing. Albedo, the reflectivity of a given surface, is one such factor, 

governing surface melting or freezing on glaciers. With rising air temperatures and increased 

melting, the surface of a glacier will become darker and less reflective, absorbing more heat, 

and producing a positive feedback of more melting.  

One source of lower albedo of glacier surfaces is the presence of black carbon. In the high 

Arctic environment of Svalbard, two coalmines sit on either side of the valley glacier 

Marthabreen. A road was built across the glacier in 2012 with the purpose of transporting coal 

from the new mine in Lunckefjell.  

A monitoring program of the environment surrounding the mine is in place for the duration of 

the coal extraction period in Lunckefjell. As part of the monitoring program, the aim of this 

thesis is to investigate mass balance on Marthabreen and its possible link to lower albedo 

from deposition of coal dust on the glacier surface.  
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2. Background 

2.1 Glaciers 

According to the most recent Randolph Glacier Inventory, glaciers and ice sheets cover 727 ± 

34 103 km2 of the earth’s surface and exist on every continent (Pfeffer et al., 2014). They 

appear in a variety of shapes and sizes, from the ice sheets of Greenland and Antarctica to 

tropical glaciers at high elevations, and small valley glaciers in Svalbard. The extent of 

glaciers varies with climate, and currently, glaciers worldwide are shrinking (IPCC, 2013). 

Investigating glaciers is important for several reasons. Increasing knowledge of glaciers leads 

to greater understanding of earth processes, including interactions between rocks, water, 

atmosphere and biosphere. Enhanced knowledge of the physical concepts of glaciers also aids 

society, especially people living near glaciers or those relying on glacial meltwater as a 

freshwater source.  

Today, glaciers in many regions are monitored by in-situ or remote methods. Scandinavia has 

a long tradition of mass balance measurements, including Storglaciären in Sweden, which 

boasts the world’s longest mass balance record beginning in 1946 (Stockholms universitet, 

2011). In Norway, mass balance measurements began at Storbreen in Jotunheimen in 1949, 

and at Brøggerbreen in Spitsbergen in 1966 (Hagen, 1998).   

Measuring mass balance can be done in a number of ways. Historically, mass balance in 

Norway has been measured for winter bw (in April/May) and summer bs (in 

September/October), and combined for a total net balance: 

𝑏! =   𝑏! + 𝑏!                                                                (1) 

by using snow probe soundings  to find winter accumulation and ablation stakes to find 

summer melt (Andreassen, Elvehøy, Kjøllmoen, Engeset, & Haakensen, 2005). Other 

methods for measuring mass balance include ground-penetrating radar (GPR) for mapping 

snow and ice thickness and horizons, and ice cores from accumulation areas revealing mean 

net balance from radioactive reference horizons (Hagen, Melvold, Eiken, Isaksson, & 

Lefauconnier, 1999). Remote sensing methods include calculating mass balance from height 

or gravity changes measured by aircraft or satellites such as ICESat or GRACE, or reviewing 

length or area changes from visible images (Bamber & Rivera, 2007).  
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Glaciers experience both long-term climatic trends in their mass balance as well as short-term 

fluctuations in accumulation and ablation. Hagen and Liestøl (1990) found that glaciers in 

Svalbard experienced a stable negative trend in mass balance for the first half of the 20th 

century following the end of the Little Ice Age and subsequent rapid increase in winter 

temperatures for the period 1912-1920. More recent studies show that thinning rates on 

glaciers in Svalbard have increased since the 1960s (Kohler et al., 2007), but also that glacier 

dynamics play an important role when considering geometry changes of glaciers (Hagen, 

Eiken, Kohler, & Melvold, 2005). Despite the observed negative trend, some few positive 

mass balance years have been recorded. On Brøggerbreen near Ny-Ålesund, slightly positive 

mass balance was recorded in 1987 and 1991 (Hagen, Melvold, Pinglot, & Dowdeswell, 

2003). The 1987 positive mass balance was attributed the “extraordinary cold summer of 

1987” (Hagen & Liestøl, 1990).  

2.2 Albedo 

Shortwave radiation is radiation from the sun in the range 0,15-0,4 µm. Along with longwave 

radiation of atmospheric and terrestrial origin, shortwave radiation is generally the most 

important factor in determining glacier surface energy balance (Hock, 2005).  

Energy balance is the sum of all energy fluxes at the glacier surface, and the energy available 

for melt (QM) is: 

𝑄! = 𝑄! + 𝑄! + 𝑄! + 𝑄! + 𝑄!                                       (2) 

where QN represents net radiation balance, both longwave and shortwave; QH represents the 

sensible heat flux; QL represents the latent heat flux; QG represents the ground heat flux; and 

QR represents heat supplied by rain (Hock, 2005).  

Albedo is the ratio of reflected shortwave radiation to incoming shortwave radiation. It is 

generally in the range 0,35-2,8 µm, and “… a key component in glacier melt simulations” 

(Hock, 2005, p. 371). Factors determining albedo include: grain size, water content, impurity 

content, surface roughness, crystal structure and orientation, as well as diffuse or direct origin 

of shortwave incoming radiation. Increases in grain size, water content, or impurity content 

will decrease albedo. Increase in cloud-cover, however, will increase albedo of snow by as 

much as 3-15% (Hock, 2005).  



 

 4 

Østrem (1959) showed that debris cover on ice could accelerate or decelerate melting of ice 

depending on the thickness of the debris cover. During fieldwork on Vatnajökull in Iceland in 

1996, Oerlemans et al. (1999), found that a layer of volcanic ash on the glacier surface 

reduced albedo to as low as 0.1. Another study by Oerlemans and others (2009, p. 735), on 

the glacier Vadret da Morteratsch, Switzerland, found that “lowering of the albedo by dust 

turns out to be a very effective process to enhance the summer melt rate”. During twelve 

years of measurements on Vadret da Morteratsch, the summer surface albedo in the ablation 

area was reduced from 0.32 to 0.15 due to increased deposition of dust from lateral moraines 

(Oerlemans, Giesen, & Van den Broeke, 2009). In a study of glaciers in western China, Ming 

et al. (2009, p. 122) “… summarized the measured and modeled BC (black carbon) 

concentrations in snow/ice versus the relevant reduced albedos from the previous studies, and 

thus a simple linear relationship could be derived between the BC concentrations and the 

reduced albedos”. Ming et al. (2009) also found that distance from BC emission sources likely 

impacts BC concentrations at sample sites. Referencing several other studies, Nicholson and 

Benn (2006) showed that ablation rates are greatest for a layer of debris up to 2 cm in 

thickness (Fig. 2.1). 

 

Figure 2.1: Ablation rates and debris thickness on four glaciers. From Nicholson and Benn 

(2006). 

Before approval of the Lunckefjell project, the Norwegian Institute for Air Research (NILU), 

produced a report on dust fallout as part of the environmental impact assessment. The report 

estimates dust fallout quantities up to 300 m from the planned road during construction, 
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operation, and de-construction of the Lunckefjell mine and road. NILU estimated that mean 

dust fallout concentrations 100 m from the road would be at or below the limit for “low” dust 

fallout of < 3 g m-2 over a period of 30 days. The limit for acceptable dust fallout was 

determined in cooperation with Statens forurensingstilsyn, and specifies that concentrations 

higher than 5 g m-2 per month are considered “polluted dust fallout”. More dust is expected to 

accumulate northwest of the Lunckefjell mine entrance and on the northwestern side of the 

road due to prevailing winds from the southeast (Tønnesen, 2010). 

Typical values for snow and ice albedo are listed in Table 2.1 (Cuffey & Paterson, 2010).  

Table 2.1: Typical values for snow and ice albedo. From Cuffey and Paterson, 2010.  

Surface	  type	   Recommended	   Minimum	   Maximum	  
Fresh	  dry	  snow	   0.85	   0.75	   0.98	  
Old	  clean	  dry	  snow	   0.80	   0.70	   0.85	  
Old	  clean	  wet	  snow	   0.60	   0.46	   0.70	  
Old	  debris-‐rich	  dry	  snow	   0.50	   0.30	   0.60	  
Old	  debris-‐rich	  wet	  snow	   0.40	   0.30	   0.50	  
Clean	  firn	   0.55	   0.50	   0.65	  
Debris-‐rich	  firn	   0.30	   0.15	   0.40	  
Superimposed	  ice	   0.65	   0.63	   0.66	  
Blue	  ice	   0.64	   0.60	   0.65	  
Clean	  ice	   0.35	   0.30	   0.46	  
Debris-‐rich	  ice	   0.20	   0.06	   0.30	  

2.3 Svalbard 

The Svalbard archipelago stretches from 74°N to 81°N and from 10°E to 35°E. 60% of the 

archipelago’s 62’800 km2 is covered by glaciers (Hagen, Liestøl, Roland, & Jørgensen, 1993). 

In addition to having extensive glacial cover, Svalbard is in the zone of continuous 

permafrost. Permafrost is defined as ground that has remained at or below 0°C for at least two 

consecutive years, and continuous permafrost is defined as permafrost underlying 90-100% of 

the land (French, 2007). The extensive glacial cover in Svalbard coupled with continuous 

permafrost lead to various glacier-permafrost interactions and landforms, such as polythermal 

glaciers, rock glaciers and open-system pingos (Humlum, Instanes, & Sollid, 2003). 
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2.3.1 Climate 

Svalbard’s position in relation to the North Atlantic Current on its western coast leads to a 

relatively mild climate for its northerly location (Liestøl, 1993). The Norwegian 

Meteorological Institute (NMI) provides data on temperature and precipitation for several 

locations in Svalbard, showing that both temperature and precipitation vary with location 

(Fig. 2.2, Tables 2.2 and 2.3). In Longyearbyen, by the coast in central Spitsbergen, the mean 

annual air temperature (MAAT) from 1961-1990 is -6.7°C and the mean annual precipitation 

(MAP) is 190 mm (NMI, 2013). However, Humlum, Instanes and Sollid (2003, p. 195) state 

that “at the beginning of the 21st century, the mean annual air temperature (MAAT) is about   

-5°C close to sea level in central Spitsbergen, while the mean annual precipitation is around 

180 mm w.e.”.   

The southernmost island of the Svalbard archipelago is Bjørnøya, which has the highest mean 

annual temperature of the six selected meteorological stations, at -2.4°C and precipitation of 

371 mm year-1. Hopen, an island southeast of Edgeøya, has a MAAT of -6.4°C and MAP of 

476 mm, whereas Ny-Ålesund, in the northwest of Spitsbergen has a MAAT of -6.3°C and 

MAP of 385 mm. Isfjord Radio on Kapp Linné in Spitsbergen’s central west coast has a 

MAAT of -5.1°C and MAP of 480 mm. Sveagruva, the closest meteorological station only 15 

km south of Marthabreen, has a MAAT of -7.1°C and MAP of 260 mm (NMI, 2013). Due to 

its northerly location, Svalbard experiences long periods of both midnight sun and polar night 

every year. In Longyearbyen, the midnight sun lasts from April 20 to August 22, and the polar 

night from October 26 to February 16 (Yr.no, 2012).  

  

 

 

 

Figure 2.2: Locations of meteorological stations, 

Svalbard. A: Ny-Ålesund, B: Isfjord Radio, C: Svalbard 

Lufthavn Longyearbyen, D: Sveagruva, E: Hopen, F: 

Bjørnøya. From Norsk Polarinstitutt (2015). 
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Table 2.2: Monthly normals for air temperature in Svalbard. From NMI (2013). 

Monthly	  normals	  1961-‐1990	  for	  mean	  temperature,	  °C	  

	   	   	   	   	   	   	  Station	   Jan	   Feb	   Mar	   Apr	   May	   Jun	   Jul	   Aug	   Sep	   Oct	   Nov	   Dec	   Year	  

Bjørnøya	   -‐8.1	   -‐7.7	   -‐7.6	   -‐5.4	   -‐1.4	   1.8	   4.4	   4.4	   2.6	   -‐0.5	   -‐3.7	   -‐7.1	   -‐2.4	  

Sveagruva	   -‐16.1	   -‐17.0	   -‐16.2	   -‐12.7	   -‐4.7	   1.9	   5.8	   4.9	   0.6	   -‐5.7	   -‐11.5	   -‐14.6	   -‐7.1	  

Isfjord	  Radio	   -‐12.1	   -‐12.4	   -‐12.0	   -‐9.5	   -‐3.2	   1.6	   4.8	   4.2	   0.6	   -‐4.0	   -‐8.0	   -‐10.6	   -‐5.1	  

Svalbard	  Lufthavn	   -‐15.3	   -‐16.2	   -‐15.7	   -‐12.2	   -‐4.1	   2.0	   5.9	   4.7	   0.3	   -‐5.5	   -‐10.3	   -‐13.4	   -‐6.7	  

Ny-‐Ålesund	   -‐13.9	   -‐14.6	   -‐14.2	   -‐11.1	   -‐4.0	   1.5	   4.9	   3.9	   -‐0.3	   -‐5.7	   -‐10.0	   -‐12.5	   -‐6.3	  

 

Table 2.3: Monthly normals for precipitation in Svalbard. From NMI (2013). 

Monthly	  normals	  1961-‐1990	  for	  precipitation,	  mm	  

	   	   	   	   	   	   	  Station	   Jan	   Feb	   Mar	   Apr	   May	   Jun	   Jul	   Aug	   Sep	   Oct	   Nov	   Dec	   Year	  

Bjørnøya	   30	   33	   28	   21	   18	   23	   30	   36	   44	   44	   33	   31	   371	  

Sveagruva	   29	   35	   31	   24	   15	   9	   11	   19	   19	   20	   22	   26	   260	  

Isfjord	  Radio	   41	   36	   40	   34	   25	   30	   37	   54	   54	   45	   41	   43	   480	  

Svalbard	  Lufthavn	   15	   19	   23	   11	   6	   10	   18	   23	   20	   14	   15	   16	   190	  

Ny-‐Ålesund	   32	   36	   45	   23	   18	   18	   28	   38	   46	   37	   33	   31	   385	  
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2.3.2 Geology 

Throughout time, Svalbard has undergone many changes in climate, some of which were 

related to the archipelago’s position in relation to the equator and the position of the 

continents. The geology of Svalbard is varied, with bedrocks of multiple origins having been 

metamorphosed and folded in the Caledonian orogeny 400 million years ago. The oldest 

bedrock in Svalbard is 3.3 billion years old. Following the Caledonian orogeny were several 

periods of erosion and deposition, leading to the formation of coal seams from the 

Carboniferous, Cretaceous and Tertiary (Elvevold, Dallman, & Blomeier, 2007). 

2.3.3 History of coal production 

The Tertiary coal deposits contain most of the coal in Svalbard being extracted today in 

Longyearbyen, Svea and Barentsburg (Elvevold et al., 2007). Coal production in Svalbard 

became a year-round endeavor in 1905, when the Spitzbergen Coal and Trading Company 

erected its first site at Revneset in Adventfjorden (Arlov, 1996). Store Norske Spitsbergen 

Kulkompani (SNSK) was established in 1916 and today extracts coal from Gruve 7 in 

Longyearbyen and Svea Nord and Lunckefjell in Svea (SNSK, n.d.-b). Production in Svea 

was originally established in 1917 by AB Spetsbergens Svenska Kolfält, and was sold to 

SNSK in 1934 (Arlov, 1996). Svea Nord began production in 2002 and currently yields the 

most coal for SNSK at 1.6 million metric tons in 2014 (SNSK, n.d.-c). The Governor of 

Svalbard and the Ministry of Environment approved the Lunckefjell project in 2011. In 2012, 

a road was built between Svea Nord and Lunckefjell, across Marthabreen (Fig. 2.3). The 

Lunckefjell mine officially opened on February 25, 2014 (SNSK, n.d.-a). Approximately 100 

000 metric tons of coal were extracted from Lunckefjell in 2014. Although no coal extraction 

will take place 2015, there are plans to extract 370 000 metric tons in 2016 (Waleniussen, 

2015).  

