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Abstract

The Arctic is currently warming at a faster rate than the rest of the northern

hemisphere. This has led to the Arctic being responsible for 65% of worldwide

ice loss in the 21st century, affecting ocean stratification, sea levels, ecosystem

recovery and regional weather patterns. Declining glacier surface albedo is

seen as both a cause and consequence of these effects. This study focuses on

investigating 21st century albedo trends across 3 previously unstudied glaciers;

Humboldt (Greenland), Agassiz Ice Cap (Canada) and Austfonna (Svalbard).

Daily MOD10A1 data collected between May - September for 2001 - 2013 re-

vealed decreasing albedo trends on Humboldt (0.0042 ± 0.0011 year−1) and

the Agassiz Ice Cap (0.0059 ± 0.0013 year−1). The 2012 melt season was par-

ticularly vigorous with albedo consistently 2σ below each glacier’s respective

average. Albedo decline was nearly completely contained to the early melt sea-

son months of May, June and July. Furthermore, days of albedo decline greater

than 1σ below the average were 5 and 3 times more common between 2008

- 2013 than 2001 - 2007 on Humboldt and the Agassiz Ice Cap respectively.

Austfonna revealed no overall trend, but a sharp decline of 0.019 ± 0.0029

year−1 was seen from 2008 onwards, with melt season length on average 14

days longer during this period. Regionally, 87%, 76% and 86% of Humboldt,

Agassiz Ice Cap and Austfonna respectively saw a decline in albedo. Strong

correlation of July albedo with the recent negative trend of the North Atlantic

Oscillation on Humboldt (r2 = 0.82, 1 - p < 0.01) and the Agassiz Ice Cap (r2

= 0.77, 1 - p < 0.02) shows increased advection of warm air over north-east

Canada and west Greenland is decreasing glacier albedo. On Austfonna, recent

increases in winter temperatures are thought to the prime driver behind the

current declining trend. If these trends continue, the effect of positive feedback

mechanisms will eventually create runaway albedo decline.
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Chapter 1

Introduction

Glacier surface albedo within the Arctic has been the focus of decades of re-

search, with studies occurring as early as the 1930s (Hans et al., 1933; Loewe,

1935). However, increased Arctic amplification in the 21st century, the process

whereby positive temperature trends tend to be larger in the Arctic than any-

where else in the northern hemisphere (Serreze and Francis, 2006), has focused

the scientific spotlight on analysing variable glacier albedo as both a cause and

consequence of this phenomenon. Therefore, this study contributes to scien-

tific literature by providing recent albedo trends for un-studied glacier’s as well

as analysing the forces responsible.

First discussed by Arrhenius (1896), albedo is defined as the proportion of

incoming shortwave (SW) radiation, provided in the form of solar radiation,

that is reflected from a given surface (Allaby, 2008) (Eq. 1.1).

albedo (α) =
SWout

SWin

(Eq. 1.1)

Solar radiation intensity, and thus albedo, is attenuated by a variety of vari-

ables; namely atmospheric depth, cloudiness and the concentration of other

1
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particles (Benn and Evans, 2010), as well as the surface orientation relative

to the position of the sun (solar zenith angle). Furthermore, glacier surface

dynamics like surface roughness, snow grain size and impurity content play

a major role in albedo levels (Warren and Wiscombe, 1980; Warren, 1982).

Albedo values are high for fresh snow surfaces, indicating a greater fraction of

solar radiation is reflected, and low for bare and dirty ice surfaces where radi-

ation is absorbed (Röthlisberger and Lang, 1987; Paterson and Cuffey, 1994)

(Table 1.1). This is largely because fresh snow acts as a lambertian reflector

(i.e. upward fluxes that are nearly equal in all directions) but aging, contam-

inated snow is an anistrophic reflector (i.e. significant specular fluxes) which

causes solar radiation to disperse rather than reflect back vertically (Benn and

Evans, 2010).

Table 1.1: Albedos for snow and ice (Paterson and Cuffey, 1994)

Surface Type Range

Dry snow 0.80 - 0.97
Melting snow 0.66 - 0.88
Firn 0.43 - 0.69
Clean Ice 0.34 - 0.51
Slightly dirty ice 0.26 - 0.33
Dirty Ice 0.15 - 0.25
Debris-covered ice 0.10 - 0.15

A decrease in albedo can have severe implications on a glacier’s condition and

is seen as the most important factor in affecting the glacier’s energy balance

(Takeuchi et al., 2000), which is defined as the sum of all energy fluxes at

the glacier surface (Oerlemans, 2001). A shift in the energy balance directly

affects the mass balance, the rate of ablation against accumulation, through

increased surface melt and run off (Oerlemans et al., 1998). As such, albedo

can be used as a proxy for glacier health.

If albedo decline is sustained over several years, a mechanism known as positive
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albedo feedback can develop (Fig. 1.1). This is where initial warming melts

the highly reflective (high albedo) snow and ice cover, revealing a darker sub-

surface that absorbs more solar radiation. This in turn melts the glacier from

within, providing yet darker subsurface for further solar absorption (Groisman

et al., 1994). This process can help explain the effect of Arctic amplification,

but also has serious consequences for the state of glacier’s in the Arctic, poten-

tially causing runaway melt if a tipping point is reached whereby the inertia

has exceeded a critical values and is incapable of returning (Hansen et al.,

2008; Lenton et al., 2008).

Figure 1.1: Positive feedback mechanism. The darker Earth’s surface absorbs more shortwave (SW) radi-
ation, thereby melting the glacier from underneath, which in turn reveals a greater portion of the Earth’s
surface, thus absorbing more SW radiation. This process can eventually become self fueling once a tipping
point is reached.

Snow albedo is also affected by particulate impurities (Warren and Wiscombe,

1980), with recent research suggesting that declining albedo trends are being

greatly enhanced by the transport of dust from snow free areas which affects

Canada and Greenland (Box et al., 2012; Dumont et al., 2014), and indus-

trial pollutants from northern Europe affecting Svalbard (Solberg et al., 2010;

Warren et al., 2013). Polar ice is relatively pure, with dust concentrations

typically less than 0.1 ppm (Paterson and Cuffey, 1994), which combined with

the large scale of debris coverage means further research is imperative to help
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understand the future impacts.

1.1 Study rationale

The fifth assessment from the Intergovernmental Panel on Climate Change

(IPCC) (Vaughan et al., 2013) has declared that glacier volume is decreasing

worldwide, with the Arctic accounting for 65% of total ice loss due to its

vulnerability to Arctic amplification. The total volume of land ice in the

Arctic has been estimated at 3.1 million km3, which would contribute 8 m

of sea level rise if completely melted (Dowdeswell et al., 1997). Furthermore,

these changing dynamics have the ability to exacerbate extensive impacts both

in and beyond the Arctic (Serreze and Barry, 2011).

Decreasing albedo, coupled with a positive feedback loop, is widely seen as the

main driver for Arctic glacier melt by allowing greater absorption fractions of

solar radiation. This is causing prolific Arctic-wide sea ice loss, estimated at

12.4% decade−1 (Stroeve et al., 2012), which in turn is facilitating an additional

0.1 Wm−2 of global radiative forcing per year in the Arctic Ocean (Hudson,

2011).

The effects of melting glacier ice can be seen physically and biologically. Of

utmost physical importance is the increasing load of freshwater being fed into

the high latitude oceans which affects the formation of sea ice (Macdonald,

2000), ocean stratification in the Arctic and Atlantic affecting ocean currents,

weather patterns (Walsh et al., 2010) and ocean salinity (Rudels et al., 2004).

Furthermore, this contributes to sea level rise which has the potential to dis-

place 2.4% of the global population by the end of the century as well as altering

water supply and hydropower production (Nicholls et al., 2011). Biological im-

pacts stem from warmer sea surface temperatures which increase ocean acidity,
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affecting ecosystem structure and eventually impacting overall ecosystem ser-

vices upon which societies depend (Doney et al., 2012).