2.3.4 Glaciers in Svalbard 

Svalbard is home to many different types of glaciers. Liestøl (1993) states that all 

morphological types of glaciers, except ice shelves, are found in Svalbard. In Spitsbergen, 

there are mostly cirque and valley glaciers, while “ice caps are common on the relatively flat 

islands on the eastern half of the archipelago” (Liestøl, 1993, p. E138). The most notable ice 

cap and largest ice mass in Svalbard is Austfonna on Nordaustlandet. Austfonna has three 

basins that have surged in recent times: Etonbreen (1938), Bråsvellbreen (1937), and Basin 3 
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(pre-1873, 2012) (Dunse, 2013; Lefauconnier & Hagen, 1991). Jiskoot, Boyle and Murray 

(1998) state that 13% of the glaciers in Svalbard are of surge-type, whereas Lefauconnier and 

Hagen (1991) indicate that the number is 90%.  

Liestøl (1993, p. E139) also looked at glaciers in Svalbard according to a geophysical 

classification, and found that “… the majority of Svalbard’s glaciers belong to the subpolar 

type; that is, the accumulation area is at the pressure-melting point, and the ablation zone is 

below the freezing point and partly frozen to the ground”. The minority of Svalbard’s glaciers 

that can be classified as polar, however, have ice masses that remain below 0°C throughout 

winter, but can experience surface melt across the entire surface in summer. Subpolar 

glaciers, unlike polar glaciers, also produce large icings “…in front of their termini, which are 

produced by the drainage of subglacial water throughout the entire winter season” (Liestøl, 

1993, p. E139).   

2.3.5 Study area: Marthabreen 

Marthabreen is an 8 km long, 15 km2 large valley glacier at 78.006°N, 16.430°E, 

approximately 15 km north of Sveagruva. The glacier is nestled between Skollfjellet to the 

west and Lunckefjellet to the east (Fig. 2.3). To the north of Marthabreen lies Nordienskiöld 

Land national park of 1207 km2, which includes Reindalen, Svalbard’s largest ice-free valley 

(Miljødirektoratet, n.d.). The southern border of the national park crosses Marthabreen 

approximately at ablation stake M8 (see Figs. 2.12 and 3.1).  
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Figure 2.3: Location of Marthabreen, mine entrances and road. Marthabreen area from Nuth 

et al. (2013), and background from Norsk Polarinstitutt (2015). 

The glacier was named after Martha Luncke, married to Bernhard Luncke, who both worked 

for Norges Svalbard- og Ishavsundersøkelser. Bernhard Luncke was part of an expedition 

ascending Lunckefjellet in 1925, leading to the mountain being named after him (The Place-

names of Svalbard, 1991).  

Marthabreen is a polythermal glacier, mostly frozen to its bed. Hagen (2010) states that 

experience and measurements from other glaciers indicate that the glacier is likely frozen to 

its bed where the ice thickness is no more than 100-120 m. Schuler and Müller (2007) 

conducted a GPR survey of four transects on Marthabreen (Figs. 2.4-2.8). This survey found a 

maximum ice thickness of 160 m - thick enough for the ice at the glacier bed to be at the 

pressure-melting point according to Hagen (2010). As seen in the GPR transects, only a few 

areas have ice cover thick enough for temperate ice to exist, which leads to low sliding 

velocities. Store Norske Spitsbergen Grubekompani (SNSG) (presented in Hagen, 2010) 

measured sliding velocity from May 2007 until April 2008 and found that the ten stakes 

measured moved between 0.15 m and 0.88 m. The glacier also produces yearly icings (Hagen, 

2010), which is good evidence for the presence of liquid water year-round, and is a criterion 

Liestøl (1993) presents for subpolar glaciers. Marthabreen is a surge-type glacier, evidenced 
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by a surge in ca. 1925 (Hagen et al., 1993). According to Hagen (2010), observations of the 

SNSG stakes should give fair warning should a surge approach. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Location of GPR transects across Marthabreen. Arrows show direction of 

transects from Svea Nord. North is up in the image. From Schuler and Müller (internal 

report, 2007). 

  

Figure 2.5: ALT_1 surface elevation (blue)           Figure 2.6: ALT_2 surface elevation (blue) 
from  from GPS, and glacier bed elevation           GPS, and glacier bed elevation (green) from 
from (green) GPR-data. From Schuler and           GPR-data. From Schuler and Müller   
Müller  (internal report, 2007).           (internal report, 2007). 
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Figure 2.7: ALT_3 surface elevation (blue)            Figure 2.8: ALT_4 surface elevation from 
GPS, and glacier bed elevation (green)                  (blue) from GPS, and glacier bed from 
from GPR-data. From Schuler and Müller             elevation (green) GPR-data. From 
(internal report, 2007).               Schuler and Müller (internal report, 2007).                                                                               

 

2.3.6 The road across Marthabreen 

For the operation of the mine in Lunckefjell, it was necessary to build a road across 

Marthabreen for transportation of coal, machinery and personnel. The road from Svea Nord to 

Lunckefjell is 3.3 km long, spanning elevations of 440-660 m.a.s.l. The road was to be 

centered on the ELA to minimize maintenance needs (Hagen, 2010). Plans for the road in 

2010 specify the dimensions and materials to be used for construction (SNSK, 2010):  

- The road will be 10 m wide including shoulders (but not including road filling). 

- The lateral slopes of the road will be constructed with a 3:1 ratio of length to height.  

- The road will be strengthened with geo-textiles (fiber cloth and/or mesh).  

- The road filling will be minimum 1 m and generally 2.5-3 m thick to ensure a frozen 
core.  

- The depth of the sediment layer (road filling) must be at least equal to the depth of the 
active layer of permafrost in the area (Hagen, 2010).  

- There will be drainage pipes through the road to aid removal of supraglacial 
meltwater. 

- The road filling will consist of local sediments. 

- The top cover of the road will consist of imported gravel, 0-36 mm diameter. 

- The expected vertical melt of the glacier is 1 m year-1 around the ELA.  

- The road is planned to exist for the period 2012-2019. 
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- The road was completed in 2012 and continues to be maintained by SNSG. 

According to M. Waleniussen (pers.comm., 2015), some aspects of the road changed during 

construction: 

- In some places the road has been reinforced with timber so as not to be impaired by 

melt channels. Several culverts have also been installed to aid meltwater drainage 

beneath the road. 

- On the southern/upstream side of the road near Lunckefjell, a drainage ditch was dug 

to reduce the amount of meltwater entering beneath the Lunckefjell mine. 

- The road filling consists partially of larger-sized particles than anticipated. 

- The top layer of imported gravel was supplemented with a 10 cm layer in 2014. 

Another 5 cm will be added in 2015. The gravel is of unknown origin. 

- Streetlights were installed along the road in March 2013. 

 
It appears that the vertical melt of the glacier is somewhat more than the anticipated 1 m   

year-1. Skadsem (2014) reported that near the entirety of Marthabreen experienced surface 

melt in 2013. The vertical displacement can be seen in Figure 2.9. 

For transportation of coal between Lunckefjell and Svea Nord, SNSG uses CAT 740B 

dumpers (Figs. 2.9-2.10). These dumpers have a capacity of 40 m3 coal per load. Each load of 

coal weighs 35-45 metric tons due to varying rock content. There will be no coal production 

in 2015, but in 2014, 100 000 metric tons coal were extracted from Lunckefjell, equivalent of 

15-20 truckloads per day. For the period April-June 2016, 370 000 tons coal is planned to be 

extracted from Lunckefjell, necessitating more than 100 truckloads per day. During 

transportation across Marthabreen, the coal is not covered in the dump bed, leading to 

spreading of coal dust on the glacier surface. SNSK is working on a solution to remedy this 

(M. Waleniussen, pers.comm., 2015).  
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Figure 2.9: CAT 740B dumper driving across Marthabreen in September 2014. The image 

shows the upstream side of the road. Note down wasting of the glacier.   

 

Figure 2.10: CAT 740B dumper carrying a load of coal on Marthabreen, March 24, 2014. 

Photograph courtesy of Esty Willcox. 
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2.3.7 Local climate 

An automatic weather station (AWS) is located by stake M6 (see Fig. 3.1 for location). Figure 

2.11 shows the temperature series from March 30-September 5, 2014. The series shows that 

the main period of melt began June 4, and ended August 29. From this one can deduce that 

the melt season on Marthabreen consists of the months of June, July and August.  

The AWS also measures wind speed and direction, shown in Figure 2.12. Wind observations 

from 2014 agree with observations from 2013 that the pattern of wind on Marthabreen is 

katabatic, flowing from the south to southeast from the small ice field Gruvfonna (Skadsem, 

2014).  

 

Fig 2.11: Temperature series from the AWS at Marthabreen. Note beginning of melt season 

June 4, and end of melt season August 29 (red lines). Blue line indicates 0°C.  
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Figure 2.12: Distribution of wind on Marthabreen March-September 2014. The green line 

across Marthabreen denotes the southern border of Nordienskiöld Land national park.  
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3. Methods 

3.1 Field observations 

Fieldwork in 2014 consisted of measurements from ablation stakes, snow pits, an automatic 

weather station, snow samples, time-lapse photographs from two cameras, and albedo 

measurements. Locations of methods applied to Marthabreen can be seen in Figures 3.1 and 

3.2. The fieldwork took place during four time periods in 2014: March 24-29, June 21-23, 

July 29-31, and September 5-7.  

 

Figure 3.1: Methods applied on Marthabreen. In addition, snow sample locations are shown 

in Figure 3.2. 
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3.1.1 Stake measurements 

As part of the monitoring program of Marthabreen related to coal production, ablation stakes 

were installed on the glacier to measure ablation and accumulation of snow and ice. In 2013, 

students participating in the Arctic geophysics course AGF-212: Snow and Ice Processes at 

UNIS helped install nine ablation stakes on Marthabreen. During the summer of 2013 two of 

the stakes melted out of the ice (Skadsem, 2014). In March 2014, students from AGF-212 

measured the remaining stakes on the glacier, and installed new stakes at stake positions 1, 3, 

5, 6 and 8 (see Fig. 3.1, above). At each of the four field visits, the height of each stake and 

snow depth surrounding the stake was recorded. In September 2014, the stakes at positions 3 

and 6 installed in March 2013 had melted out of the ice.  

3.1.2 Snow pits 

During the fieldwork in March, four snow pits were dug to determine snow density. Density 

was calculated from measurements of snow mass using an aluminum snow sampling tube of 

known volume and weight. The equation for density is as follows: 

𝜌 = !!
!!

                                                                                (3) 

where ms is snow mass and Vs is the volume of the snow sampling tube.  

Snow density was not measured in June, July or September, but estimated from both values 

measured in March as well as conventional values used by the Norwegian Water and Energy 

Directorate (Andreassen, Elvehøy, Jackson, Kjøllmoen, & Giesen, 2010).  

3.1.3 Mass balance 

Mass balance was calculated from ablation stake measurements and snow density. The 

specific winter balance, bw, in meter snow water equivalent (SWE) was calculated from 

March snow depth (h) and density measurements:   

𝑆𝑊𝐸 =    !  !!
!!

                                                                       (4) 

where ρs is snow density and ρw is the density of water.  



 

 19 

Summer balance, bs, was calculated as the difference between March and September SWE, 

and net balance as:  

𝑏! =   𝑏! + 𝑏!                                                                     (1) 

The mass balance gradients for winter, summer and net were calculated using linear 

regression, yielding a relationship between elevation and meter water equivalent.  

3.1.4 Snow samples 

During each of the four periods of fieldwork snow samples were collected. Four samples were 

collected in March, and three samples each in June, July and September. In addition to the 

thirteen samples from 2014, five samples were collected by UNIS students in March 2013 

(see Figure 3.2 for locations).  

 

Figure 3.2: Locations of snow samples.   

The snow samples were melted, filtered, dried and weighed in the UNIS laboratory in 

Longyearbyen in order to find the dust content of each sample. Samples were stored frozen in 

plastic bags and melted in a microwave oven in glass containers, before passing through filter 
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paper. The filter papers used were “Schleicher & Schuell” type 595 and 5892 with retention 

range 4-7 µm and 4-12 µm, respectively. The used filter papers were dried in the oven at 

110°C for 20 min before being weighed with a high-precision weight.  

3.1.5 Albedo measurements 

Albedo was measured in September using two pyranometers (Fig. 3.3): one Sinometer M-

830B and one Precision Gold. The pyranometers measured incoming (S↓) and reflected (S↑) 

shortwave radiation, making it possible to calculate albedo: 

𝛼 =    !↑
!↓

                                                                                (5) 

Shortwave radiation was measured along six profiles. Each profile was roughly 200 m long 

centered on the road on Marthabreen, as seen in Figure 3.1. The length and locations of the 

profiles were chosen from scientific and logistical reasons. In the environmental impact 

assessment prior to approval of the Lunckefjell project, NILU estimated that dust fallout 100 

m from the road would be below the limit for “low” dust fallout (Tønnesen, 2010). On the 

basis of NILU’s report, the length of the profiles was set to ca. 200 m. Locations of the 

profiles were also spread along the transverse of the road to detect any differences in albedo 

with distance from the mine entrances. 

 

Figure 3.3: The pyranometers used to measure incoming and reflected shortwave radiation.  
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3.1.6 Time-lapse cameras 

Two SLR cameras overlook Marthabreen and take one picture every three hours. The cameras 

were installed in autumn 2012 (Skadsem, 2014). One camera looks southeast from its location 

on the lower side of Skollfjellet, overlooking the entrance of Svea Nord to the entrance of 

Lunckefjell. The other camera looks south from its position on a ridge on Lunckefjellet (see 

Fig. 3.1). The camera closest to Svea Nord was moved to a lower elevation in March 2014 

due to the unstable slope of the mountain.  

The purpose of the time-lapse cameras is to form an idea of melt patterns and dust distribution 

on the glacier.  

The software ImageJ was used to process the images. All photographs were sorted through to 

eliminate those unsuited for analysis, such as foggy, heavily clouded or snowed-in images. 

The best available photograph from each day was selected for analysis. Emphasis was placed 

on finding photographs closest in time to the sun’s zenith, and with little or uniform cloud 

cover. In ImageJ, each image was split into its three channels: red, green and blue. The blue 

channel image was saved for analysis as it offers the best contrast between light and dark 

areas (Gray, n.d.). For images from the Lunckefjell camera, one region of interest (ROI) was 

specified and applied to all photographs. Within the ROI, the amount of dark particles was 

recorded as a percentage of area after manually adjusting the threshold between light areas 

and dark particles. For images from the Skollfjellet camera, the same procedure was followed 

except that it was necessary to use four different ROIs due to shifting of the camera’s position 

with time. Care was taken to create ROIs that covered the same area.  

3.1.7 Automatic weather station 

At stake M6 there is an Onset HOBO U30 data logger. The automatic weather station records 

temperature, wind speed and direction, relative humidity, and solar radiation. This study uses 

temperature data to determine the extent of the melt season, and comparisons with 2013 melt 

conditions. Wind records allow investigation of a potential katabatic pattern.  



 

 22 

3.2 Geographic information systems 

Several tools were used to process and analyze recorded data. MATLAB was used to display 

mass balance and calculate linear regression for mass balance gradients. ArcGIS and QGIS 

were used to generate visual aids.  

Background maps are provided by the Norwegian Polar Institute’s online map service 

(toposvalbard.npolar.no). SNSK (2013) provided a digital terrain model (DTM) of 

Marthabreen and the surrounding area with 5x5 m resolution. Marthabreen was extracted 

from the DTM using a glacier mask of Svalbard produced by Nuth et al. (2013). The extracted 

DTM of Marthabreen was used to represent measured and interpolated data of mass balance.  
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4. Results 

4.1 Ablation stakes 

The results of ablation stake measurements are given in Table 4.1. The inaccuracy of the M6 

September measurement is discussed in Chapter 5.1.  

Table 4.1: Ablation stake measurements from March, June, July, and September 2014. 

	   	  
March	   June	   July	   September	  

Stake	  
Elevation	  
m.a.s.l.	  

Snow	  
depth	  (m)	  

Snow	  
depth	  (m)	  

Melted	  
snow	  (m)	  

Snow	  
depth	  (m)	  

Melted	  
snow/ice	  (m)	  

Snow	  
depth	  (m)	  

Melted	  
snow/ice	  (m)	  

M1	   710	   1.71	   1.75	   -‐0.04	   0.36	   1.39/0	   0.48	   -‐0.12/0	  

M2	   619	   1.65	   1.66	   -‐0.01	   0.27	   1.39/0	   0.21	   0.06/0	  

M3	   567	   1.54	   1.50	   0.04	   -‐0.26	   1.50/1.26	   -‐0.84	   0/0.48	  

M5	   516	   1.39	   0.83	   0.56	   -‐1.06	   0.83/1.06	   -‐1.61	   0/0.55	  

M6	   467	   1.22	   0.82	   0.40	   -‐0.87	   0.82/0.87	   -‐0.89	   0/0.02*	  

M7	   385	   1.23	   0.84	   0.39	   -‐0.64	   0.84/0.64	   -‐1.21	   0/0.57	  

M8	   312	   1.00	   0.65	   0.35	   -‐0.77	   0.65/0.77	   -‐1.36	   0/0.59	  

*Not	  accurate,	  see	  Chapter	  5.1.	   	   	   	   	   	   

4.2 Snow density 

Density values were calculated from measurements in March 2014. Densities for remaining 

snow and firn in summer were estimated from typical values used by NVE (Andreassen et al., 

2010). Even though NVE catalogues snow in mainland Norway, the values used were 

considered adequate for Svalbard, as they were only applied to remaining snow and firn on 

Marthabreen in summer.  

Table 4.2 details the snow pits dug and measured in March 2014.  
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Table 4.2: Calculated snow densities March 2014. 

Depth	  from	  
surface	  (cm)	  

Density	  (kg	  m-‐3)	  

Stake	  M1	   Stake	  M3	   Stake	  M5	   Stake	  M6	  

0-‐19.5	   260	   290	   310	   130	  

19.5-‐39	   330	   355	   355	   330	  

39-‐58.5	   355	   375	   395	   320	  

58.5-‐78	   395	   365	   616.67	   395	  

78-‐97.5	   435	   	  	   425	   415	  

97.5-‐117	   435	   	  	   165	   435	  

117-‐136.5	   435	   	  	   	  	   425	  

136.5-‐156	   480	   	  	   	  	   455	  

156-‐171	   493	   	  	   	  	   	  	  

Average	   402.04	   346.25	   377.78	   363.13	  

 

The snow pits allowed for calculation of density values for stakes M1, M3, M5, and M6. 

Values for stakes M2, M7, and M8 were estimated from the measured values. Snow density at 

M2 is the average of M1 and M3 as M2 lies roughly halfway between the two. M7 and M8 

are equal to M6 as the measured snow depths are fairly equal.  

June densities for M1, M2 and M3 are equal to the densities as in March because of little to 

no accumulated melt. M5 is set to 450 kg m-3 and M6, M7 and M8 to 500 kg m-3 as 

significant melting has occurred between March and June. The snowpack has clearly been 

compacted because of the melting and thus requires higher density values. 

Significant melting across the glacier surface has occurred between June and July. Only M1 

and M2 still had snow cover. NVE (Andreassen et al., 2010) uses 600 kg m-3 for remaining 

snow in summer. For M3, M5, M6, M7 and M8, melted snow has been set to a density of 600 

kg m-3 and ice 900 kg m-3. A combined snow and ice density has been calculated for each 

stake taking into account the ratio of snow to ice that has melted.  

For September, M1 and M2 densities were calculated from measured snow depth (assumed to 

be only consolidated snow) and calculated snow depth from stake measurements, which are 

assumed to be more reliable and include the firn layer. Consolidated snow was set to 250 kg 

m-3 and firn to 600 kg m-3 from Cuffey and Patterson (2010). The combined calculated 

density was adjusted to the ratio of consolidated snow versus firn. The depth of the firn layer 

was calculated from the difference between stake-calculated snow depth and observed snow 
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depth. Stakes M3, M5, M6, M7 and M8 experienced ice melt and the density was set to 900 

kg m-3. 

Table 4.3 summarizes calculation and estimation of density values for 2014. 

Table 4.3: Calculated and estimated density values used for mass balance calculations. 

Values listed in grey are based on estimates rather than measurements.  

Stake	   Elevation	  
(m.a.s.l)	  

March	   June	   July	   September	  

Density	  	  
(kg	  m-‐3)	  

Density	  	  
(kg	  m-‐3)	  

Density	  	  
(kg	  m-‐3)	  

Density	  	  
(kg	  m-‐3)	  

M1	   710	   402.04	   402.04	   600	   484,.92	  

M2	   619	   374.14	   374.14	   600	   400	  

M3	   567	   346.25	   346.25	   644.318	   900	  

M5	   516	   377.78	   450	   768.254	   900	  

M6	   467	   363.13	   500	   754.438	   900	  

M7	   385	   363.13	   500	   729.730	   900	  

M8	   312	   363.13	   500	   762.676	   900	  

 

4.3 Mass balance 

Mass balance for each of the seven stakes was calculated from density and ablation stake 

measurements.  

Linear regression yielded a mass balance gradient for the specific winter balance (y) in m 

w.e.: 

𝑦 = 0.000791𝑥  𝑚 + 0.1125                                            (6) 

where y is specific winter balance at elevation x. The winter balance regression has an           

r2  = 0.95.   

The mass balance gradient for the specific summer balance is: 

 𝑦 = 0.00297𝑥  𝑚 −   2.751                                                (7) 

with r2 = 0.531. 

The mass balance gradient for the specific net balance is: 
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 𝑦 = 0.00377𝑥  𝑚 − 2.638                                                (8) 

with r2 = 0.639.  

Figure 4.1 displays measured mass balance, and Figure 4.2 shows calculated mass balance 

gradients. 

 

 

 

 

 

 

 

 

 

Figure 4.1: Specific mass 

balance versus elevation. 

Red is measured summer 

balance, blue is measured 

winter balance, and black 

is measured net balance. 

Figure 4.2: Linear 

regression producing 

specific mass balance 

gradients for summer 

(red), winter(blue), and 

net (black). 
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From the mass balance gradients, mass balance was calculated for 50 m elevation bands 

across the glacier, as seen in Table 4.4. In Table 4.5, interpolated values were replaced by 

linear interpolation between the closest measured values in the elevation range of the stake 

network.  

Interpolated values yield specific mass balance values for winter bw = 0.60 m w.e., summer   

bs = -0.91 m w.e., and net bn = -0.31 m w.e.  

Measured values yield specific mass balance values for winter bw = 0.65 m w.e., summer      

bs = -0.93 m w.e., and net bn = -0.28 m w.e.  

The total winter balance from interpolated values is 9.04 106 m3, and 9.79 106 m3 for 

measured values. Total summer balance is -13.71 106 m3 for interpolated values, and -14.05 

106 m3 for measured values. The total net balance for Marthabreen is -4.67 106 m3 from 

interpolated values, and -4.27 106 m3 from measured values.   
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Table 4.4: Mass balance on Marthabreen from interpolated values from mass balance 

gradients. 

Marthabreen	  2014.	  Linear	  interpolation	  of	  mass	  balance	  gradients.	  

Elevation	  
(m.a.s.l.)	  

Area	  
(km2)	  	  

Winter	   Summer	   Net	  
bw	  

(m	  w.e.)	  
V	  

(106	  m3)	  
bs	  

(m	  w.e.)	  
V	  

(106	  m3)	  
bn	  

(m	  w.e.)	  
V	  

(106	  m3)	  
1025-‐1075	   0	   0.94	   0	   0.37	   0	   1.32	   0	  

975	  -‐	  1025	  	   0.06	   0.90	   0.05	   0.22	   0.01	   1.13	   0.07	  

925	  -‐	  975	  	   0.31	   0.86	   0.27	   0.08	   0.02	   0.94	   0.29	  

875	  -‐	  925	  	   0.40	   0.82	   0.33	   -‐0.07	   -‐0.03	   0.75	   0.30	  

825	  -‐	  875	  	   0.83	   0.78	   0.65	   -‐0.22	   -‐0.18	   0.56	   0.47	  

775	  -‐	  825	  	   0.95	   0.75	   0.71	   -‐0.37	   -‐0.35	   0.37	   0.36	  

725	  -‐	  775	  	   1.11	   0.71	   0.78	   -‐0.52	   -‐0.58	   0.19	   0.21	  

675	  -‐	  725	  	   1.73	   0.68	   1.18	   -‐0.46	   -‐0.80	   0.22	   0.37	  

625	  -‐	  675	  	   1.69	   0.63	   1.06	   -‐0.82	   -‐1.38	   -‐0.19	   -‐0.32	  

575	  -‐	  625	  	   1.84	   0.59	   1.08	   -‐0.97	   -‐1.78	   -‐0.38	   -‐0.70	  

525	  -‐	  575	  	   2.09	   0.55	   1.14	   -‐1.11	   -‐2.33	   -‐0.57	   -‐1.19	  

475	  -‐	  525	  	   1.17	   0.51	   0.59	   -‐1.26	   -‐1.48	   -‐0.76	   -‐0.88	  

425	  -‐	  475	  	   0.81	   0.47	   0.38	   -‐1.41	   -‐1.14	   -‐0.94	   -‐0.76	  

375	  -‐	  425	  	   0.74	   0.43	   0.32	   -‐1.56	   -‐1.16	   -‐1.13	   -‐0.84	  

325	  -‐	  375	  	   0.66	   0.39	   0.26	   -‐1.71	   -‐1.13	   -‐1.32	   -‐0.87	  

275	  -‐	  325	  	   0.40	   0.35	   0.14	   -‐1.86	   -‐0.74	   -‐1.51	   -‐0.60	  

225	  -‐	  275	  	   0.30	   0.31	   0.09	   -‐2.01	   -‐0.60	   -‐1.70	   -‐0.51	  

175	  -‐	  225	  	   0.03	   0.27	   0.01	   -‐2.16	   -‐0.06	   -‐1.89	   -‐0.06	  

175	  -‐	  1075	  	   15.14	   0.60	   9.04	   -‐0.91	   -‐13.71	   -‐0.31	   -‐4.67	  
 

  



 

 29 

Table 4.5: Mass balance on Marthabreen, from measured and interpolated values.  

Marthabreen	  2014.	  Measured	  and	  interpolation	  between	  measured	  values	  (grey),	  and	  linear	  
interpolation	  of	  mass	  balance	  gradients.	  

Elevation	  
(m.a.s.l.)	  

Area	  
(km2)	  	  

Winter	   Summer	   Net	  

bw	  (m	  w.e.)	  	   V	  (106	  m3)	  	   bs	  (m	  w.e.)	  	   V	  (106	  m3)	  	   bn	  (m	  w.e.)	  	   V	  (106	  m3)	  	  

1025-‐1075	   0	   0.94	   0	   0.37	   0	   1.32	   0	  

975	  -‐	  1025	  	   0.06	   0.90	   0.05	   0.22	   0.01	   1.13	   0.07	  

925	  -‐	  975	  	   0.31	   0.86	   0.27	   0.08	   0.02	   0.94	   0.29	  

875	  -‐	  925	  	   0.40	   0.82	   0.33	   -‐0.07	   -‐0.03	   0.75	   0.30	  

825	  -‐	  875	  	   0.83	   0.78	   0.65	   -‐0.22	   -‐0.18	   0.56	   0.47	  

775	  -‐	  825	  	   0.95	   0.75	   0.71	   -‐0.37	   -‐0.35	   0.37	   0.36	  

725	  -‐	  775	  	   1.11	   0.71	   0.78	   -‐0.52	   -‐0.58	   0.19	   0.21	  

675	  -‐	  725	  	   1.73	   0.68	   1.18	   -‐0.46	   -‐0.80	   0.22	   0.37	  

625	  -‐	  675	  	   1.69	   0.64	   1.08	   -‐0.51	   -‐0.86	   0.13	   0.23	  

575	  -‐	  625	  	   1.84	   0.93	   1.71	   -‐0.81	   -‐1.49	   0.12	   0.22	  

525	  -‐	  575	  	   2.09	   0.53	   1.11	   -‐1.52	   -‐3.17	   -‐0.99	   -‐2.06	  

475	  -‐	  525	  	   1.17	   0.50	   0.58	   -‐1.74	   -‐2.03	   -‐1.24	   -‐1.45	  

425	  -‐	  475	  	   0.81	   0.48	   0.39	   -‐1.30	   -‐1.06	   -‐0.82	   -‐0.66	  

375	  -‐	  425	  	   0.74	   0.48	   0.36	   -‐1.48	   -‐1.10	   -‐1.00	   -‐0.74	  

325	  -‐	  375	  	   0.66	   0.51	   0.34	   -‐1.56	   -‐1.03	   -‐1.05	   -‐0.69	  

275	  -‐	  325	  	   0.40	   0.35	   0.14	   -‐1.86	   -‐0.74	   -‐1.51	   -‐0.60	  

225	  -‐	  275	  	   0.30	   0.31	   0.09	   -‐2.01	   -‐0.60	   -‐1.70	   -‐0.51	  

175	  -‐	  225	  	   0.03	   0.27	   0.01	   -‐2.16	   -‐0.06	   -‐1.89	   -‐0.06	  

175	  -‐	  1075	  	   15.14	   0.65	   9.79	   -‐0.93	   -‐14.05	   -‐0.28	   -‐4.27	  

 

 

Figures 4.3-4.5 show the differences between measured and interpolated specific mass 

balance. In the figures displaying measured mass balance, elevation bands outside the range 

of the stake network show values from the linear regression in Table 4.4. 
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Figure 4.3: Winter mass balance 2013/2014.  

 

Figure 4.4: Summer mass balance 2014. 