Therefore, the effects of a declining albedo have a direct impact on climate,

with some changes predicted to become irreversible throughout the century,

and having the potential to cause rapid changes in the Earth system (McGuire

et al., 2006). As such, glacial retreat has been labeled as an indicator of climate

change by the IPCC (Vaughan et al., 2013), initiating the need for closer study

and understanding.

1.2 The role of remote sensing in monitoring

albedo change

Remote sensing has been widely utilised in glacier monitoring following recom-

mendations from the International Geophysical Year 1957/58, whereby a new

influx of sensors in 1960s and 70s provided the stimulus for increased scien-

tific research. Advanced Very High Resolution Radiometer (AVHRR) imagery

were consistently used for mapping large ice masses but were limited by a fairly

coarse spatial resolution of 1.1 km as well as spectral limitations (6 bands; 0.58

µm - 12.5 µm) (Gao and Liu, 2001). A key component for measuring albedo is

spectral resolution, and the turn of the century saw numerous sensors launched

with increasing spectral ranges, as well as finer spatial and temporal resolutions

(Quincey and Luckman, 2009). In particular the Moderate Imaging Spectro-

radiometer (MODIS) collects images in 36 near and shortwave bands which

can be directly used to calculate snow albedo and surface reflectance (Stroeve

et al., 2006), as well as surface snow grain size (Scambos et al., 2007). Re-

mote sensing is now extensively used in the field of glaciology, facilitating the

development of glacier inventories such as World Glacier Monitoring Service
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(WGMS, 2013) and the Global Land Ice Measurements from Space database

(GLIMS, 2005).

Numerous advantages are provided by satellite imagery and associated de-

rived products. Snow albedo varies considerably both spatially and temporally

(Knap and Oerlemans, 1996) and as such requires daily monitoring which can

be provided by satellite imagery. The high quantity of data available allows

multi-decadal comparisons of Earth surface changes to be measured, essential

for monitoring long-term trends. Furthermore, glacier’s located in remote, in-

accessible or inhospitable environments can easily be investigated at a reduced

cost to both the producer and user.

1.3 Aim and objectives

The aim of the project is as follows:

To quantify, and provide explanation for, 21st century glacier surface albedo

trends throughout the High Arctic.

To achieve this aim, the following objectives will be met:

1. Providing up-to-date models for surface albedo on previously un-investigated

glacier’s using the MODIS instrument.

2. Discovering whether rapidly increasing surface and atmospheric warming

in the Arctic is causing declining glacier surface albedo.

3. Quantifying observed changes in relation to varying topographical and

temporal scales.

4. Evaluating glacier surface albedo trends with respect to the North At-

lantic Oscillation and surface temperature.
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5. Further analysing the impact of internal forcings such as snow grain

metamorphism and melt pond development on surface albedo.

A thorough exploration of the above objectives will provide up-to-date albedo

models for areas previously uninvestigated, providing new datasets and ulti-

mately enhance the understanding of how global external forces affect surface

albedo across the High Arctic. Findings could be applicable for developing

future Arctic adaptation and mitigation policies and managing the effects of

increased Arctic amplification.

1.4 Dissertation overview

This dissertation will now be split into 5 distinct sections. A review of recent

literature on regional and localised ice loss and its consequence on albedo

is presented in Section 2, along with a discussion on internal and external

forcing’s active in the Arctic. Study site maps are presented in Section 3,

followed by a review of the methods and data limitations in Section 4. The

results for each glacier are shown in Section 5 with Section 6 focusing on a

discussion of observed trends from the results with a view of explaining these

using outside datasets and knowledge gained from the literature review. The

final section will provide the concluding remarks.



Chapter 2

Literature Review

Surface albedo is seen as one of the most important factors influencing the

Earth-atmosphere system radiation budget (Curry et al., 1996; Xiong et al.,

2002). The typically high values for snow and ice suggest the potential for

change is greatest in the cyrosphere. Coupled with increasing evidence for

Arctic temperature amplification (Graversen et al., 2008; Serreze et al., 2009;

Miller et al., 2010; Screen and Simmonds, 2010), a number of studies have

been conducted analysing Arctic surface albedo trends and their controlling

factors.

Due to ecological, social and geographical implications of decreasing glacier

albedo throughout the Arctic (Vaughan et al., 2013), this research is impera-

tive and focuses on a wide range of relationships, usually framed with positive

feedback discussions. The notion of positive albedo feedback and its observed

effect on altering dynamical processes within the Arctic been discussed and

quantified at length (Comiso, 2002; Perovich et al., 2007; Flanner et al., 2011;

Hudson, 2011; Stroeve et al., 2012) with the general consensus that a tipp-

ping point exists whereby effects, felt globally, will become self-fueled. On

Arctic glacier’s, the major source for melt energy is net shortwave radiation

8
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(Winther et al., 2003) implying robust albedo parameterisations are useful for

inferring mass balance, energy balance and equilibrium line altitude (ELA)

changes (Braithwaite, 1984; Jania et al., 1996; Hagen et al., 2003). Studies are

concentrated on both validation of old techniques and the creation of newer

ones.

Finally, climate models including albedo have been extensively used after the

IPCC 4th assessment (IPCC, 2007), playing an important role in predicting

future effects of climate change within the Arctic (Walsh et al., 2002; Caldeira

and Wood, 2008; Graversen et al., 2008). It is concluded that there exists

complexity, even in simple models, to accurately capture the direct and indirect

effects of ice-albedo feedback but modeling attempts should focus on surface

characteristics (ice thickness, snow depth and pond fraction) (Curry et al.,

2001).

The majority of research within these areas concentrates on either Greenland,

or the Arctic as a whole, such is their influence on Arctic dynamics. How-

ever, the remaining ice mass in the Arctic still accounts for ≈ 20% (Walsh

et al., 2010), and will provide valuable results in building a scientific picture

for answering questions on Arctic change. The available literature for the Arc-

tic, and the ice masses in question, will be reviewed throughout Section 2.1,

with Section 2.2 analysing studies controlling factors on ice albedo such as

atmospheric aerosols and snow pack characteristics.

2.1 Albedo trends throughout the Arctic

Although sea ice varies in quantity, size and albedo in comparison to the

focus of this study, that of meteoric ice, it is nevertheless useful to analyse

sea ice albedo trends for two reasons. Firstly, the influence of Arctic sea ice
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albedo on the regulation of physical and atmospheric conditions, in particular

Arctic amplification, is highly significant (Vaughan et al., 2013) and thus will

be affecting factors influential in meteoric ice albedo fluctuations. Secondly,

due to the shorter response time of meteoric glaciers (Oerlemans and Fortuin,

1992), the effects will be visible within shorter time periods and will require

immediate attention. Thus, understanding the forces behind sea ice albedo

variation will develop a greater understanding and level of predictability for

small glacier’s and ice caps.

Arctic sea ice albedo trends were initially calculated using the Advanced Very

High Resolution Radiometer (AVHRR) instrument, with Lindsay and Rothrock

(1994) with albedo (α) displaying a mean of 0.58 throughout summer 1989

(May omitted), and a range of 0.18 < α < 0.91. Furthermore, albedo in areas

> 80◦ N were 0.7 in spring, dropping to 0.4/0.5 in the summer which agreed

with earlier studies by Robinson et al. (1992) and De Abreu et al. (1994).

However, it was noted that the coarse resolution of AVHRR (1.1 km) hindered

the extraction of spatial albedo variability.

As research began to focus on the effects of Arctic amplification, the Surface

Heat Budget of the Arctic Ocean (SHEBA) project (Uttal et al., 2002) was

formed, with the primary aim of developing a predictive understanding of the

ice-albedo feedback. Results from fieldwork in 1997 indicated five distinct

phases in the evolution of summer albedo: dry snow, melting snow, pond

formation, pond evolution and late season freeze-up (Perovich et al., 2002).

Melt season minimums reached 0.4, again with increased variability as ice

extent decreased (values range from 0.1 - 0.7 in areas < 3 m2), highlighting

the influence of surface type on albedo, although these results could have been

exaggerated by the particularly vigorous melt season of 1997 (Comiso, 2002).