 

Figure 4.5: Net mass balance 2013/2014.  
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4.4 Automatic weather station 

Table 4.6 displays records of wind speed and direction on Marthabreen between March 30 

and September 5, 2014. Recorded temperatures can be found in Figure 3.1 and daily mean 

temperatures are given in Table 8.1 in the Appendix. 

Table 4.6: Observations of wind on Marthabreen from March 30 – September 5, 2014. 

	   	  
0-‐5	  m	  s-‐1	   5-‐10	  m	  s-‐1	   10-‐15	  m	  s-‐1	   Sum	  

Direction	   Degrees	   Events	   Percent	   Events	   Percent	   Events	   Percent	   Events	   Percent	  

N	   0-‐22.5	   124	   3.25	  %	   1	   0.03	  %	   0	   0	  %	   125	   3.28	  %	  

NNE	   22.5-‐45	   42	   1.10	  %	   1	   0.03	  %	   0	   0	  %	   43	   1.13	  %	  

NE	   45-‐67.5	   43	   1.13	  %	   0	   0	  %	   0	   0	  %	   43	   1.13	  %	  

ENE	   67.5-‐90	   43	   1.13	  %	   10	   0.26	  %	   0	   0	  %	   53	   1.39	  %	  

E	   90-‐112.5	   84	   2.20	  %	   6	   0.16	  %	   0	   0	  %	   90	   2.36	  %	  

ESE	   112.5-‐135	   115	   3.01	  %	   16	   0.42	  %	   2	   0.05	  %	   133	   3.49	  %	  

SE	   135-‐157.5	   637	   16.70	  %	   57	   1.49	  %	   1	   0.03	  %	   695	   18.22	  %	  

SSE	   157.5-‐180	   992	   26.00	  %	   21	   0.55	  %	   0	   0	  %	   1013	   26.55	  %	  

S	   180-‐202.5	   404	   10.59	  %	   6	   0.16	  %	   0	   0	  %	   410	   10.75	  %	  

SSW	   202.5-‐225	   103	   2.70	  %	   0	   0	  %	   0	   0	  %	   103	   2.70	  %	  

SW	   225-‐247.5	   77	   2.02	  %	   3	   0.08	  %	   0	   0	  %	   80	   2.10	  %	  

WSW	   247.5-‐270	   68	   1.78	  %	   1	   0.03	  %	   0	   0	  %	   69	   1.81	  %	  

W	   270-‐292.5	   115	   3.01	  %	   21	   0.55	  %	   0	   0	  %	   136	   3.56	  %	  

WNW	   292.5-‐315	   232	   6.08	  %	   14	   0.37	  %	   0	   0	  %	   246	   6.45	  %	  

NW	   315-‐337.5	   255	   6.68	  %	   51	   1.34	  %	   0	   0	  %	   306	   8.02	  %	  

NNW	   337.5-‐360	   250	   6.55	  %	   20	   0.52	  %	   0	   0	  %	   270	   7.08	  %	  

Sum	   	  	   3584	   93.94	  %	   228	   5.98	  %	   3	   0.08	  %	   3815	   100.00	  %	  

 

4.5 Snow samples 

The results of snow sample analysis are given in Table 4.7. Dust content for the eighteen 

samples varies between 0% and 13.88%. Most samples are less than 1%, and all 2013 samples 

are 0%. The three samples collected in June 2014 contain three of the four highest values of 

dust content for all collected samples.  
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Table 4.7: Snow sample analysis of dust content. See Figure 3.2 for map locations. 

Sample	   Date	   Location:	  	  
UTM	  Zone	  33X	  	   Sample	  weight	  (g)	   Dust	  weight	  (g)	   Dust	  percent	  

PIT	  A	   21.03.13	   E540613	  N8659544	   1047.38	   -‐0.0025	   0	  %	  

PIT	  B	   21.03.13	   E540764	  N8659288	   897.94	   -‐0.0407	   0	  %	  

MARTHA	  2	   21.03.13	   E541229	  N8659019	   1147.88	   -‐0.0174	   0	  %	  

MARTHA	  5	   21.03.13	   E540459	  N8659490	   659.73	   -‐0.0177	   0	  %	  

MARTHA	  7	  	   21.03.13	   E539145	  N8660978	   1055.24	   -‐0.0339	   0	  %	  

PIT	  1	   24.03.14	   E541860	  N8659279	   1403.55	   4.2886	   0.31	  %	  

PIT	  2	   24.03.14	   E539556	  N8659968	   1228.26	   1.3106	   0.11	  %	  

PIT	  3	   26.03.14	   E540459	  N8659490	   500.40	   0.0013	   0.00	  %	  

PIT	  4	   26.03.14	   E540049	  N8660017	   683.03	   -‐0.0697	   0	  %	  

JN1	   22.06.14	   E541350	  N8659120	   2262.92	   44.147	   1.95	  %	  

JN2	   22.06.14	   E539850	  N8659160	   2090.52	   26.734	   1.28	  %	  

JN3	   22.06.14	   E539600	  N8659746	   2477.13	   343.894	   13.88	  %	  

JL1	   31.07.14	   E540682	  N8659320	   1466.63	   29.57	   2.02	  %	  

JL2	   31.07.14	   E540499	  N8659618	   1473.38	   8.379	   0.57	  %	  

JL3	   31.07.14	   E539629	  N8659791	   1403.95	   11.538	   0.82	  %	  

SP1	   07.09.14	   E541486	  N8659242	   1171.30	   9.21	   0.79	  %	  

SP2	   07.09.14	   E540995	  N8659037	   1025.40	   0.05	   0.00	  %	  

SP3	   07.09.14	   E539682	  N8660226	   894.70	   0.357	   0.04	  %	  

Control	  	   08.09.14	   Distilled	  water	   481.40	   -‐0.014	   0	  %	  

 

4.6 Albedo measurements  

Albedo was measured on September 6, 2014 along six tracks on the glacier (see Fig. 3.1). 

Track 1 was measured east to west, tracks 2, 3, and 4 south to north, and tracks 5 and 6 north 

to south. The results (α) can be seen in Table 4.8. For ease of comparison, the results are all 

listed in the direction upstream to downstream.  

Track 5 exhibits the lowest average albedo of 0.433, and track 4 the highest at 0.590. Overall, 

albedo values range from 0.122 in track 2, to 0.840 in track 3, and show high variability 

within tracks.  
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Table 4.8: Albedo measurements from September 6, 2014. Shortwave radiation incoming 

(Sê), shortwave radiation reflected (Sé), and albedo (α). See Figure 3.1 for locations. 

Track	  1	   Track	  2	   Track	  3	  

Sé	   Sê	   α	   Sé	   Sê	   α	   Sé	   Sê	   α	  

8.3	   17.5	   0.474	   14.3	   20.0	   0.715	   5.0	   18.8	   0.266	  

11.3	   18.2	   0.621	   3.0	   19.0	   0.158	   4.8	   17.8	   0.270	  

8.9	   18.7	   0.476	   2.2	   18.0	   0.122	   9.8	   17.4	   0.563	  

11.2	   19.4	   0.577	   4.5	   17.5	   0.257	   12.5	   18.6	   0.672	  

11.8	   19.2	   0.615	   4.0	   17.8	   0.225	   12.1	   20.6	   0.587	  

8.3	   19.4	   0.428	   9.6	   17.2	   0.558	   16.3	   19.4	   0.840	  

9.3	   20.5	   0.454	   8.7	   16.5	   0.527	   9.3	   21.2	   0.439	  

9.8	   21.0	   0.467	   11.1	   16.5	   0.673	   13.6	   22.1	   0.615	  

15.8	   21.4	   0.738	   5.2	   16.3	   0.319	   6.1	   21.8	   0.280	  

13.0	   21.4	   0.607	   3.5	   16.6	   0.211	   5.8	   21.9	   0.265	  

	  	   	  	   	  	   	  	   	  	   	  	   4.8	   20.7	   0.232	  

Average	   	  	   0.546	   	  	   	  	   0.376	   	  	   	  	   0.457	  

	   	   	   	   	   	   	   	   	  Track	  4	   Track	  5	   Track	  6	  

Sé	   Sê	   α	   Sé	   Sê	   α	   Sé	   Sê	   α	  

7.7	   24.0	   0.321	   11.8	   34.8	   0.339	   12.1	   34.4	   0.352	  

18.6	   24.2	   0.769	   16.2	   33.4	   0.485	   10.9	   32.8	   0.332	  

18.5	   23.2	   0.797	   21.6	   33.1	   0.653	   21.1	   35.8	   0.589	  

9.1	   24.0	   0.379	   24.1	   34.6	   0.697	   12.2	   33.0	   0.370	  

13.6	   24.0	   0.567	   13.5	   33.5	   0.403	   24.7	   35.9	   0.688	  

18.6	   24.1	   0.772	   18.7	   32.3	   0.579	   27.6	   35.1	   0.786	  

17.2	   23.3	   0.738	   8.2	   25.6	   0.320	   17.4	   39.9	   0.436	  

9.3	   21.9	   0.425	   8.1	   29.7	   0.273	   26.2	   39.9	   0.657	  

8.9	   20.6	   0.432	   9.3	   30.1	   0.309	   13.2	   43.5	   0.303	  

13.9	   19.7	   0.706	   8.2	   29.7	   0.276	   16.8	   41.1	   0.409	  

Average	   	  	   0.590	   	  	   	  	   0.433	   	  	   	  	   0.492	  
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4.7 Time-lapse cameras 

The results of the ImageJ analysis of dark particle area can be found in Table 4.9. Several 

time periods were eliminated from analysis because the cameras were covered with snow, the 

glacier was fogged in, or shadows from clouds created dark areas on the glacier unsuited for 

analysis.  

For the period March 30-September 5, 2014, the Lunckefjell camera yielded 114 images and 

the Skollfjellet camera 106 images, for analysis. For each image, the threshold pixel value 

was adjusted manually to differentiate between light areas and dark particles on the glacier 

surface. Within a region of interest (ROI) in each image, the amount of dark particles was 

recorded as a percentage of total area. The average value for dark particle area was 18.5% for 

Lunckefjell, with the range of values 0.029-80.805%. 28 days were higher than 30%, and the 

longest period of consecutive days over 30% was fourteen days, from July 17-30. Values 

were all below 10% before July 3, and remained relatively high, with some exceptions, until 

September 5.  

The average value for Skollfjellet was 8,8%, with the range 0.599-43.389%. Six days were 

over 30%, and the longest consecutive stretch was three days, from July 17-19. Values were 

all below 10% until June 30, and below 20% until July 17, when the 43% was recorded. 

Values for Skollfjellet are generally lower than those for Lunckefjell, and show a general 

decline from July 30, with some few days recording values in the range 15-25%.    
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Table 4.9: Analysis of dark particles in ImageJ. The same region of interest was used for all 

images from the Lunckefjell camera, but several ROIs were necessary for the images from the 

Skollfjellet camera.  

Date	  
Lunckefjell	   Time	   ImageJ	   Skollfjellet	   Time	   Region	  of	   ImageJ	  

image	  no.	   stamp	   %	  area	   image	  no.	   stamp	   interest	  used	   %	  area	  

30.	  March	   4612	   16:16:59	   0.029	   3613	   12:54:15	   	  	   	  	  

31.	  March	   4619	   13:17:00	   0.034	   3623	   11:16:08	   3623roi	   1.099	  

01.apr	   4627	   13:17:01	   0.029	   3630	   11:16:08	   3623roi	   0.939	  

02.apr	   4635	   13:17:02	   0.051	   	  	   	  	   	  	   	  	  

03.apr	   4643	   13:17:03	   0.046	   	  	   	  	   	  	   	  	  

04.apr	   4652	   16:17:04	   0.049	   3637	   11:16:11	   3623roi	   1.287	  

05.apr	   	  	   	  	   	  	   3644	   11:16:11	   3623roi	   0.716	  

06.apr	   	  	   	  	   	  	   3651	   11:16:11	   3623roi	   1.619	  

07.apr	   	  	   	  	   	  	   3658	   11:16:11	   3623roi	   1.716	  

08.apr	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  

09.apr	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  

10.apr	   	  	   	  	   	  	   3675	   17:16:13	   3623roi	   0.599	  

11.apr	   	  	   	  	   	  	   3680	   08:16:13	   3623roi	   1.265	  

12.apr	   	  	   	  	   	  	   3689	   11:16:13	   3623roi	   0.865	  

13.apr	   	  	   	  	   	  	   3695	   05:16:14	   3623roi	   0.709	  

14.apr	   	  	   	  	   	  	   3698	   11:16:15	   3623roi	   1.703	  

15.apr	   	  	   	  	   	  	   3705	   08:16:15	   3623roi	   2.177	  

4.	  May	   4891	   13:17:32	   1.089	   	  	   	  	   	  	   	  	  

5.	  May	   4899	   13:17:33	   1.037	   	  	   	  	   	  	   	  	  

6.	  May	   4907	   12:17:37	   0.643	   	  	   	  	   	  	   	  	  

7.	  May	   4915	   12:17:38	   0.684	   	  	   	  	   	  	   	  	  

23.	  May	   5044	   14:02:30	   0.888	   	  	   	  	   	  	   	  	  

24.	  May	   5052	   14:02:31	   0.834	   	  	   	  	   	  	   	  	  

25.	  May	   5060	   14:02:32	   0.914	   	  	   	  	   	  	   	  	  

26.	  May	   5068	   14:02:33	   0.968	   4007	   12:23:50	   4007roi	   1.551	  

27.	  May	   5077	   17:02:34	   0.552	   4011	   00:23:50	   4007roi	   1.902	  

28.	  May	   5083	   11:02:34	   1.608	   	  	   	  	   	  	   	  	  

29.	  May	   5091	   11:02:35	   0.903	   4034	   21:23:50	   4007roi	   2.166	  

30.	  May	   5099	   11:02:36	   1.238	   	  	   	  	   	  	   	  	  

31.	  May	   5108	   14:02:37	   0.787	   4045	   06:23:50	   4007roi	   1.045	  

1.	  June	   5117	   17:02:38	   0.909	   4047	   06:23:51	   4007roi	   1.119	  

2.	  June	   5124	   14:02:39	   0.979	   4050	   06:23:51	   4007roi	   1.441	  

3.	  June	   5134	   20:02:40	   0.893	   	  	   	  	   	  	   	  	  

4.	  June	   5141	   17:02:41	   1.285	   	  	   	  	   	  	   	  	  
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Table 4.9 continued: Analysis of dark particles in ImageJ. The same region of interest was 

used for all images from the Lunckefjell camera, but several ROIs were necessary for the 

images from the Skollfjellet camera. 