Additionally, effects from precipitation and warmer temperatures were seen to

change surface conditions and correlated well with albedo change.
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During the 21st century, with the developments in remote sensing technology

and growing data back catalogs, long-term time-series studies have become

commonplace. Laine (2004) analysed AVHRR data between 1982 and 1998

revealing a summer albedo trend of -0.0007 ± 0.0008 year−1, with the largest

trend seen in June. This negative trend was attributed to changes in surface

conditions (especially melt pond development) and displayed a strong relation-

ship with air temperatures and synoptic weather events. Both Riihelä et al.

(2013) and Wu and Lee (2013) also recorded decreasing trends in albedo for

1982 - 2009 and 2000 - 2013 respectively, with the former consistent with re-

newed research by Comiso (2012) between 1978 - 2010. Furthermore, localised

temporal changes were uncovered, with albedo decreasing later into the sum-

mer in the central and eastern Arctic Ocean, in contrast to larger decreases

witnessed through early summer in the Western Arctic.

These changes in surface albedo have been well documented for causing a

significant positive feedback mechanism on climate change (Curry et al., 1995)

and have recently been linked as the leading forcer of Arctic amplification

(Screen and Simmonds, 2010). Stroeve et al. (2014) have shown that the melt

season period is lengthening at a rate of five days per decade, which in turn

brings more atmospheric warmth across the Arctic, as well as affecting cloud

cover and water vapour content, all of which can influence glacier and ice cap

albedo (Vaughan et al., 2013). Additionally, warmer ocean temperatures will

affect ocean stratification, consequently affecting weather patterns throughout

the Arctic which are intrinsically linked with glacier albedo (Benn and Evans,

2010). These changes, combined with the multitude of other internal and

external albedo forcings could create an ice-free Arctic by 2050 (Wang and

Overland, 2009).
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2.2 Localised albedo effects within the Arc-

tic

2.2.1 Greenland and the Humboldt Glacier

The Greenland Ice Sheet (hereby GrIS) is the most studied ice mass in the

Arctic, owing to holding ≈ 80% of ice mass in the Arctic and a potential for

7.36m of sea level rise if completely melted (Vaughan et al., 2013). A recent

detailed study conducted by Box et al. (2012) found a large ice sheet areal

averaged albedo decline (-0.056 ± 0.007) between June and August for 2000

- 2011 using MODIS data. This decline was largest over the ablation area,

due to increasingly exposed bare ice early in the melt season holding abundant

impurities. This study was conducted over the months of June, July and

August which could suggest early and late melt seasons trends are omitted, a

period of the melt season where significant activity still occurs. Furthermore,

a comparable study by Lhermitte et al. (2012) found a 50% smaller decadal

decrease (-0.028 ± 0.008) since 2000.

However, both studies agree that major zones of albedo decrease were located

on the ice sheet margins, a conclusion shared as far back as NOLI (1997), and in

particular on the western side, in agreement with Laine (2004), van den Broeke

et al. (2008) and Box et al. (2010). This is thought to occur from snow grain

metamorphism throughout the ice melt cycle and the accumulation of melt

water due to increases in solar absorption, as well as dust accumulation at the

more penetrable ice margins. Another recent factor added to the explanation

is that of the North Atlantic Oscillation (NAO), especially dominant between

2007 - 2011 and analysed in detail for its influence on the 2010 melt season

(Tedesco et al., 2011) which underwent melting up to 50 days longer compared

to the previous decadal average (Box et al., 2010). Here, the NAO dipped to
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a minimum between successive years of decline bringing warm air advection

from the south along the western ice sheet. This anomaly led to less summer

snowfall due to an increase in anticylonic activity, which in turn led to a

darker surface. The continual decline in this process, combined with multi-

year progressive positive trends led Box et al. (2010) to believe that the GrIS

will experience 100% melt by 2020 if these conditions persist. As such, the

Humboldt Glacier (HG) provides a good base for localised albedo study due

to its location in the north-west of GrIS, yet to the author’s knowledge, no

studies have been published. However, glacier characteristics that affect the

albedo have been studied throughout the 1990’s (Joughin et al., 1999; Abdalati

et al., 2001) indicating negative mass balance and ice thinning.

2.2.2 Canadian High Arctic and the Agassiz Ice Cap

In relation to direct albedo measurements, the Canadian High Arctic, in par-

ticular the Agassiz Ice Cap (AIC), is lacking in literature even though it holds

1/3 of all ice outside of the ice sheets. However, due to the intimate rela-

tionship between glacial processes and albedo, it is possible to infer albedo

information from other studies conducted.

The Queen Elizabeth Islands, of which AIC belongs, have seen a significant

mass loss since 2005, nearly 5 times higher than the 1963 - 2004 average (Sharp

et al., 2011). This is due to strong summer warming from 2005 onwards,

altering atmospheric circulation patterns and pulling in strong heat advection

from the high sea-temperatures in the northwest Atlantic, in turn increasing

ice surface temperatures and consequently, melt season lengths. Similar trends

are shown by Gardner et al. (2011) with the subsequent sea level rise quantified

at 0.17 ± 0.02 mm year−1. Interestingly, it was shown that the sensitivity to

increases in precipitation was much smaller than temperature in stabilising
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ice mass due to the glacier being located in a relatively dry maritime region.

For AIC specifically, Koerner (2005) found mass balance was decreasing, with

similar attributing reasons as the previous studies, but this was only verified

for elevations between 400 - 1300 m.

The witnessed decreases in mass balance suggest changes of surface melt lev-

els, with the melt percentage on AIC in the last 25 years at its greatest for

4200 years (Fisher et al., 2012). This is confounded by research showing the

enhanced meltwater runoff is not sufficiently compensated by increased snow-

fall (Lenaerts et al., 2013), providing ideal conditions for the introduction of

ice-albedo feedback loops. A further consequence, related to declining albedo,

is that AIC is thinning below 1600 m by upto 0.5 m year−1 (Abdalati et al.,

2004), with higher rates seen in the ablation zones. This body of research

indicates vast changes are occurring on the AIC, but the lack of time-series

albedo measurements could be hindering progress in constructing a long-term

understanding of changing glacier dynamics.

2.2.3 Svalbard and Austfonna Glacier

Like the Canadian Arctic, Svalbard is relatively devoid of specific studies relat-

ing to albedo. The sole piece of recent research was conducted by Kokhanovsky

and Schreier (2008) using the Medium Resolution Imaging Spectrometer (MERIS)

instrument, yet this was not validated and only analysed albedo for 4 days in

2006; nevertheless it provides one useful insight. Albedo was quite low for

early May (α = 0.8) with the suggestion that Arctic Haze, the yearly deposi-

tion of particulates through Arctic winter, was responsible due to correlation

with pollution measurements made that day. However, snow melt was not

ruled out as recorded temperatures were above average. This further high-

lights the complexity in attributing individual factors to albedo fluctuations
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and how significant time-series data is required before strong conclusions can

be formed.

Due to similar climatic settings, albedo studies on Vestfonna, located to the

west of Austfonna on Nordaustlandet, can provide useful information. A newly

developed statistical model, validated by MOD10A1 data, was used to estimate

albedo for 2000 - 2008 (Möller, 2012). It was concluded that the meteorolog-

ical variables employed in the study were not the only governing factors in

surface albedo patterns, with snow drifts caused by strong katabatic winds

providing pattern disturbances especially across the altitudinal profile of the

glacier.

The dynamics and mass balance of Austfonna deviates from other similarly

located glacier’s and is not completely understood (Moholdt et al., 2010). Us-

ing Ice, Cloud and Land Elevation Satellite (ICESat) laser altimetry between

2002 - 2008, the datasets indicate the interior has been thickening at a rate of

upto 0.5 m year−1 in contrast to the ice margins, thinning at a rate of 1-3 m

year−1. Furthermore, due to a higher accumulation rate, the northern basins

are thickening at a greater rate than the southern basins. Overall mass loss

was recorded at -1.3 ± 0.5 km3 year−1, with the majority due to the retreat

of calving fronts.

2.3 Albedo forcings

External albedo drivers such as atmospheric circulation changes, Arctic ampli-

fication and fluctuating weather characteristics have been regularly attributed

to observed albedo trends, but also significantly impact internal mechanisms

such as snow pack characteristics and debris cover, in turn skewing expected

melt season albedo behaviour. Due to the non-homogeneous characteristics of
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ice cover, this is often seen as one of the most important determining aspects

(Allison et al., 1993).

2.3.1 Snow pack characteristics

Warren and Wiscombe (1980) provided in-depth analysis of snow pack charac-

teristics concluding that albedo is related to several glacier surface parameters.

Albedo decreases as snow grain radius and age increase due to incoming radia-

tion, in the form of photons, having less chance of being scattered. This can be

further fueled by a larger water content filling air gaps between grains thereby

increasing radii. Furthermore, the depth for which the underlying surface will

not affect ice albedo increases with grain size suggesting older snow needs to

be thicker to provide the same level of radiation reflection.

Surface properties vary greatly throughout a melt season (Barry, 1996). At the

beginning (April - May) albedo is usually high due to the fresh winter snowfall

producing a bright, clean surface. Spring rainfall then increases snow radii,

beginning a drop in albedo. Eventually melt ponds begin to form resulting in

sharp albedo drops due to the darker nature of melt pools to their surroundings

which then leads to pond widening and deepening. As the melt rate of ice

beneath ponds is 2 - 3 times more rapid than that of bare ice (Maykut, 1982),

ponds tend to evolve where they started. Albedo can still increase throughout

this process if the correct conditions prevail, highlighting the complexity with

modeling albedo. Away from melt ponds, once the snow has disappeared, bare

ice is revealed, decreasing albedo due to its dirtiness from abundant impurities

(Box et al., 2012). Normally, by early August, the albedo has reached its

minimum and lower temperatures begin to form ice skims on the pond surfaces,

yet albedo flickering can occur for the next few weeks depending on the synoptic

weather. Albedo variability is normally greatest in this period. After this,
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surface temperatures are usually below zero, increasing the albedo as the snow

cover gets deeper.

This melt season evolution, in tandem with the intricate relationship between

surface properties and albedo, provides many opportunities for albedo trends

to develop, change and influence. As such, the analysis of melt season albedo

can be a complex matter.

2.3.2 Particulate debris cover

Another factor with long-standing roots in manipulating albedo is debris cover

across the glacier, with evidence suggesting a perturbation to albedo of approx-

imately 30% (Takeuchi et al., 2006). The downward motion of accumulated

snow on glacier’s means debris can become entrained in the glacier for an

extended period of time (Solberg et al., 2010), continually contributing to sur-

face darkening. This is more pronounced in polar snowpacks which are very

pure with normal dust concentrations less than 0.1 ppm (Paterson and Cuffey,

1994). Particulate debris, normally arising from the long-range transporta-

tion of aerosols from anthropogenic emissions, are found most usually in the

form of Black Carbon (BC) from biomass and fossil fuel combustion which

alters the chemical and physical properties of snow albedo (McConnell et al.,

2007). BC on snow, estimated to be responsible for 25% of observed warming

in the Arctic between 1880 - 2000 (Hansen and Nazarenko, 2004), increases

surface temperatures more than twice that of an equal force of carbon dioxide

(Rosen et al., 1984), and as such increases surface melt, causing dynamical

and radiative feedback processes that accelerate ice melt.

Long-term observations show a seasonal cycle in Arctic pollution, termed Arc-

tic Haze, of which BC plays a significant role. The cold atmosphere of the

winter inhibits the formation of cloud systems and precipitation which traps
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particulates, with additional transfer from the mid-latitudes producing upto

30 days of pollutant haze (Shaw, 1995). BC is often transported over large dis-

tances, mixing with other aerosols and as such, the Arctic is open to deposits

from countries throughout the northern hemisphere. Recent measurements

have shown that BC levels are increasing in the Arctic (Sharma et al., 2006)

with biomass burning recognised as a major aerosol source, specifically boreal

fires from Canada. Stohl et al. (2006) linked a large fire across Canada and

Alaska in 2004 with decreased albedo at Summit campsite, Greenland (72.6◦

N, 38.4◦W) and later concluded agricultural fires in Eastern Europe were re-

sponsible for record high levels of BC in the European Arctic (Stohl et al.,

2007).

Recently, interest in the effects of debris cover on Greenland surface albedo

have been amplified by the Dark Snow Project which provides in situ albedo

updates and reviews driving forces. Dumont et al. (2014) has built on this

by developing a numerical snow model that shows decreases in GrIS albedo

cannot be solely attributed to ice surface characteristics previously discussed,

and that the darkening since 2009 stems from a widespread rise in light absorb-

ing impurities - most likely dust originating from Arctic areas seeing earlier

seasonal snow melt.

In the Eastern Arctic, Kozak et al. (2013) created a database of pollutants

found in Svalbard with particular concern for a growth in persistent organic

pollutants which are characterised by durability and resistance to degradation.

Additionally, the PRODEX Black Carbon project is underway throughout

Svalbard (Solberg et al., 2010) analysing the spectral properties of BC in snow

and the ability of remote sensing to extract long-term trends, with preliminary

results expected late 2014.
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2.4 Literature summary

The reviewing of current literature on albedo variability in the Arctic has raised

several key points:

• Albedo is decreasing throughout the Arctic, and has been for the last

two decades, with Arctic amplification seen as both a major cause and

effect of this observed trend.

• Additionally, external (surface temperatures, weather systems) and in-

ternal (snowpack characteristics, debris cover) forcings all play a role,

but quantifying the effect from each is a complex task.

• There is a lack of time-series albedo research for smaller glacier systems

throughout the Arctic, potentially overlooking localised trends that can

aid overall scientific understanding on a larger scale.

As such, the following research provides new data and scientific conclusions

based on the current knowledge of glacier relationships with albedo, whilst

providing momentum for further research on individual glacier systems and

albedo trends throughout the Arctic.
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Study sites

As described earlier, the High Arctic has been experiencing rapid glaciologi-

cal changes from increased surface and atmospheric warming throughout the

21st century. To provide data across the High Arctic, three glacier’s were

chosen representing the major areas; Canada, Greenland and Svalbard (Fig.

3.1).

Figure 3.1: Location of Humboldt Glacier, Austfonna and Agassiz Ice Cap within the High Arctic. Median
sea ice extent data was collected from the National Snow and Ice Data Center (NSIDC).

20
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3.1 Humboldt Glacier

Located in northern Greenland (79.3N, 63.8W), the Humboldt Glacier (HG)

(Fig. 3.2) is the largest in Greenland, culminating in the widest marine-

terminating outlet (≈ 90 km) (Weidick et al., 1995). As such, 3% of the

ice sheet is drained into the Kane Basin through the terminus (Rignot and

Kanagaratnam, 2006). A large majority of the glacier is located in the GrIS

ablation zone, making the study area a prime site for albedo analysis.

Figure 3.2: Study site map for Humboldt Glacier. Coordinates refer to UTM (Universal Trans Mercator)
zone 20N. Contour spacing is marked at 200 m and AWS refers to the automatic weather station from which
data was collected. The inset shows shows the location of Humboldt Glacier within Greenland and the
Canadian Archipelago with coordinates referring to the NSIDC sea ice polar stereographic north system.

Changing glacier characteristics were identified by previous studies throughout

the 1990s, most notably a frontal retreat of 1km measured between 1992 - 1996

(Rignot et al., 2001). Furthermore, a greater negative mass balance is seen in

the northern sector (Abdalati et al., 2001) with subsequent ice thinning rates

reaching 1.7 m year−1. More recently the front has receded 311 km2 between

2000 - 2011, the largest recorded throughout Greenland (Box and Decker,

2011), even though HG displays a lack of confining topography with a gentle
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inland slope generating relatively low velocity changes at the calving front

(Joughin et al., 1999). Furthermore, the entire glacier has retreated 162 m

year−1 between 1999 and 2012 (Carr et al., 2014 in press).