Date	  
Lunckefjell	   Time	   ImageJ	   Skollfjellet	   Time	   Region	  of	   ImageJ	  

image	  no.	   stamp	   %	  area	   image	  no.	   stamp	   interest	  used	   %	  area	  

5.	  June	   5149	   17:02:42	   3.432	   4055	   12:23:52	   4007roi	   2.952	  

6.	  June	   5156	   14:02:42	   1.983	   4063	   12:23:52	   4007roi	   3.252	  

7.	  June	   5163	   11:02:43	   2.612	   4071	   12:23:52	   4007roi	   4.185	  

8.	  June	   5173	   17:02:44	   6.201	   4082	   21:23:52	   4007roi	   4.957	  

9.	  June	   5181	   17:02:45	   6.045	   4090	   21:23:52	   4007roi	   4.845	  

10.	  June	   5187	   11:02:46	   5.230	   4094	   09:23:52	   4007roi	   4.540	  

11.	  June	   5196	   14:02:47	   3.675	   4104	   15:23:53	   4007roi	   4.517	  

12.	  June	   5203	   11:02:47	   4.463	   4110	   09:23:53	   4007roi	   4.135	  

13.	  June	   5211	   11:02:48	   4.261	   4117	   09:23:53	   4007roi	   4.127	  

14.	  June	   5219	   11:02:49	   3.417	   4129	   21:23:53	   4007roi	   4.744	  

15.	  June	   	  	   	  	   	  	   4134	   12:23:53	   4007roi	   2.967	  

16.	  June	   5236	   14:02:51	   3.246	   4142	   12:23:53	   4007roi	   3.594	  

17.	  June	   5244	   14:02:52	   1.513	   4149	   12:23:53	   4007roi	   2.354	  

18.	  June	   5252	   14:02:53	   1.553	   4157	   12:23:53	   4007roi	   2.574	  

19.	  June	   5260	   14:02:54	   1.492	   4167	   21:23:54	   4007roi	   2.969	  

20.	  June	   5268	   14:02:55	   2.093	   4172	   15:23:54	   4007roi	   3.838	  

21.	  June	   5276	   14:02:56	   2.935	   4178	   12:23:54	   4007roi	   3.429	  

22.	  June	   5286	   14:02:57	   3.341	   4186	   12:23:54	   4007roi	   3.627	  

23.	  June	   5294	   14:02:57	   3.326	   4193	   12:23:54	   4007roi	   3.843	  

24.	  June	   5303	   17:02:58	   3.048	   4203	   18:23:54	   4007roi	   5.041	  

25.	  June	   5309	   11:02:59	   3.68	   4210	   18:23:54	   4007roi	   4.918	  

26.	  June	   5317	   11:03:00	   3.646	   4215	   09:23:54	   4007roi	   4.898	  

27.	  June	   5325	   11:03:01	   3.763	   4223	   12:23:54	   4007roi	   6.635	  

28.	  June	   5334	   14:03:02	   6.238	   4231	   12:23:54	   4007roi	   9.009	  

29.	  June	   5341	   11:03:03	   5.097	   4239	   12:23:55	   4007roi	   9.763	  

30.	  June	   5348	   08:03:03	   8.380	   4246	   09:23:55	   4007roi	   16.127	  

1.	  July	   5358	   14:03:05	   8.923	   4254	   12:23:55	   4007roi	   13.914	  

2.	  July	   5366	   14:03:05	   7.356	   4262	   12:23:55	   4007roi	   10.296	  

3.	  July	   5372	   08:03:06	   15.364	   	  	   	  	   	  	   	  	  

5.	  July	   5390	   14:03:08	   22.271	   4279	   15:36:28	   4007roi	   14.053	  

6.	  July	   5398	   14:03:09	   12.432	   4285	   12:36:28	   4007roi	   7.350	  

7.	  July	   5406	   14:03:10	   23.464	   4293	   12:36:28	   4293roi	   12.075	  

8.	  July	   5414	   14:03:11	   24.605	   4302	   15:36:28	   4293roi	   11.834	  

9.	  July	   5422	   14:03:12	   25.216	   4309	   12:36:28	   4293roi	   12.127	  
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Table 4.9 continued: Analysis of dark particles in ImageJ. The same region of interest was 

used for all images from the Lunckefjell camera, but several ROIs were necessary for the 

images from the Skollfjellet camera. 

Date	  
Lunckefjell	   Time	   ImageJ	   Skollfjellet	   Time	   Region	  of	   ImageJ	  

image	  no.	   stamp	   %	  area	   image	  no.	   stamp	   interest	  used	   %	  area	  

10.	  July	   5427	   05:03:12	   26.260	   4314	   03:36:28	   4293roi	   18.911	  

11.	  July	   5434	   02:03:13	   35.246	   4323	   09:36:28	   4293roi	   43.389	  

12.	  July	   5446	   14:03:15	   17.323	   4332	   15:36:29	   4293roi	   5.849	  

13.	  July	   5455	   17:03:16	   25.247	   4339	   12:36:29	   4293roi	   10.808	  

14.	  July	   5463	   17:03:17	   23.868	   4346	   12:36:29	   4293roi	   5.228	  

15.	  July	   5470	   14:03:17	   21.172	   4353	   12:36:29	   4293roi	   4.187	  

16.	  July	   5478	   14:03:18	   26.038	   4360	   12:36:29	   4293roi	   14.813	  

17.	  July	   5482	   02:03:19	   47.991	   4366	   09:36:29	   4293roi	   41.692	  

18.	  July	   5494	   14:03:20	   51.098	   4374	   12:36:29	   4293roi	   36.016	  

19.	  July	   5502	   14:03:21	   46.494	   4383	   15:36:29	   4293roi	   30.589	  

20.	  July	   5512	   20:03:21	   38.906	   4390	   15:36:29	   4293roi	   33.600	  

21.	  July	   5518	   14:03:23	   30.199	   4394	   12:36:29	   4293roi	   5.398	  

22.	  July	   5526	   14:03:24	   36.745	   4402	   12:36:30	   4293roi	   9.015	  

23.	  July	   5530	   02:03:24	   57.749	   4406	   00:36:30	   4293roi	   20.757	  

24.	  July	   5541	   11:03:25	   40.540	   4418	   12:36:30	   4293roi	   35.316	  

25.	  July	   5550	   14:03:26	   40.138	   4427	   15:36:30	   4293roi	   7.488	  

26.	  July	   5554	   02:03:27	   65.616	   4430	   00:36:30	   4293roi	   35.466	  

27.	  July	   5567	   17:03:28	   49.998	   4443	   18:36:30	   4293roi	   21.079	  

28.	  July	   5575	   17:03:29	   35.230	   4449	   12:36:30	   4293roi	   9.639	  

29.	  July	   5582	   14:03:30	   30.399	   4457	   12:36:30	   4293roi	   6.721	  

30.	  July	   5588	   08:03:31	   32.530	   4464	   06:36:31	   4293roi	   16.354	  

31.	  July	   5597	   11:03:32	   27.720	   4473	   12:36:31	   4293roi	   7.078	  

01.Aug	   5606	   14:03:33	   4.744	   4482	   12:53:56	   4293roi	   4.764	  

02.Aug	   5615	   17:03:34	   65.202	   4491	   18:21:58	   4293roi	   15.641	  

03.Aug	   5622	   14:03:34	   40.429	   4497	   15:21:58	   4293roi	   15.956	  

04.Aug	   5630	   14:03:35	   26.909	   4504	   12:21:58	   4293roi	   8.873	  

05.Aug	   5638	   14:03:36	   27.248	   4511	   12:21:58	   4293roi	   8.593	  

06.Aug	   5646	   14:03:37	   des.58	   4519	   12:21:58	   4293roi	   8.426	  

07.Aug	   5655	   17:03:38	   62.268	   4526	   12:21:58	   4293roi	   25.016	  

08.Aug	   5663	   17:03:39	   80.805	   4535	   18:21:58	   4293roi	   23.373	  

09.Aug	   5670	   14:03:40	   12.231	   4540	   12:21:59	   4293roi	   6.927	  

10.Aug	   5678	   14:03:41	   18.769	   4547	   12:21:59	   4293roi	   6.580	  

11.Aug	   5686	   14:03:42	   48.929	   4555	   12:21:59	   4293roi	   6.028	  

12.Aug	   5695	   17:03:43	   50.978	   4565	   21:21:59	   4565roi	   20.283	  
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Table 4.9 continued: Analysis of dark particles in ImageJ. The same region of interest was 

used for all images from the Lunckefjell camera, but several ROIs were necessary for the 

images from the Skollfjellet camera. 

Date	  
Lunckefjell	   Time	   ImageJ	   Skollfjellet	   Time	   Region	  of	   ImageJ	  

image	  no.	   stamp	   %	  area	   image	  no.	   stamp	   interest	  used	   %	  area	  

13.Aug	   5701	   11:03:43	   52.444	   4568	   06:21:59	   4565roi	   29.400	  

14.Aug	   5710	   14:03:44	   26.970	   4569	   12:22:00	   4565roi	   9.058	  

15.Aug	   5718	   14:03:45	   66.210	   4576	   12:22:00	   4565roi	   8.943	  

16.Aug	   5726	   14:03:46	   55.103	   4577	   12:22:00	   4565roi	   8.707	  

17.Aug	   5734	   14:03:47	   11.638	   4578	   12:22:00	   4565roi	   6.277	  

18.Aug	   5742	   14:03:48	   10.965	   4580	   12:22:00	   4565roi	   4.071	  

19.Aug	   5750	   14:03:49	   9.459	   4584	   12:22:01	   4565roi	   4.891	  

20.Aug	   5758	   14:03:50	   10.152	   4591	   12:22:01	   4565roi	   5.113	  

21.Aug	   5767	   17:03:51	   15.846	   4598	   12:22:01	   4565roi	   3.917	  

22.Aug	   5775	   17:03:52	   32.449	   4605	   12:22:02	   4565roi	   4.313	  

23.Aug	   5783	   17:03:52	   17.265	   4613	   11:39:15	   4565roi	   5.515	  

24.Aug	   5790	   14:03:54	   8.879	   4620	   11:39:15	   4565roi	   5.274	  

25.Aug	   5798	   14:03:54	   9.409	   4627	   11:39:15	   4565roi	   5.173	  

26.Aug	   5806	   14:03:55	   7.893	   4632	   02:39:15	   4565roi	   5.991	  

27.Aug	   5814	   14:03:56	   54.661	   4633	   08:39:16	   4565roi	   5.530	  

28.Aug	   5823	   17:03:57	   75.945	   4637	   17:39:16	   4565roi	   5.811	  

29.Aug	   5828	   08:03:58	   23.383	   	  	   	  	   	  	   	  	  

30.Aug	   5838	   14:03:59	   18.229	   	  	   	  	   	  	   	  	  

31.Aug	   5845	   11:04:00	   6.382	   4646	   17:39:18	   4565roi	   1.968	  

01.Sep	   5854	   14:04:01	   5.309	   4652	   11:39:18	   4565roi	   2.229	  

02.Sep	   5861	   11:04:01	   2.992	   	  	   	  	   	  	   	  	  

03.Sep	   5868	   08:04:02	   35.669	   4658	   11:39:19	   4565roi	   3.069	  

04.Sep	   5879	   17:04:03	   23.587	   4660	   11:39:19	   4565roi	   2.076	  

05.Sep	   5886	   14:04:04	   22.657	   4662	   11:39:20	   4565roi	   3.219	  
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5. Discussion 

5.1 2014 mass balance 

Table 4.5 shows measured specific and volume balance for 50 m elevation bands on 

Marthabreen. The total winter volume balance in 2014 was 9.79 106 m3, total summer volume 

balance was -14.05 106 m3, and total net volume balance was -4.27 106 m3.  

Table 4.1 forms the basis for mass balance calculations. After consideration, some 

adjustments were made, as the measurement at stake M6 in September was unfortunately not 

accurate. In July, M6N (the stake installed in March 2014) was found to be in the middle of a 

meltwater channel. The stake was measured to the surface of the water, and was not used for 

mass balance calculations. Instead, the measurement from stake M6 (installed March 2013) 

was used. In September, however, M6 had melted out of the ice, which left no choice but to 

use the measurement from M6N. At this time, M6N was still in the meltwater channel, which 

had dried out and filled with snow. Consequently, the measurement of M6N yielded only a 2 

cm melt between the surface of water in the channel in July and the surface of the wind-

drifted snow in September. Because the surrounding area had been snow free since July, the 2 

cm difference was used as ice melt in the mass balance calculation.   

The presence of the meltwater channel causes the September measurement at M6 to be 

invalid. Looking at measurements from M5 and M7, one can estimate that the July-September 

melt at M6 should have been 0.56 m. M5 experienced 0.55 m melt for the period, and M7 

0.57 m. Replacing the 0.02 m M6 measurement with the 0.56 m estimate leads to a change in 

mass balance results (Table 5.1). The specific summer balance at M6 becomes -1.73 m SWE 

instead of -1.244 m SWE. The specific net balance at M6 is subsequently changed to -1.287 

m SWE instead of -0.801 m SWE.    
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Table 5.1: Measured, estimated (M6) and linear interpolation of mass balance on 
Marthabreen 2014. 

Marthabreen 2014, measured (light grey), estimated from M6 (dark grey) and linear interpolated mass balance  

Elevation	  
(m.a.s.l.)	  

Area	  
(km2)	  	  

Winter	   Summer	   Net	  

bw	  
V	  (106	  m3)	  	  

bs	  
V	  (106	  m3)	  	  

bn	  
V	  (106	  m3)	  	  

(m	  w.e.)	  	   (m	  w.e.)	  	   (m	  w.e.)	  	  

1025-‐1075	   0	   0.94	   0	   0.37	   0	   1.32	   0	  
975	  -‐	  1025	  	   0.06	   0.90	   0.05	   0.22	   0.01	   1.13	   0.07	  
925	  -‐	  975	  	   0.31	   0.86	   0.27	   0.08	   0.02	   0.94	   0.29	  

875	  -‐	  925	  	   0.40	   0.82	   0.33	   -‐0.07	   -‐0.03	   0.75	   0.30	  
825	  -‐	  875	  	   0.83	   0.78	   0.65	   -‐0.22	   -‐0.18	   0.56	   0.47	  

775	  -‐	  825	  	   0.95	   0.75	   0.71	   -‐0.37	   -‐0.35	   0.37	   0.36	  
725	  -‐	  775	  	   1.11	   0.71	   0.78	   -‐0.52	   -‐0.58	   0.19	   0.21	  

675	  -‐	  725	  	   1.73	   0.68	   1.18	   -‐0.46	   -‐0.80	   0.22	   0.37	  

625	  -‐	  675	  	   1.69	   0.64	   1.08	   -‐0.51	   -‐0.86	   0.13	   0.23	  
575	  -‐	  625	  	   1.84	   0.93	   1.71	   -‐0.81	   -‐1.49	   0.12	   0.23	  

525	  -‐	  575	  	   2.09	   0.53	   1.11	   -‐1.52	   -‐3.17	   -‐0.99	   -‐2.06	  
475	  -‐	  525	  	   1.17	   0.50	   0.58	   -‐1.89	   -‐2.21	   -‐1.39	   -‐1.63	  

425	  -‐	  475	  	   0.81	   0.48	   0.39	   -‐1.70	   -‐1.38	   -‐1.22	   -‐0.99	  

375	  -‐	  425	  	   0.74	   0.48	   0.36	   -‐1.57	   -‐1.16	   -‐1.09	   -‐0.81	  
325	  -‐	  375	  	   0.66	   0.51	   0.34	   -‐1.56	   -‐1.03	   -‐1.05	   -‐0.69	  

275	  -‐	  325	  	   0.40	   0.35	   0.14	   -‐1.86	   -‐0.74	   -‐1.51	   -‐0.60	  
225	  -‐	  275	  	   0.30	   0.31	   0.09	   -‐2.01	   -‐0.60	   -‐1.70	   -‐0.51	  

175	  -‐	  225	  	   0.03	   0.27	   0.01	   -‐2.16	   -‐0.06	   -‐1.89	   -‐0.06	  
175	  -‐	  1075	  	   15.14	   0.65	   9.79	   -‐0.97	   -‐14.62	   -‐0.32	   -‐4.83	  

 

This also leads to changes in the linear regression. The original summer mass balance 

gradient was: 

𝑦 = 0.00297𝑥  𝑚 −   2.751                                                 (7) 

with r2 = 0.531. 

The revised summer mass balance gradient is: 

𝑦 = 0.00317𝑥  𝑚 −   2.918                                                 (9) 

with r2 = 0.539. 

The original mass balance gradient for the net balance was: 
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 𝑦 = 0.00377𝑥  𝑚 − 2.638                                                  (8) 

with r2 = 0.639.  

The revised mass balance gradient for the net balance is: 

𝑦 = 0.00396𝑥  𝑚 − 2.805                                                  (10) 

with r2 = 0.632.  

Thus the fit of the summer mass balance gradient is marginally improved with an increase in 

r2 from 0.531 to 0.539. The fit of the net balance is marginally reduced with a decrease in r2 

from 0.639 to 0.632. 

The M6N measurement (at 467 m.a.s.l.) was used in mass balance calculation for the 

elevation intervals 375-425 m.a.s.l., 425-475 m.a.s.l., and 475-525 m.a.s.l. The combined area 

of these three intervals is 2.72 km2, which is 18% of Marthabreen’s total area of 15.14 km2. 

Total mass balance for summer from measured values is changed from -14.05 106 m3 to          

-14.62 106 m3 by using the 0.56 m value for M6. The total net mass balance from measured 

values is changed from -4.27 106 m3 to -4.83 106 m3. The total summer mass balance from 

linear interpolation is changed from -13.71 106 m3 to -14.79 106 m3, and the total net mass 

balance from linear interpolation is changed from -4.67 106 m3 to -5.75 106 m3. The mass 

balance calculations from linear regression are most changed by adjusting the M6 

measurement. The change in total net balance is -23.13% from the original value from linear 

interpolation. For the measured values, total net balance has a change of -13.1%. These 

changes are substantial, and show that the inaccuracy of the M6 measurement must be 

considered significant. It is also revealed that linear regression is less accurate for mass 

balance calculations on Marthabreen than using linear interpolation between closest actual 

measurements.  

Adjusting the M6 measurement improves mass balance calculations and provides a more 

accurate representation of mass balance on Marthabreen. Figure 5.1 (below) shows the 

differences in specific summer mass balance when using the measured 0.02 m melt at M6 and 

substituting it for the more realistic 0.56 m melt.  From Figure 4.4 one can see that the main 

differences between measured and interpolated values occur near the road. More melt is 

observed close to the road than the summer mass balance gradient reveals. The results in 
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Figure 5.1 reveal that the difference between observed melt and interpolated specific mass 

balance is greater when using 0.56 m at stake M6.  

 

Figure 5.1: Differences in specific summer mass balance using 0.02 m (left) and 0.56 m 

(right) melt at stake M6 for the period July-September 2014. 

The differences between measured and interpolated specific mass balance are visualized in 

Figures 4.3-4.5, although using the inaccurate M6 measurement. The specific winter balance 

shows good agreement between measured and interpolated values, which is reflected in the 

high r2 value of 0.95. The summer balance shows the least good relationship between 

elevation and mass balance, with r2 = 0.531. The exaggerated observed melting near the road 

in turn influences specific net mass balance, which also has a poor r2 of 0.639.  

Plotting measured volume balance against elevation in Figure 5.2 reveals that the ELA was at 

roughly 600 m.a.s.l. in 2014. Figure 5.2 shows that the bulk of Marthabreen’s mass loss 

occurred in the elevation bands containing the road (440-660 m.a.s.l.). Figure 5.3 shows that 

most of Marthabreen’s area is in the elevation range 450-850 m.a.s.l., which partly explains 

why the volume balance is greatest near the road. However, the area-elevation distribution 

does not fully explain the summer volume loss near the road, as the specific summer balance 

reveals that rates of melting in addition to volume loss were greatest near the road (Fig. 5.1). 

Winter accumulation was also higher near the road, which may be due in part to the road 

acting as a snow fence on its upstream side. Because the surface of the glacier has been 

lowered due to summer melting, but the road sits on a frozen core of ice, the difference in 
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elevation between the road and the glacier is increasing. In winter, accumulation of snow may 

be impacted by the presence of the road, as it can act as a barrier to wind-blown snow from 

the SE (upstream). It is also possible that greater accumulation of snow was due to manually 

clearing snow from the road.  

 

Figure 5.2: Volume balance plotted against elevation. Note that the road on Marthabreen 
spans elevations 440-660 m.a.s.l. 

 

Figure 5.3: Distribution of Marthabreen’s area with elevation.  
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Referring to Fountain and Vecchia (1999), the number and position of ablation stakes on 

Marthabreen was presumed adequate by Skadsem (2014). Fountain and Vecchia (1999) found 

that as few as five to ten ablation stakes provided good results for alpine glaciers up to 10 km2 

when using linear regression of mass balance versus elevation. The seven ablation stakes on 

Marthabreen are considered adequate for mass balance calculation for its 15 km2 area.   

To improve regression analysis to produce mass balance gradients, however, it would be 

useful to install several more ablation stakes on the glacier. Stakes should be added both along 

the glacier’s longitudinal profile and transversely close to the road. More closely spaced 

stakes downstream and upstream of the road could help better determine the extent of  areas 

where mass balance is affected.   

5.2 Potential causes of enhanced melting 

It is clear that there is in fact enhanced melting near the road on Marthabreen. The cause of 

the added melt is less clear. When observing such a clear effect in summer, but not winter, the 

next logical step becomes to look for explanations in the premier summer process: melting. It 

may be that lower albedo from deposition of coal dust is part of the reason, or perhaps the 

physical presence of the road itself is in some way the cause. Lateral moraines, which were 

the source of added mineral dust on Vadret da Morteratsch, Switzerland (Oerlemans et al., 

2009), do not appear until well into the ablation zone on Marthabreen (Fig. 5.4). In July, a 

medial moraine surfaced some tens of meters downstream of stake M6, but remained low and 

narrow (up to a few meters wide, and less than 1 m high) until passing downstream of stake 

M7. Two other medial moraines also surface in the vicinity of M7 (Fig. 5.5). As the 

predominant wind direction on Marthabreen is from the SSE, it is unlikely that dust from 

medial and lateral moraines could be transported by NW winds and deposited close to the 

road. If added dust is the cause of increased melt near the road, it must either come from the 

road itself, coal transport on the road, or exposed mountain sides surrounding the glacier.  

The northwest-facing cirque of Marthabreen remained snow-covered well into the summer, 

but the sides of both Lunckefjell and Skollfjellet were somewhat exposed from late June to 

September. It is possible that some mineral dust could have been transported and deposited 

from the block-field mountainsides. However, already in June, the observed melt on 

Marthabreen was higher than anticipated at stakes M5 and M6 (Table 4.1). M3 experienced 
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0.04 m snowmelt from March to June, whereas M5 showed 0.56 m and M6 0.40 m melt. M7 

experienced 0.39 m melt, and M8 0.35 m melt. The early onset of higher melting near the 

road then suggests that the cause must be related to the road.  

The road is made up of boulders and topped with gravel, and is used for transportation of 

coal, equipment and personnel. Fine particles could be spread by two mechanisms: firstly, 

driving on the gravel road whirls up dust that may be transported across the glacier surface by 

wind, and secondly, coal dust may be spread from transportation of coal on the road. SNSK 

uses CAT 740B dumpers to transport the coal from Lunckefjell to Svea Nord in Skollfjellet. 

During transport across the road, coal in the dump bed is not covered, as SNSK has not yet 

been able to find a suitable solution for covering the dump bed. Leaving the coal uncovered, 

allows access to wind, which may distribute coal dust from the road.  

 

Figure 5.4: Beginning of the longest medial moraine on Marthabreen (red dot).  

Photograph taken July 29, 2014.  
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Figure 5.5: Medial and lateral moraines looking southeast on Marthabreen. Photograph 

taken July 31, 2014.  

5.3 Snow samples 

Analysis of snow samples found the highest concentrations of dust in the June 2014 samples, 

as none of samples collected in March 2013 contained any detectable amounts of dust. The 

2014 samples were all taken from the surface of the glacier close to the road (Figure 3.2). The 

JL1 sample from July 2014 had the second highest concentration of dust at 2.02%. This 

sample was collected close to the road between M5 and M3. The March and September 

samples show variability in dust content from 0.0003-0.7863%. The 0.0003% was recorded 

for the sample PIT 3, collected at M5 in March. The March 2013 samples all showed 0% dust, 

which could be due in part to both recent snowfall, and in the case of MARTHA 7, location 

further from the road.   

The single highest dust concentration was 13.88% recorded for sample JN3. This sample 

contained not only dust, but also large amounts of gravel and some pieces of coal (Fig. 5.6). 

The sample was collected roughly 200 m south of the entrance to Svea Nord (Fig. 3.2). The 

gravel appeared to be identical to that used on the road. During fieldwork in June, July and 

September, gravel was observed spreading outwards from the road in decreasing 

concentrations. Some of the gravel had probably moved due to car and dumper traffic on the 
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road. Snow plowing the road in winter is also likely to have relocated some of the observed 

gravel.   

The results in Table 4.7 show that several samples recorded negative dust concentrations 

when subtracting pre-filtration and -drying weight. This is due to a fault in methodology. The 

filter papers should have been dried in the oven prior to use to release any latent moisture. 

Because of this flaw, results are not completely accurate, but the effect appears small enough 

to be insignificant.   

 

 

 

 

 

 

 

 

 

Figure 5.6: Filtering sample JN3, which was collected June 22, 2014. Note mix of particles of 

different sizes, including fines, gravel and pieces of coal.   
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5.4 Time-lapse photographs 

The series of photographs from the time-lapse camera on Skollfjellet shows that darker areas 

extend outwards from the road (Figs. 5.7-5.12). These dark areas are most noticeable on both 

upstream and downstream directly adjacent to the road, downstream of the gravel pile in front 

of the entrance to Svea Nord, and on the slope below the entrance to Lunckefjell. Further into 

the summer, the ablation area appears very dirty. It is of course normal for the ablation area of 

a glacier to become darker as summer progresses, as dust and debris accumulate on the 

lowering surface in the ablation zone of the glacier. It is interesting to note the spread of dark 

areas from June to July and August. On Marthabreen, the dark areas seem to spread also from 

the road and mine entrances rather than only from lower elevations in the ablation zone. A 

“normal” glacier should experience a transient snow line that creeps upwards as temperatures 

rise through the summer season, and albedo should increase with elevation (Paul, Machguth, 

& Kääb, 2005). Marthabreen appears to have an added melt effect from the spreading of coal 

dust and gravel from the road, caused by both car traffic and transportation of coal in dumper 

trucks.  
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Figure 5.7: May 26, 2014.           

 

 Figure 5.8: June 22, 2014. 

  

Figure 5.9: July 6, 2014.           
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 Figure 5.10: August 2, 2014. 

  

Figure 5.11: August 28, 2014.           

 

Figure 5.12: September 4, 2014.  
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Using the software ImageJ allowed for quantification of dark areas on the glacier. A total of 

220 images were analyzed: 114 from the Lunckefjell camera, and 106 from the camera on 

Skollfjellet. For the Lunckefjell images, the average value for dark particle area was 18.5%, 

whereas it was 8.8% for the images from Skollfjellet.  

As an example of the analysis performed in ImageJ, Figures 5.13-5.20 show the differences 

between Lunckefjell and Skollfjellet photographs on July 8 and July 11, 2014. Dark particles 

(red in the right-hand images) were recorded as a percentage of total area only within the 

specified regions of interest (ROIs). ROIs are delineated by yellow lines in the images from 

Lunckefjell, and black in the images from Svea Nord.  

  

Figure 5.13: LF5414 from Lunckefjellet,          Figure 5.14: LF5414 with dark particles (red)  

July 8, 2014.                                                      and ROI (within yellow outline). 

 

  

Figure 5.15: SN4302 from Skollfjellet, Figure 5.16: SN4302 with dark particles  

July 8, 2014.  (red) and ROI (within dotted black line).  
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Figure 5.17: LF5434 from Lunckefjellet, Figure 5.18: LF5434 with dark particles  

July 11, 2014.  (red) and ROI (within yellow outline). 

  

Figure 5.19: SN4323 from Skollfjellet, Figure 5.20: SN4323 with dark particles  

July 11, 2014. (red) and ROI (within dotted black line).  

 

Image LF5414 had a dark area of 24.605%, whereas SN4302 had a dark area of 11.834%. 

LF5414 was taken at 14:03 and SN4302 at 15:36, meaning that light conditions should be 

fairly similar. Despite the small time difference, the weather changed and SN4302 appears 

somewhat hazy. It is also clear that there is little overlap between the ROIs for each image, 

making comparison of dark area results difficult. The area beneath the Lunckefjell entrance in 

LF5414 is darker than the ROI for SN4302. During all periods of fieldwork this particular 

area near Lunckefjell was observed being one of the darkest on the glacier. One June 21, a 

helicopter landed near the entrance of Lunckefjell. As the helicopter came in for its landing, 

large amounts of coal dust whirled up in the air, making it obvious that 1) the area has an 

ample supply of coal dust, and 2) that the coal dust may be spread by wind.  
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Image LF5434 had a dark area of 35.246% and SN4323 had a dark area of 43.389%. For this 

series of images, the difference in capture time is much larger. LF5434 was taken at 02:03, 

and SN4323 at 09:36. Cloud cover is low in both images, perhaps slightly lower in SN4323, 

and light conditions seem fairly similar. Despite this, SN4323 has a larger dark particle area, 

though both areas are in fact large. This should perhaps be expected, as the Skollfjellet 

camera is positioned further down-glacier than the Lunckefjell camera, and thus captures 

more of the ablation area.  

5.5 Albedo  

During fieldwork in September 2014, albedo was measured as the ratio reflected shortwave 

radiation to incoming shortwave radiation along the six profiles seen in Figure 3.1. While 

performing the measurements, it became evident that albedo was highly variable spatially. 

The glacier surface alternated between debris-covered ice and snow, clean-looking ice, 

cryoconite holes, and patches of wind-drifted snow.  

The averages of the six tracks measured (Table 4.8) are in the range of 0.376 (track 2) to 

0.590 (track 4). Individual measurements range from 0.122 (track 2) to 0.840 (track 3). 

According to Cuffey and Paterson (2010), the lowest measurements would be typical values 

for debris-rich ice, and the highest measurements correspond to fresh dry snow (Table 2.1).  

The purpose of measuring albedo was to investigate whether a clear effect of coal dust 

deposition could be found near the road. The profiles are each ca. 200 m long, centered on the 

road. The results in Table 4.8 are too variable to detect any spatial trend. It is clear however, 

that both gravel and coal dust are spread from the road and the mine entrances, and that they 

darken the glacier surface where deposited. Paul, Machguth and Kääb (2005), documented 

that lowered albedo can in fact cause increase in mass loss in the Alps in 2003.  