North-western Greenland has a strong Arctic climate with average tempera-

tures of 2-7◦C and -19 to - 28◦C in the summer and winter respectively, with

larger precipitation throughout the summer. Foehn winds, a hot and dry wind

blown down from the mountainous regions, can cause temperatures to rise

dramatically in the winter initiating rapid snow melt. Decadal analysis has

demonstrated a very strong recent warming trend on the west coast of Green-

land, especially during winter, which is likely due to increased warm southerly

airflows from the NAO (Hanna et al., 2012).

3.2 Agassiz Ice Cap

The Canadian High Arctic is a vast island archipelago (≈ 1.3 million km2)

with glacier’s covering 25%. The second largest body of ice is the Agassiz Ice

Cap (AIC) (80.2◦ N, 75.1◦ W), covering 21000 km2 and located on the eastern

side of Ellesmere Island (Fig. 3.3), part of a greater collection of land known

as the Queen Elizabeth Islands. The topography differs from most large ice

caps in the Canadian Arctic in that there is no real symmetry, with valley

outlet glacier’s emerging from all sides of the 2201 m ice cap summit and a

mountainous interior (Williamson et al., 2008). Koerner (2002) measured ice

thickness to be 100-300 m at the summit, with 500 m averaged downslope, and

even 1000 m in some channeled areas.

Climate data on AIC itself is very sparse, with sea level automatic weather

stations at Eureka, the south eastern tip of Ellesmere Island, (79.9◦ N, 85.9◦

W) and 500 km north at Alert (82.5◦ N, 62.4◦ W) providing the most reliable
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Figure 3.3: Study site map for the Agassiz Ice Cap. Coordinates refer to UTM (Universal Trans Mercator)
zone 18N. Contour spacing is marked at 500 m and AWS refers to the automatic weather station at Eureka.
The inset shows shows the location of the Agassiz Ice Cap within Greenland and the Canadian Archipelago
with coordinates referring to the NSIDC sea ice polar stereographic north system.

data. The mean annual air temperature fluctuates around -17◦C with sum-

mer temperatures typically rising above zero and providing 70% of the annual

precipitation which reaches 100 -200 mm year−1 (Lesins et al., 2010). These

summer temperatures are controlled by the strength and position of the July

circumpolar vortex which provides a mass of cold polar air over the High Arctic

at peak strength, and warmer air from the Atlantic when weak.

A sharp increase in summer warming has been witnessed from 2005 onwards,

attributed to the increased advection of warm air from the north-west Atlantic

to the Canadian High Arctic (Sharp et al., 2011), bringing a mean tempera-
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ture increase of 1.1◦C for 2004-2009 compared to 2001-2004. As a result, the

decreasing trend of glacier mass balance from 1980 onwards (Koerner, 2005;

Gardner and Sharp, 2007) has been accelerated, and melt season length has

lengthened, causing ice loss to increase from -7 ± 18 GT year−1 for 2004 -2006

to -61 ± 18 GT year−1 for 2007 - 2009, contributing 0.17 ± -0.02 mm year−1

sea level rise (Gardner et al., 2011).

3.3 Austfonna Glacier

Svalbard is an Arctic archipelago comprising of four major islands (ranging

from 74◦ to 81◦ N and 10◦ to 35◦ E), of which 60% is covered by glacier’s

(Hagen et al., 2003). The largest, both in Svalbard and the European Arctic,

is Austfonna (79.7◦N, 24.0◦E); a polythermal glacier covering 8120 km2 located

on the north-east island of Nordaustlandet (Fig. 3.4). The ice cap geometry

consists of one main dome feeding a number of drainage basins and has a

maximum elevation of 809 m, with an ice thickness ranging from < 300 m in

the southeast to > 500 m in the centre (Dowdeswell et al., 2008). In-situ mass

balance measurements between 2004 - 2008 show a surface mass balance close

to zero (Moholdt et al., 2010), yet between 2002 - 2008 the net mass balance

was negative due to calving (Dowdeswell et al., 2008) and thinning ice margins

(Moholdt et al., 2010).

Climatic conditions are governed by the meeting of contrasting air masses,

cold and dry from the north and warm and humid from the northern Atlantic

Ocean, which causes large spatial variability (Svendsen et al., 2002). Auto-

matic weather station reports from 2004 - 2012 recorded a mean annual tem-

perature of -8.3◦C but with large variability in winter temperatures, ranging

from 0 to -30◦C (Schuler et al., 2014). Summer temperatures are less variable,

ranging from 0 - 5◦C. These conditions cause extensive melting, percolation
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Figure 3.4: Study site map for Austfonna Glacier. Coordinates refer to UTM (Universal Trans Merca-
tor) zone 35N. Contour spacing is marked at 100 m and AWS refers to the automatic weather station at
Longyearbyen. The inset shows shows the location of Austfonna within Svalbard with coordinates referring
to the NSIDC sea ice polar stereographic north system.

and re-freezing resulting in firn characterised by ice lenses, glands and layers

with thickness from mm’s to > 0.5 m (Dunse et al., 2009).

Wind drift and precipitation, two factors largely affecting snow distribution,

are driven by the easterly weather systems originating in the Barents Sea

region (Schuler et al., 2014). This results in a similar spatial pattern but with

a pronounced accumulation gradient, with snow depths on the east side at least

double the snow depths on the west side (Pinglot et al., 2001). Snow depth

measurements from 2005 also highlighted depth was increasing from the West

towards the top of the ice dome (0.7 - 1.4 m). Although climatic conditions are

spatially variable, melt season characteristics show no major changes (Winther

et al., 2003) with a suggested period of 5 June - 17 September.

Surface albedo plays an important role in the radiation budget of Austfonna

due to net radiation being dominated by shortwave radiation (Schuler et al.,

2014), with frequent summer snowfalls maintaining a high albedo over the
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entire ablation season.



Chapter 4

Methods

4.1 MODIS Instrument

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a polar or-

biting, across-track scanning multispectral instrument on board both the Terra

and Aqua satellites, offering higher spatial and spectral resolution (Table 4.1)

and reduced sensor noise (Heidinger et al., 2002). Terra (launched in 1999)

and Aqua (2002) concentrate on the high latitudes with daily images composed

of 36 spectral bands ranging in wavelength between 0.4 µm to 14.4 µm and

resolutions of 250 m, 500 m and 1000 m (Barnes et al., 1998). Data collection

spans land surface, biosphere, solid Earth, atmospheric and oceanic interac-

tions allowing long-term observations and enabling the prediction of global

change to assist environmental policymakers and researchers.

A large part of the suite of products available are focused on the cryosphere

with Terra given greater coverage as MODIS band 6 (1.628 - 1.652 µm), used

in the snow detection algorithm, is only 30% functional on the Aqua satellite

(Hall et al., 2006). Furthermore, greater data validation and understanding

of the sensor and pre-launch development algorithm provides enhanced confi-

27
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Table 4.1: MODIS instrument specification

Spatial resolution 250 m, 500 m and 1 km

Spectral resolution 36 bands across 0.41 - 14.39 µm

Repeat period 1 - 2 days

Scene swath 2330 km

Archive length 1999 to present

dence in use. Thus, due to these strengths, the large data back catalogue and

temporal and spatial frequencies, both the MODIS instrument, and in par-

ticular the MODIS/Terra Snow Cover version 5 products (MOD10A1), were

considered to possess the highest suitability for the project. This product

provides daily scientific datasets on snow extent, fractional snow cover, snow

albedo and associated quality assurance data at a resolution of 500 m, which

supersedes the MOD10 L2G product also used in the data calculation (Wolfe

et al., 1998).

4.2 Algorithm for albedo generation from raw

MOD10A1 satellite imagery

Albedo values are only generated for pixels that are cloud free and snow-

covered; the former decided using the MODIS cloud mask (MOD35) (Acker-

man et al., 1998) and the latter using the automated MODIS snow mapping

algorithm (MOD10) (Hall et al., 2001). This algorithm uses reflectance values

in band 1 (0.62 - 0.67 µm), band 2 (0.841 - 0.876 µm), band 4 (0.545 - 0.565

µm) and band 6 (1.628 - 1.652 µm) to calculate Normalized Difference Snow

Index (NDSI) and the Normalised Difference Vegetation Index (NDVI) (Eq.
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Go to next pixelblock

Determine if pixel
is snow covered
and cloud free

No

Yes

Determine sur-
face reflectance

through MOD09

Model snow BDRF
(DISTORT)

Calculate spec-
tral albedo

Convert to broad-
band albedo

Figure 4.1: A simplified flowchart for MOD10A1 snow albedo algorithm (adapted from Klein and Stroeve
(2002))

4.1).

NDSI =
band 4 − band 6

band 4 + band 6
NDV I =

band 2 − band 1

band 2 + band 1
(Eq. 4.1)

An NDSI ≥ 0.4 with band 2 > 0.11 and band 4 > 0.10 qualifies a pixel for

albedo calculations (Hall et al., 2006). If 0.1 < NDSI < 0.4, then for a pixel

to be classed as snow, the NDVI and NDSI must fall within a defined polygon

on a scatter plot of the two indices’s.

Snow albedo is calculated from the first seven visible and near-infrared bands,

but a conversion from these spectral values to the more widely used broad-

band albedos is then implemented requiring adjustments to be made through

a clear sky albedo algorithm (Klein and Stroeve, 2002), outlined in Fig. 4.1,

building on previous work of Knap and Oerlemans (1996) and Stroeve et al.

(1997).

Firstly, atmospheric correction is achieved by retrieving corrected surface re-

flectances from the MODIS/Terra Surface Reflectance Daily L2G Global SIN
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grid product. The correction scheme takes into account atmospheric gases,

aerosols and thin clouds with MOD04 and MOD05 products used for water

vapour, ozone and aerosol correction and band 26 (1.360 - 1.390 µm) for thin

cloud detection. Stroeve et al. (1997) and Greuell and Oerlemans (2005) cal-

culated that uncertainties in atmospheric aerosols have the greatest impact

(apart from clouds) on albedo derivation from visible and near infrared satel-

lite recordings. To account for this, climatologies of aerosols are used because

of difficulties in retrieving aerosols over bright surfaces, with the aerosol optical

depth at 550 nm is set to 0.05 as suggested by Klein and Stroeve (2002).

As snow is a non-lambertian reflector, the next stage is to correct for its

anisotropic reflectance, whereby the variation of reflectance changes with the

view angle due to surface grain size, snow depth and the concentration of

light absorbing particulates (Klein et al., 2000). This poses a particular prob-

lem in the Arctic regions due to high solar zenith angles (the angle measured

from directly overhead to the centre of the sun’s disc) with errors > 10% be-

ing recorded (Stroeve et al., 1997; Jin and Simpson, 2000). To correct for

anisotropic scattering, it is required to know the actual angular distribution of

the reflected energy labelled the bi-directional distribution function (BRDF)

(Nicodemus, 1977).

This is achieved by using a discrete ordinates radiative transfer (DISTORT)

model, where radiation scattering is modelled using parameters such as snow-

pack optical thickness and the scattering phase function. The BRDF is then

normalised by the spectral albedo, creating a separate anisotropic response

function used as an adjustment factor for measurements in each of the seven

bands. Finally, the spectral albedos are then combined into a broadband

albedo using methods described by Liang et al. (1998) where weightings were

derived for each MODIS band based on the laboratory analysis of 100+ spec-

tra. As multiple broadband albedo values are calculated throughout the day,
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the best is selected for each pixel based on a scoring algorithm weighted by lo-

cal noontime (0.5), nadir (0.3), and maximum coverage of the cell (0.2). These

values are then gridded onto a sinusoidal map projection (described in detail

by (Wolfe et al., 2002)).

Other albedo products are available from MODIS, namely the MOD43 series.

These concentrate on a different method for modelling BRDF with spectral

and broadband wavelength parameters derived from the RossThickLiSparseRe-

ciprical kernel combination model, allowing the reconstruction of the entire

surface BRDF (Schaaf et al., 2002). However, these products do not provide

estimates of actual ’blue sky’ albedo and need to be calculated using modelled

fractions of diffuse skylight and the white sky (when the diffuse component

is uniform in all orientations) and black sky (absence of diffuse component)

albedo’s provided. Due to the heavy computational steps required to calculate

this, and the limiting temporal frequency of eight day data periods, it was con-

cluded that the products were not suitable for the research undertaken.

4.3 Data validation and quality assurance

Various stages are required to transform the recorded data into useable MODIS

products, and as such, quality assurance (QA) information is vital to ensure

data is free from issues involving instrument failure, geolocation errors and

masking errors. An external xml metadata file accompanies each piece of data,

providing three quality indicators specific to MODIS snow products which

highlight the overall standard; the automatic quality flag, science quality flag

and percentage of good data (graded on several pixel conditions including

cloud cover, shadow, aerosol quantity and viewing geometry). The automatic

quality flag, generated during production, is set in line with criteria within the

snow mapping algorithm and can either be set to passed, failed or suspect,
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which implies significant % of the data were anomalous. The scientific quality

flag, generated post production, is carried out by either an automated QA

program or by a qualified snow scientist and tests for a variety of anomalous

conditions, setting the pixel value accordingly (Hall et al., 2006). Finally, the

percentage of good quality data is defined as input data that is available and

useable, thus not requiring further QA. Analysing these quality indicators is

an important step to ensure consistent and valid image comparisons can be

made throughout multiple years of the same dataset.

QA information provides a method for checking file accuracy, but does not

reveal whether the data itself accurately aligns with measured in-situ values.

For this, data validation must be sought. The MOD10A1 product is currently

validated at stage 2, whereby the product has been accurately compared with

several independent measurements from varying time periods and locations

(Hall and Riggs, 2007). Tests from Klein and Stroeve (2002) immediately after

developing the algorithm show a maximum daily difference between five broad-

band retrivels and in situ albedo to be 15%, with 1 - 8% difference compared

to measured SURFRAD albedo. More recently, Stroeve et al. (2006) tested

the product with in-situ measurements from five automatic weather stations

(AWS) across Greenland, calculating a root mean square error (RMSE) of

0.067 and correlation r2 = 0.79. It was concluded that seasonal variability was

successfully tracked but temporal fluctuations were more prevalent. Wright

et al. (2014) again saw variability in day to day and multi day measurements

when compared to in-situ measurements on Summit, Greenland throughout

2011. However, a low RMSE of 0.033 was still presented. Wang et al. (2011)

found a similar RMSE value of 0.026 on three continental glacier’s in Western

China and Box et al. (2012), undertaking data validation between 2000 and

2010 using 17 AWS within 550 - 3250 m elevation on Greenland, yielded a

RMSE of 0.041 ± 0.011. It was noted however that albedo values greater than
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0.84 were present, exceeding the maximum for clear skies (Konzelmann and

Ohmura, 1995), and additionally values above 0.84 exhibited decreased accu-

racy. These were found in areas of high solar zenith angles (SZA) and thin

clouds.

4.4 Data limitations

Although successful validation tests have been recorded, there still exists an in-

verse relationship between data accuracy and SZA, due to increased scattering

and less penetration of solar radiation by snow resulting in larger fractions of

oblique radiation reflected (Warren and Wiscombe, 1980). Wang and Zender

(2010) suggested that SZA > 55◦ would show rapid decline in data accuracy

throughout Greenland, as well as labelling SZA responsible for 50% of seasonal

albedo variability. However, automatic quality flag data was omitted from

analysis (Schaaf et al., 2011) and as such, SZA ≈ 70◦, as suggested by Stroeve

et al. (2006), Box et al. (2012) and Möller (2012), is a better estimate of the

limit at which data keeps its accuracy. Mountainous terrain also provides con-

ditions for increased radiation scattering leading to decreased accuracy (Hall

et al., 2006), but will not play a significant role due to the relatively simple

topographical nature of the glacier’s in question.