Further investigations of albedo on Marthabreen should include longer profiles in order to 

obtain more measurements and perhaps be able to construct gradients of albedo 

concentrations with elevation.   
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5.6 Mass balance comparison 

Marthabreen is in 2015 in its third year of mass balance observations. Monitoring began in 

March 2013, and will continue for the duration of operation of the Lunckefjell mine. The first 

mass balance results from 2013 were presented in a Master thesis by Skadsem (2014) (Tables 

5.3 and 5.4). Skadsem found a mass balance gradient for winter balance of: 

𝑦 = 0.0005𝑥  𝑚 + 0.11                                                    (11) 

with r2 = 0.86. 

Skadsem’s mass balance gradient for summer was: 

𝑦 = 0.0026𝑥  𝑚 −   3.24                                                   (12) 

with r2 = 0.97. 

The net balance gradient for 2013 was: 

𝑦 = 0.0031𝑥  𝑚 −   3.12                                                   (13) 

with r2 = 0.99. 

While the 2013 results show excellent agreement between specific mass balance and elevation 

for both summer and net results, these results differ significantly from the 2014 results. The 

winter mass balance gradient for 2013 has a fit of r2 = 0.86, which Skadsem finds acceptable, 

but is worse than the 2014 result of r2 = 0.95. Summer and net balance results for 2014 were 

significantly poorer than those for 2013. Skadsem estimated the ELA on Marthabreen in 2013 

to 1006 m.a.s.l. The observed snowline was at 720-770 m.a.s.l. (Skadsem, 2014). Calculating 

the elevation of the ELA for 2014 yields a result of 700 m.a.s.l. using the original net balance 

gradient, and a result of 708 m.a.s.l. for the revised net balance gradient (correcting for M6). 

In 2014, the observed snowline was at roughly 600 m.a.s.l (Figs. 5.2 and 5.21). Based on the 

difference in estimated ELA and observed snowline, the 2014 net balance gradient appears to 

be more accurate than the 2013 net balance gradient. The discrepancy in observed snowline 

and calculated ELA could be due to summer snowfall that had not melted at the time the 

snowline was observed. However, the measured volume balance is more accurate as 

interpolation is only between stake measurements, whereas the net balance gradient is an 

interpolation of all points, yielding a linear trend line that is not necessarily a representation of 
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reality. Thus, it is more likely that the observed volume balance ELA, in agreement with the 

observed snowline at ca. 600 m.a.s.l. represented the true ELA in 2014.  

 

Figure 5.21: The snowline on August 27, 2014 at ca. 600 m.a.s.l. 

In his thesis, Skadsem discusses the abnormally warm 2012/2013 winter in Svalbard as the 

cause for the large negative mass balance on Marthabreen in 2013. The summer of 2013 was 

warm but not out of the ordinary according to Skadsem (2014). Several glaciers on Svalbard 

experienced severely negative mass balance, including several glaciers near Ny-Ålesund 

whose net balances were the third to fourth most negative since beginning of monitoring 

(Skadsem, 2014, p. 46). Marthabreen’s total net balance for 2013 was -18.15 106 m3 compared 

to a net loss of 4.27 to 5.75 106 m3 in 2014.  

According to temperature measurements from Svalbard Lufthavn Longyear (Table 2.2, the 

same station used by Skadsem, 2014), the mass balance years 2012/2013 and 2013/2014 were 

both warmer than normal. January, February and March 2014 were significantly warmer than 

normal, as well as being warmer than the same period in 2013. September-December 2012 

was warmer than in 2013, but both years were warmer than normal. Temperature data (see 

Appendix) from the AWS shows that Marthabreen was somewhat warmer in 2013 than in 

2014, which supports the more negative total summer and net mass balances in 2013. The 
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2013 total summer mass balance was -24.79 106 m3 versus -14.62 106 m3 in 2014. 

Marthabreen also had a smaller total winter balance of 6.64 106 m3 in 2013 than 9.79 106 m3 in 

2014. In 2013, the mean temperature for the period June 1-August 30 was 3.04°C, whereas 

the same period in 2014 had a mean temperature of 1.96°C. Marthabreen experienced 87 

positive degree-days in the period June 1-August 30, 2013. For 2014, the number of total 

positive degree-days was 80. An additional seven days of temperatures above 0°C, coupled 

with higher mean temperature in summer 2013 seems to have been responsible for the more 

negative summer mass balance in 2013.  

The 2013 and 2014 mass balance results differ greatly. This may be a natural short-term 

variation in mass balance rather than a sudden change in long-term trend. Long-term mass 

balance investigations of several Svalbard glaciers in Ny-Ålesund revealed a stable trend in 

net balance with some abnormal years. In the case of Brøggerbreen, the trend of negative 

mass balance for 1968-1998 was interspersed with some years of near-zero mass balance, 

both negative and positive (Hagen et al., 2003). At present, it is not possible to determine a 

long-term trend for Marthabreen, as only two years of mass balance measurements exist. 

Several more years of monitoring mass balance is needed before one may be able to 

distinguish long-term trends in mass balance versus short-term variability.  

Apart from the variability in total mass balance, Marthabreen did not experience the same 

exaggerated melting near the road in 2013 as it did in 2014. One possible reason for this could 

be that the road had not been in place for a sufficient period of time to have any (measureable) 

influence on differentiated melting. It now seems most likely that the exaggerated melting is 

due to lowered albedo from added coal dust and gravel from transportation of coal on the 

road. Although stakes M3 and M5 upstream of the road also showed enhanced melting (Fig. 

4.1), with time the effect of coal dust deposition on mass balance will most likely be greatest 

downstream of the road due to prevailing winds from SSE. Figures 5.22 and 5.23 from June 

29, 2013 show that the same areas as in Figures 5.7-5.12 are darker than the surrounding 

glacier surface. Even though dark particles were present in 2013, concentrations may not have 

been high enough to have any (large) impact on melting. Given another year of accumulation 

of dust and gravel, it appears dust concentrations became high enough in 2014 to have some 

impact on the road. The thickness of dust layers depends on both winter accumulation of 

snow and summer melting. Added snow may distribute layers of dust vertically in the 
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snowpack, whereas summer melting may cause accumulation of dust in one layer. Some dust 

may be washed away by summer meltwater.  

The results of the snow samples from March 2013 and 2014 depend on the timing of the last 

snowfall, as accumulation of snow would decrease dust concentrations on the glacier surface. 

Despite this caveat, samples collected in March 2014 highlight a significant increase in dust 

concentrations at up to 0.31%, compared to 0% dust in all collected samples from March 

2013.   

  

Figure 5.22: June 29, 2013 from Skollfjellet. AWS circled in red. From Skadsem (2014).  
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Figure 5.23: June 29, 2013 from Lunckefjell. From Skadsem (2014). 

Concentrations of dust will likely continue to increase as use of the Lunckefjell mine 

continues. What effect accumulating dust will have on Marthabreen’s mass balance is 

difficult to say.  2014 saw 100 000 metric tons coal extracted from Lunckefjell, equivalent of 

15-20 truckloads per day. No production is planned for 2015, but for the period April-June 

2016, 370 000 tons coal is planned to be extracted from Lunckefjell, necessitating more than 

100 truckloads per day. Potential added melting may be somewhat negated by a break in 

production in 2015. With ample snowfall in the winters 2014/2015 and 2015/2016, the 

possibility exists that layers of dust could be buried and not be allowed to accumulate in high 

concentrations. Little snowfall and/or much melting coupled with higher concentrations of 

accumulated dust will lead to a positive feedback of exaggerated melting. Lowered albedo 

will cause more heat absorption by the glacier surface, and added melting will accumulate 

more dust to further lower albedo. This feedback can be expected to intensify with continued 

transportation of coal on the road. It is also likely that the effect of lowered albedo and 

enhanced melting will increase as production in 2016 will be 3.7 times that in 2014. With 

such a great increase in transportation of coal across the road, the potential for deposition of 

coal dust on the glacier surface is similarly increased, at least for as long as SNSK continues 

to not cover dump beds when transporting coal. 
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Table 5.2: Monthly mean temperature values at Marthabreen and Longyearbyen 2012/2013 

and 2013/2014. Marthabreen 2013 values from Skadsem (2014), and Longyearbyen values 

from (NMI, 2015). 

	  
Mean	  temperature,	  °C	  

Month	   Marthabreen	  
2013	  

Marthabreen	  
2014	  

Longyearbyen	  
2012/2013	  

Longyearbyen	  
2013/2014	  

Longyearbyen	  
normal	  

September	   	  	   	  	   3.0	   3.7	   0.3	  

October	   	  	   	  	   -‐2.7	   -‐5.3	   -‐5.5	  

November	   	  	   	  	   -‐6.4	   -‐8.0	   -‐10.3	  

December	   	  	   	  	   -‐7.9	   -‐8.1	   -‐13.4	  

January	   	  	   	  	   -‐8.3	   -‐4.1	   -‐15.3	  

February	   	  	   	  	   -‐10.8	   -‐1.7	   -‐16.2	  

March	   	  	   	  	   -‐14.3	   -‐8.6	   -‐15.6	  

April	   	  	   -‐13.9	   -‐9.3	   -‐9.7	   -‐12.2	  

May	   -‐4.36	   -‐5.9	   -‐1.5	   -‐2.0	   -‐4.1	  

June	   1.62	   0.3	   4.3	   3.8	   2.0	  

July	   3.95	   3.3	   7.4	   7.2	   5.9	  

August	   3.53	   2.2	   7.2	   6.4	   4.7	  
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Table 5.3: Marthabreen mass balance in 2013. Modified from Skadsem (2014).  

Marthabreen	  2013	  	  

Elevation	  
(m.a.s.l.)	  	   Area	  (km2)	  	  

Winter	  	   	  	   Summer	  	   	  	   Net	   	  	  

bw	  
V	  (106	  m3)	  	  

bs	  
V	  (106	  m3)	  	  

bn	  
V	  (106	  m3)	  	  

(m	  w.eq.)	  	   (m	  w.eq.)	  	   (m	  w.eq.)	  	  

1025-‐1075	   0	   0.67	   0	   -‐0.49	   0	   0.18	   0	  

975	  -‐	  1025	  	   0.06	   0.64	   0.04	   -‐0.62	   -‐0.04	   0.02	   0	  

925	  -‐	  975	  	   0.31	   0.62	   0.19	   -‐0.75	   -‐0.24	   -‐0.14	   -‐0.04	  

875	  -‐	  925	  	   0.40	   0.59	   0.24	   -‐0.88	   -‐0.35	   -‐0.29	   -‐0.12	  

825	  -‐	  875	  	   0.83	   0.57	   0.47	   -‐1.02	   -‐0.84	   -‐0.45	   -‐0.37	  

775	  -‐	  825	  	   0.95	   0.54	   0.51	   -‐1.15	   -‐1.09	   -‐0.61	   -‐0.58	  

725	  -‐	  775	  	   1.11	   0.51	   0.57	   -‐1.28	   -‐1.42	   -‐0.76	   -‐0.85	  

675	  -‐	  725	  	   1.73	   0.49	   0.84	   -‐1.41	   -‐2.44	   -‐0.92	   -‐1.60	  

625	  -‐	  675	  	   1.69	   0.46	   0.78	   -‐1.54	   -‐2.60	   -‐1.08	   -‐1.82	  

575	  -‐	  625	  	   1.84	   0.43	   0.79	   -‐1.67	   -‐3.06	   -‐1.24	   -‐2.27	  

525	  -‐	  575	  	   2.09	   0.41	   0.85	   -‐1.80	   -‐3.76	   -‐1.39	   -‐2.91	  

475	  -‐	  525	  	   1.17	   0.38	   0.44	   -‐1.93	   -‐2.26	   -‐1.55	   -‐1.82	  

425	  -‐	  475	  	   0.81	   0.35	   0.29	   -‐2.06	   -‐1.67	   -‐1.71	   -‐1.39	  

375	  -‐	  425	  	   0.74	   0.33	   0.24	   -‐2.19	   -‐1.62	   -‐1.87	   -‐1.38	  

325	  -‐	  375	  	   0.66	   0.30	   0.20	   -‐2.32	   -‐1.54	   -‐2.02	   -‐1.34	  

275	  -‐	  325	  	   0.40	   0.27	   0.11	   -‐2.45	   -‐0.99	   -‐2.18	   -‐0.88	  

225	  -‐	  275	  	   0.30	   0.25	   0.07	   -‐2.58	   -‐0.77	   -‐2.34	   -‐0.70	  

175	  -‐	  225	  	   0.03	   0.22	   0.01	   -‐2.71	   -‐0.08	   -‐2.49	   -‐0.08	  

175	  -‐	  1075	  	   15.14	   0.44	   6.64	   -‐1.64	   -‐24.79	   -‐1.2	   -‐18.15	  

 

Table 5.4: Ablation stake measurements on Marthabreen 2013. Modified from Skadsem 

(2014).  

Stake	  name	   Stake	  name	   Elevation	   April	   August	  

2014	   2013	   (m.a.s.l.)	   Snow	  depth	  
(m)	  

Melted	  snow	  
(m)	  

Melted	  ice/firn	  
(m)	  

M8	   1	   312	   0.76	   0.76	   2.27	  

M7	   2	   385	   1.01	   1.01	   2.13	  

M6	   3	   467	   1.08	   1.08	   1.86	  

M3	   5	   567	   1.12	   1.12	   1.50	  

M2	   7	   619	   1.20	   1.20	   1.20	  

M1	   8	   710	   1.30	   1.30	   0.98	  
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5.7 Limitations and uncertainties 

5.7.1 Ablation stake limitations and uncertainties 

 The seven ablation stakes on Marthabreen appear adequate for calculations of mass balance 

according to the criteria presented in Fountain and Vecchia (1999). However, the aim of this 

thesis, in addition to mass balance investigations, includes looking into the possible link 

between mass balance and deposition of coal dust on the glacier surface. The current extent 

and spacing of the ablation stakes does not provide sufficient detail to accurately be able to 

determine the extent of the effect deposition of coal dust has on Marthabreen’s mass balance.  

To support ablation stake measurements, two ultrasonic sensors (ULSs) were installed on 

Marthabreen in March 2014. A ULS measures distance from its sensor to another surface. On 

Marthabreen, the ULSs were mounted horizontally on stakes M5 and M6 in order to measure 

changes in vertical distance from the sensors to the glacier surface over time. The system is a 

“black box”, which means that the sensors were assembled in Oslo prior to installation on the 

glacier, without opportunity for assessing function before the end of the monitoring period. 

The ULSs were collected and taken back to Oslo in September 2014, at which time it became 

evident that the sensors had not recorded measurements/it was not possible to restore recorded 

measurements. Had the ULSs performed as planned, they could have added security in 

measurements of surface lowering from the ablation stakes.   

5.7.2 Density uncertainties 

The densities estimated for mass balance calculations provide good approximations of actual 

snow densities based on qualitative observations during the fieldwork periods in summer 

2014 and long-time observations of remaining summer snow densities by NVE (Andreassen 

et al., 2010). Although the estimates are considered good, actual measurements of density in 

June, July and September would likely have provided better basis for mass balance 

calculations.  

5.7.3 Snow sample limitations 

Methods used for analysis of snow samples could be improved in several ways. Firstly, filter 

papers used for analysis should all be pre-dried to eliminate moisture. Unintentional omission 

of this step resulted in some samples recording negative weights for dust, as pre-analysis 
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weight must have included some moisture that was removed by post-filtration drying. 