In addition to SZA, cloud artefact’s (contrails, edges etc) play a role in de-

creasing product accuracy by interfering with albedo calculations due to similar

reflective properties (Box et al., 2012). This has been counteracted through

an improved cloud mask within the version 5 products, but limitations do

still exist with a tendency to classify transition zones between land and snow

as cloud (Wang et al., 2009) - although this is reduced in MOD10A1 daily

product. Furthermore, albedo uncertainties of ≈ 2% exist due to calibration

problems on-board the Terra instrument based on comparisons made in Green-
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land (Justice et al., 2002; Greuell and Oerlemans, 2005).

Finally, it should be mentioned that all data used for this analysis was collected

under clear sky conditions and as such not prohibiting a direct comparison

with data collected under cloudy conditions due to 10% decreases normally

witnessed (Benn and Evans, 2010).

4.5 Data collection and filtering

Images were downloaded in the EOS-HDF format from the National Snow

and Ice Data Centre for each day between May - September from 2001 to

2013. This coverage allows an insight into the entire northern hemisphere melt

season, with only one significant data gap 14 June - 7 July 2001. On top of the

data limitations related to SZA, an inspection of the raw data revealed several

data anomalies. Small strips of low albedo (<0.5) across the accumulation

zone were noticed, especially on HG, which could be an artefact from the

MOD L2 product where one band sensor failed. Additionally, a mixture of

high and low values on neighbouring pixels, are witnessed early and late in the

melt season (Winther et al., 2003) due to several surface types that could be

present during spring melt and end of season re-freezing within a 500 m by

500 m pixel. Finally, due to larger SZA present at high latitudes early and

late in the melt season, large albedo values (> 0.9) were consistently recorded.

Although these values can be recorded in visible wavelengths when snow is

fresh with small grains (Carmagnola et al., 2013), values exceeding 95% are

generally considered too large (Klein and Stroeve, 2002). It was concluded

that data filtering was required to regulate and remove these anomalies.

Data filtering was undertaken in a two tiered process; file and pixel level (Fig.

4.2) with SZA = 70◦ used to split the data due to results from Stroeve et al.
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Figure 4.2: Flow chart describing data filtering steps. Filtering was conducted at both file and pixel level,
removing files based on their % of quality data and removing pixels based on 11 day running statistics of
the median combined with upper limits for albedo adapted to the day of image collection.

(2006). Periods through the melt season which represented this SZA threshold

were calculated using an online tool created by the National Oceanic and

Atmospheric Administration (NOAA) (NOAA, 2013). Firstly, images were

discarded if any quality flags were raised and whether there was a sufficient

percentage of quality data in each file (88% for SZA > 70◦and 90% for SZA <

70◦) (see Table 4.2). Secondly, methods were adapted from Box et al. (2012)

for pixel by pixel filtering based on calculating 11-day running statistics for

each image. For SZA < 70◦, values that exceed 2 standard deviations (2σ)

from the 11-day average were rejected, and to ensure valid cases were not

unintentionally removed, data within 0.04 of the median were kept. Due to

lower SZA, a maximum value of 0.95 was adhered to. For SZA > 70◦, a more

stringent standard deviation threshold was used (1.5σ) as there is a higher

chance of anomalous values arising. Furthermore, a maximum albedo value of

0.97 was used with the same median threshold. A lower percentage was used

for the higher SZA, in conjunction with a stricter pixel filtering method, to
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gain enough accurate data to provide representative results. Data filtering was

undertaken using a script which is presented in Appendix 1. The first five and

last five images for each dataset were filtered using running statistic values

from the image directly after and before respectively. Contrary to Box et al.

(2012), no lower bound was placed to avoid losing any highly affected pixels

confused with spurious values.

Table 4.2: Files removed from first stage of data filtering

Year Agassiz Humboldt Austfonna

SZA < 70◦ SZA > 70◦ SZA < 70◦ SZA > 70◦ SZA < 70◦ SZA > 70◦

2001 7 11 8 14 1 4
2002 5 20 11 23 1 5
2003 7 16 13 24 0 0
2004 1 17 7 23 1 4
2005 8 26 10 30 1 5
2006 3 20 5 27 1 3
2007 8 18 15 29 0 7
2008 8 10 10 14 3 0
2009 1 17 8 0 1 1
2010 5 14 9 16 0 3
2011 9 20 13 22 1 0
2012 9 7 12 18 0 2
2013 7 28 15 28 0 0

(%) 3.2 9.2 5.6 10.9 0.4 1.4

These methods were considered suitable due to results presented by Box et al

(2012), where RMSE with in-situ measurements were smaller by a factor of 2

from results by (Stroeve et al., 2006) due to the data filtering.

4.6 Data analysis

Each area of data analysis was conducted on images that were masked by the

glacier, created by digitising the glacier outline from the most recent, cloud

free Landat 7 ETM+ imagery.
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α1

α2

αav for pixel (6,2) = α1+α2
2

(0,0)

(8,8)

Figure 4.3: Method for calculating pixel by pixel average albedo. Any pixels not corresponding to albedo
(e.g. cloud, no data) were ignored from the calculation.

4.6.1 Global daily, monthly and yearly albedo trends

Daily averages were calculated for each image, ignoring any values associated

with cloud over the glacier, and these were then used to calculate monthly

averages. To provide a visual represenatation of how albedo is changing spa-

tially between 2001 and 2013, all images belonging to a year were stacked, with

averages calculated on a pixel by pixel basis (Fig. 4.3) ignoring any filtered

pixels. Subsequent years were then negated before all differences were summed

together to provide a map for how the albedo of each pixel has altered through

the time-series.

To obtain the underlying albedo trend throughout the evolution of the melt

season, each pixel in the daily data is taken as the 11 day running median,

which has a more smoothing effect on the data compared to the pixel by pixel

average method used to calculate monthly and yearly averages.
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4.6.2 Yearly albedo trends with respect to elevation

Glacier’s are often spread over varying terrain whereby different glacial zones,

processes and dynamics exist unique to certain elevations. Furthermore, tem-

peratures and weather conditions can vary significantly with height, with colder

temperatures producing thicker ice and more fresh snowfall; this adds com-

plexity into quantifying glacier albedo change (Paul et al., 2005) and as such,

a resampled Digital Elevation Model (DEM) was introduced to aid analysis.

Due to latitudes in question, Shuttle Radar Topography Mission (SRTM) data

was not available and large resolution differences between MOD10A1 data and

Global Digital Elevation Map data from the Advanced Spaceborne Thermal

Emission and Reflection Radiometer (ASTER GDEM) were considered too

large for accurate scaling, therefore elevation data was collected from Ferranti

(2014), which were created from 250K and 500K topographic maps and Land-

sat imagery (coastal areas), and reprojected ICESat data. Initial comparisons

by overlaying both DEMs suggested acceptable results, with errors only seen

in coastal margins, which will not affect the desired analysis.

4.6.3 North Atlantic oscillation, surface temperature and

precipitation

To observe the relationship between albedo and atmospheric conditions and

circulation patterns, ancillary datasets were required. Observed data for the

monthly NAO index was provided by the National Oceanic and Atmospheric

Administration (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/

pna/new.nao.shtml) and is based on methods constructed by Barnston and

Livezey (1987).

Hourly in - situ glacier surface temperature data (78.3◦ N, 56.5◦ W) from
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the Greenland Climate Network was obtained for HG. The data was aver-

aged for each day and month to provide direct comparisons with albedo data.

Years 2001, 2006, 2008 and 2009 were either partially or completely void of

data due to hardware issues, and no winter data was available. No in-situ

automatic weather station data was available for Austfonna or AIC and as

such monthly data from the World Meteorological Organisation was used as a

proxy. This was collected from Eureka, north-east Canada (79.9◦ N, 85.9◦ W)

and Lufthavn, Svalbard (78.2◦ N, 15.5◦ E), which were the nearest stations to

the glacier’s.