Secondly, analyzing the composition of dust collected in samples could help determine the 

origins of dust and each component’s relative importance in lowering albedo. The samples 

collected contained both fine particles and larger pieces of coal and gravel (Figure 5.5). For 

instance, analysis of dust could reveal that samples contain more coal than gravel, or vice 

versa. At present it is not possible to determine the relative magnitude of effect of coal dust 

versus gravel because sample contents have not been analyzed.  

5.7.4 Albedo limitations 

The use of pyranometers for measuring shortwave radiation was originally a secondary 

method applied after experiencing difficulties using a mass spectrometer. The mass 

spectrometer was used along the same profiles as the pyranometers (Fig. 3.1) in June, July 

and September. Because of inexperience with the instrument, measurements of albedo using 

the spectrometer failed.  

Use of the pyranometers for measuring albedo was a success, as the instruments are easier to 

use, and more cost effective than the spectrometer. The pyranometers would have been a great 

asset in measuring albedo from the beginning of the summer, and not just as a back-up 

solution in September. A drawback of measuring albedo on Marthabreen was the extensive 

time it took to perform the measurements while traveling the glacier on foot. The long 

sampling time increased the chance for changes in weather, as well as shifting of the sun’s 

position, both of which may impact the results as light conditions changed.  

The length of the profiles along which albedo was measured was set to 200 m based on 

NILU’s assessment that dust concentrations would be at or below limits for “low” dust fallout 

100 m from the road (Tønnesen, 2010). However, results of the albedo measurements are 

highly variable in space, which made it clear that no detectable trend in albedo could be 

determined along any of the six profiles measured (Table 4.8). Increasing the number of 

measurements throughout future summer seasons might aid in detecting potential temporal 

trends in albedo. If the length and number of albedo profiles are increased in the future, the 

timing and duration of measurements need to be considered. Summer in Svalbard allows for 

more hours during which fieldwork is possible due to the midnight sun, present for the period 

April 20-August 22, whereas winter provides little to no daylight and subsequently reduced 

shortwave radiation. Another issue is the mode of transportation while performing albedo 
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measurements. Traveling on foot takes considerable time on Marthabreen, which is 8 km 

long. A possible solution could be the aid of snowmobiles, which could shorten travel time 

considerably, at least in the accumulation area where snow remains through the summer.  

5.7.5 Time-lapse and ImageJ limitations 

The method for analyzing photographs in ImageJ is not perfect, as several factors in the 

analysis must be considered arbitrary. Firstly, light conditions greatly impact the threshold 

level of dark particles. Sunny conditions lead to a brighter-looking surface than cloudy 

conditions, which might not represent reality as the dark particle area could be the same at 

both times. Also, variable cloud cover may cause shadows on the glacier surface. The 

program is not able to differentiate between shadows and areas that are covered with dust or 

debris. Secondly, setting the threshold for dark particles automatically did not capture reality. 

Subsequently, the threshold needed to be adjusted manually. This allows for some human 

error. Another issue was the unstable environment of the cameras. Both cameras shifted 

positions due to solifluction of the mountain slopes on which they were located. This was a 

larger issue for the camera on Skollfjellet than for that on Lunckefjell. For the Lunckefjell 

images used for analysis, one region of interest (ROI) was sufficient despite the shifting of the 

camera. For the Skollfjellet images, however, it was necessary to create four ROIs. Care was 

taken to construct ROIs that covered the same area, though human error cannot be ruled out.  

Comparison of results of the same days between Lunckefjell and Skollfjellet was difficult for 

several reasons. Firstly, the cameras do not cover exactly the same view. Secondly, differing 

times for when the images were taken increases the margin of error, both because of changing 

weather and the position of the sun.  

5.7.6 Limitations of mass balance comparison 

The main limitation on mass balance comparison is the lack of previous years’ measurements. 

Mass balance has only been measured on Marthabreen since March 2013, and as such there is 

presently only one year of results available for comparison. Glaciers exhibit long-term trends 

in mass balance related to climate, but also experience variability in short-term mass balance. 

In a study on mass balance characteristics of Arctic glaciers, Braithwaite (2005) assessed 

inter-annual variability in mass balance using glaciers with mass balance records of at least 

five years. Braithwaite found that inter-annual variability and amplitude in mass balance is 
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low for Arctic island glaciers compared to glaciers in the Circum-Arctic (e.g. Scandinavia), 

“… due to low annual precipitation and high annual temperature range” (2005, p. 228).  

The mass balance results for 2013 and 2014 on Marthabreen are vastly different. As discussed 

in Chapter 5.6, the more negative 2013 mass balance is likely due to higher temperatures and 

more days available for melting. Until several more years of mass balance measurements on 

Marthabreen exist, it is not possible to determine any trend in mass balance.  
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6. Conclusion 

This thesis aimed to investigate mass balance on Marthabreen in 2014, and a possible link to 

lowered albedo from deposition of coal dust on the glacier surface. Mass balance 

investigations revealed a total net mass balance of  -4.27 106 m3 to -4.83 106 m3 for 

Marthabreen in 2014. The specific glacier-wide net balance was in the range -0.28 m w.e. to   

-0.32 m w.e. Specific winter mass balance versus elevation shows very good correlation, 

whereas specific summer and net balances show relatively poor correlation with elevation.  

Enhanced melting in summer 2014 was observed near the road, which crosses the glacier at 

elevations 440-660 m.a.s.l. The likely cause of the enhanced melting is deposition of coal dust 

and gravel from transportation of uncovered coal by dumper trucks on the road.  

At this time, it is not possible to exactly determine the extent of the effect of coal dust 

deposition on Marthabreen’s mass balance. Good indications exist that there is indeed an 

effect on mass balance from lowered albedo due to deposition of coal dust. Further 

investigations are needed to determine the extent of effects both spatially and temporally. 

Expanding the current ablation stake network on Marthabreen could help determine the 

spatial extent of enhanced melting near the road. It might be beneficial to install some stakes 

parallel to the road across the glacier to investigate whether some areas experience greater 

melt than others, as well as expanding the stake network along the glacier’s longitudinal 

profile to examine the vertical extent of enhanced melting. Stakes should be more closely 

spaced vertically to increase detail and confidence in the extent of observed effects.  

Albedo measurements should be similarly expanded. Repeat measurements are needed 

throughout summer of longer longitudinal profiles, both to observe potential vertical trends 

and to reduce errors from local spatial variation from e.g. wind-drifted snow versus dirty ice. 

Measurements of albedo in 2014 were too limited in scope to detect any spatial trend. As with 

ablation stakes, albedo should also be measured across the glacier to investigate if any areas 

show lower albedo, likely caused by more deposition of coal dust and thus facilitating greater 

melting in summer.  

Snow samples collected in 2014 contained 0-13.88% dust, with most samples registering in 

the range 0-1%. The highest concentrations were recorded for samples collected in June and 

July, some of which contained larger particles such as gravel and pieces of coal in addition to 
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fines. Collection of snow samples should continue, and “dust” should be analyzed to 

determine origins of particles. As both gravel and coal was observed in snow samples, 

analyzing origins and ratio of gravel to coal dust could potentially help determine the relative 

importance of dust sources to lowered albedo. At present, it not possible to determine whether 

deposition of coal dust from transportation of coal on the road, or traffic and resulting 

spreading of gravel from the road, is the largest contributor to deposition of dark particles on 

Marthabreen. 

Time-lapse cameras on Lunckefjell and Skollfjellet yielded 220 images suitable for analysis 

for the period March 30-September 5, 2014. Analysis of percentage of the glacier surface 

covered with dark particles proved difficult due to varying light conditions, weather, shifting 

of the cameras, and lack of view overlap between the two cameras. Average value for dark 

area was 18.5% for the Lunckefjell images, and 8.8% for the Skollfjellet images. Time-lapse 

photography should continue, as it allows for interpretation of the locations of the 

ELA/transient snowline, areas experiencing melt, and potential patterns of melting areas on 

the glacier.  

The mass balance years of 2012/2013 and 2013/2014 are vastly different. 2013 showed a 

much greater negative total net balance of -18.15 106 m3 compared to ca. -4.5 106 m3 for 2014. 

There was also a great difference in the pattern of melting on the glacier in 2013 and 2014. 

2013 showed an excellent linear relationship between elevation and specific summer balance, 

whereas 2014 showed enhanced melting in the elevation range containing the road. With only 

two years of mass balance measurements on Marthabreen, it is not yet possible to determine a 

trend in mass balance. Monitoring mass balance should continue for at least the duration of 

SNSK’s operations in Lunckefjell. Continuing mass balance measurements on Marthabreen 

also after ending production in the Lunckefjell mine would be beneficial to determine 

duration of the long-term effects, if any, coal production and use of the road have on the 

glacier. 
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8. Appendix: Temperature data 

Table 8.1: Mean daily temperature series for Marthabreen from March 30-September 5, 
2014. 

Date 
Mean 

Date 
Mean 

Date 
Mean 

Date 
Mean 

temperature 
°C 

temperature 
°C 

temperature 
°C 

temperature 
°C 

30. March -19.58 13. May -11.03 26. June 2.21 9. Aug 2.28 
31. March -18.10 14. May -10.56 27. June 2.59 10. Aug 2.13 

1. April -19.94 15. May -10.58 28. June 3.35 11. Aug 1.73 
2. April -20.20 16. May -2.25 29. June 3.86 12. Aug 2.42 
3. April -19.00 17. May -4.02 30. June 2.28 13. Aug 3.91 
4. April -18.60 18. May -8.20 1. July 2.75 14. Aug 3.67 
5. April -20.20 19. May -4.35 2. July 2.07 15. Aug 2.43 
6. April -22.81 20. May -4.28 3. July 3.37 16. Aug 3.21 
7. April -20.48 21. May -5.75 4. July 2.49 17. Aug 3.01 
8. April -11.37 22. May -5.88 5. July 2.77 18. Aug 2.58 
9. April -3.98 23. May -4.12 6. July 2.36 19. Aug 2.12 

10. April -5.26 24. May -4.11 7. July 3.47 20. Aug 1.79 
11. April -9.81 25. May -3.82 8. July 4.53 21. Aug 1.95 
12. April -17.76 26. May -2.49 9. July 6.11 22. Aug 2.98 
13. April -18.54 27. May -0.66 10. July 4.47 23. Aug 2.17 
14. April -17.88 28. May -0.37 11. July 3.72 24. Aug 1.40 
15. April -12.43 29. May 0.37 12. July 1.54 25. Aug 1.26 
16. April -6.80 30. May 0.45 13. July 3.19 26. Aug 0.70 
17. April -9.97 31. May -1.49 14. July 3.33 27. Aug 0.62 
18. April -15.48 1. June -2.40 15. July 3.54 28. Aug 3.27 
19. April -17.35 2. June -2.01 16. July 4.28 29. Aug 0.23 
20. April -9.43 3. June -1.29 17. July 3.86 30. Aug 0.08 
21. April -7.85 4. June -0.86 18. July 3.94 31. Aug -0.89 
22. April -15.95 5. June 1.97 19. July 3.73 1. Sept -1.37 
23. April -10.47 6. June 2.24 20. July 4.41 2. Sept -0.84 
24. April -13.28 7. June 0.48 21. July 4.22 3. Sept -0.79 
25. April -9.36 8. June 1.20 22. July 2.75 4. Sept -0.08 
26. April -13.26 9. June 1.28 23. July 4.91 5. Sept -0.63 
27. April -13.37 10. June 0.82 24. July 4.63 

  28. April -13.30 11. June 0.50 25. July 2.57 
  29. April -11.94 12. June -0.11 26. July 3.43 
  30. April -11.04 13. June -1.04 27. July 1.80 
  1. May -10.42 14. June -2.43 28. July 2.11 
  2. May -11.14 15. June -4.30 29. July 2.43 
  3. May -13.82 16. June -0.48 30. July 2.03 
  4. May -12.12 17. June -0.96 31. July 0.50 
  5. May -7.12 18. June -3.32 1. Aug 0.93 
  6. May -2.23 19. June -2.17 2. Aug 2.46 
  7. May -2.01 20. June -0.78 3. Aug 2.83 
  8. May -1.94 21. June 0.65 4. Aug 4.28 
  9. May -3.82 22. June 1.80 5. Aug 4.25 
  10. May -8.96 23. June 1.21 6. Aug 2.75 
  11. May -12.02 24. June 1.65 7. Aug 2.53 
  12. May -14.22 25. June 2.39 8. Aug 2.57 
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Table 8.2: Mean daily temperature series for Marthabreen from April 22-August 30, 2013.  

2013 daily mean temperature on Marthabreen. 

Date 
Mean 

temperature Date 
Mean 

temperature Date 
Mean 

temperature Date 
Mean 

temperature 
°C °C °C °C 

22. April -0.92 3. June 4.65 15. July 3.23 26. August 7.00 
23. April 0.63 4. June 0.49 16. July 1.84 27. August 4.29 
24. April -0.68 5. June 4.43 17. July 3.23 28. August 3.90 
25. April -0.45 6. June 2.04 18. July 6.30 29. August 2.62 
26. April -4.65 7. June 0.12 19. July 5.13 30. August 2.38 
27. April -9.54 8. June -1.09 20. July 3.38 

  28. April -8.17 9. June -0.13 21. July 2.25 
  29. April -9.23 10. June -2.33 22. July 2.33 
  30. April -6.51 11. June 0.63 23. July 3.18 
  1. May -4.96 12. June -0.61 24. July 3.34 
  2. May -7.52 13. June -2.91 25. July 3.09 
  3. May -7.81 14. June -1.51 26. July 2.57 
  4. May -6.57 15. June -2.50 27. July 3.35 
  5. May -6.27 16. June -2.91 28. July 3.87 
  6. May -9.97 17. June 0.62 29. July 4.22 
  7. May -7.08 18. June 2.06 30. July 6.26 
  8. May -4.27 19. June 2.54 31. July 5.94 
  9. May -5.28 20. June 3.29 1. August 6.62 
  10. May -2.87 21. June 4.29 2. August 4.98 
  11. May -3.55 22. June 3.74 3. August 3.74 
  12. May -6.86 23. June 3.29 4. August 3.52 
  13. May -8.13 24. June 1.72 5. August 2.69 
  14. May -8.14 25. June 1.78 6. August 3.91 
  15. May -7.67 26. June 2.07 7. August 4.46 
  16. May -7.35 27. June 2.89 8. August 2.44 
  17. May -4.95 28. June 4.61 9. August 1.55 
  18. May 0.63 29. June 5.95 10. August 0.57 
  19. May -2.51 30. June 5.15 11. August -0.94 
  20. May -0.56 1. July 4.77 12. August 1.18 
  21. May 0.09 2. July 5.83 13. August -0.06 
  22. May -5.24 3. July 7.15 14. August 0.62 
  23. May -4.15 4. July 4.79 15. August 4.49 
  24. May 0.15 5. July 4.16 16. August 5.58 
  25. May -4.79 6. July 5.64 17. August 6.57 
  26. May -6.85 7. July 4.71 18. August 5.40 
  27. May -2.70 8. July 4.13 19. August 6.04 
  28. May -1.62 9. July 3.07 20. August 5.63 
  29. May -0.76 10. July 1.33 21. August 4.34 
  30. May 0.87 11. July 2.81 22. August 3.67 
  31. May 1.38 12. July 2.52 23. August 2.93 
  1. June 1.32 13. July 3.74 24. August 3.16 
  2. June 4.98 14. July 4.31 25. August 2.63 
   

 