Monthly precipitation values (mm day−1) were collected from the CFC Merged

Analysis of Precipitation dataset in 2.5◦ by 2.5◦ latitude squares where the

data is collected using five satellite estimates (Xie and Arkin, 1997). For HG

and AIC, where ice mass overlapped two squares, the average of both was

taken.
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Results

5.1 Humboldt Glacier

5.1.1 Seasonal and inter-annual albedo variability

The average daily albedo (αdaily) of HG declined from 0.87 early May to 0.73

early July, before a high of 0.86 late August (Fig. 5.1). Normally, this high

would signal the end of the melt season, where snow fall starts to accumu-

late with the arrival of colder temperatures, however another multi-day fall

to 0.76 is seen in mid-September before rising to 0.82 at the end. Two sea-

sons saw significant deviation (σ) from αdaily with mid-June to early-August

2008 measuring 1σ below, and early-June to mid-August 2012 measuring 2σ

below at peak melt. Smaller anomalies occurred in 2004 with a mid-August

minimum 2σ below αdaily, and throughout 2011 with values consistently 1σ

below. Daily melt season anomalies, defined as > 1σ below αdaily, were five

times more common in the period 2008 - 2013 than 2001 - 2007. In contrast,

daily melt season anomalies above αdaily were three times more common in the

period 2001 - 2007 suggesting a recent lowering of both albedo maximums and

40
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minimums.

Average albedo across the glacier (αyearly) is decreasing at a rate of 0.0042 ±

0.0011 year−1 (Fig. 5.2). Additionally, the minimum and maximum albedo

are decreasing at quicker rates, 0.0053 ± 0.0017 and 0.0052 ± 0.0012 respec-

tively. Yearly melt season anomalies, defined as greater than twice the average

rate of decline, were seen in 2005, 2007, 2009 and 2012, with the latter three

suggesting feedback amplification could have been involved as 2006 - 2012 saw

continual decline. Standard deviation of αyearly throughout this period is also

greater, concurring with Perovich et al. (2002) that large melt season variabil-

ity increases with lower albedo measurements. A seasonal event seems to be

solely responsible for the 2005 decline, as neighbouring seasons see trend re-

versal. The final season, 2013, saw a large increase bringing values back in line

with those of 2009, but presents doubts regarding a stabilisation or continued

decline in 2014.

These anomalies can be further analysed by monitoring monthly albedo changes

for each year (Fig. 5.3). June and July were largely responsible for any sharp

albedo declines, rising and falling almost in tandem, but with July exhibiting

the sharpest overall rate of decrease (0.0086 ± 0.0023 year−1) - more than

twice that of αyearly. Furthermore, albedo during May is decreasing year on

year except 2005 and 2007. In contrast, August and September exhibit vari-

ability but no trends, suggesting early melt season characteristics are the prime

driver for changes in αyearly. Melt season decline rate (
αdailyMax−αdailyMin

time
) was

also calculated from Fig. 5.1 to investigate melt season length fluctuations but

no strong conclusions could be made.
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5.1.2 Regional albedo change

Regionally, 87% of the glacier has seen a decrease in albedo between 2001

and 2013 which is focused in two major areas; the ice front up to 400 m and

elevations > 1100 m (Fig. 5.4). Circles of greater decline are also seen, with the

majority of these areas falling in the ablation zone of GrIS. Inbetween, a strip

of increased albedo with high values focused on the northern edge suggests

localised processes are influential here.

Figure 5.4: Accumulated regional albedo change on Humboldt Glacier between 2001 - 2013. Differences
were calculated between each year and then summed on a pixel by pixel basis to highlight overall change.
Overall, 87% has seen a decrease, predominantly at the ice margin and higher elevations (> 1100 m). Albedo
increase is seen inbetween, suggesting localised, topographical process are involved here.

Albedo increases consistently with elevation across the glacier, with values

ranging from 0.59 at 100 m to 0.84 at 2300 m (Fig. 5.5). This is due to

increased precipitation and lower temperatures providing a stable layer of fresh

snow. The highest elevations (>2300 m) do see a small drop and a greater

degree of variability, which is apparent across all three glacier’s. It is thought

that the smaller areal coverage with the highest elevations implies less albedo
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data is available and as such the results are slightly different to the continual

increase in albedo that would normally be seen. Rates of greatest decline,

between 0.003 - 0.004 year−1 occur at lower elevations, generally < 500 m,

which is consistent with the regional change seen at the ice front. In years

of significant decline, predominantly the mid elevation areas (900 - 1400 m)

contribute the greatest, once again consistent with the regional map and the

elevations seeing circles of larger albedo decline.

Figure 5.5: Yearly albedo and elevation on Humboldt glacier. Albedo rises with elevation due to increased
precipitation and lower temperatures allowing the formation of clean snow. Elevations < 500 m and between
900 - 1400 m show the greatest rates of decline, with the latter particularly involved in the 2012 melt season.

5.2 Agassiz Ice Cap

5.2.1 Seasonal and inter-annual albedo variability

Over AIC, αyearly and αmonthly exhibit similar declining trends to HG but

albedo values are generally lower overall, implying inherent differences in the

glacier’s themselves (Fig. 5.6 & Fig. 5.8). Throughout the melt season, αdaily
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declines from a high of 0.84 to a minimum of 0.63 at the beginning of August

- a value significantly smaller and reached a month later than on HG. Albedo

climbed to 0.83 by early September, but like HG, a late season decline was

seen suggesting the melt season could continue into early October. Up to

2007, αdaily is mostly within 1σ with only two notable short-term anomalies

both in July 2004 and 2005.

From 2008 onwards significant changes in αdaily occur, with the albedo ampli-

tude (αdailyMax − αdailyMin) increasing yearly, and early August representing

the seasonal low. A consequence of this is an increase in σ, particularly in

the seasons seeing large declines. Subsequent years of extended albedo be-

low 1σ were seen in 2011 and 2012, again suggesting positive feedback loops

are present throughout this period. Daily melt season anomalies were three

times more common in the period 2008 - 2013, in line with calculations for

HG. This is visually represented in Fig. 5.7 by comparing the three rates of

decline, with the minimum albedo experiencing a decline of 0.0141 ± 0.0019

year−1 compared to an average of 0.0059 ± 0.0013 year−1, and an increase of

60% compared to HG. Similarly, sharp drops are seen in 2005, 2008 and espe-

cially 2011 but no continued decline into 2012 was present. Analysing monthly

albedo patterns reveals similar results to HG with July witnessing the greatest

rate of decline at 0.0112 ± 0.0025 year−1, nearly twice as large as αyearly. Once

again, the emphasis is on forcings from the start of the melt season with May

and June also seeing decreasing trends.

5.2.2 Regional albedo change

Regionally, 76% of the AIC has seen a decrease in albedo between 2001 and

2013 (Fig. 5.9), but no spatial patterns exist. Marginally, greater decreases are

seen in the southern half but this could be due to slightly warmer temperatures
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in the lower latitudes. This lack of spatial variation suggests that certain ele-

vations are not influencing albedo patterns, as seen in Fig. 5.10. As expected,

albedo drops with elevation, but these drops are relatively equally spaced with

only low elevations (400-600 m) seeing any variation, apart from the significant

drop in 2011 whereby elevations between 700-1300 m witnessed greatest de-

cline. These lower elevations are representing the border of AIC with land and

the emergence of valley glacier’s where thin ice is more translucent, implying

albedo is more affected by the darker underlying material.

Figure 5.9: Accumulated regional albedo change on AIC between 2001 - 2013. Differences were calculated
between each year and then summed on a pixel by pixel basis to highlight overall change. Overall, 76% has
seen a decrease but no spatial patterns exist suggesting that elevation does not play a significant role in the
ice cap albedo

Both long-term trends and seasonal albedo evolution show different character-

istics on Austfonna compared to AIC and HG
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Figure 5.10: Yearly albedo and elevation on AIC. Only lower elevations (400 - 600 m) see any variation
from the uniform decreasing albedo trend with elevation with the large drop of 2011 also witnessing above
average declines between 700 - 1300 m.

5.3 Austfonna Glacier

5.3.1 Seasonal and inter-annual albedo variability

Both long-term trends and seasonal albedo evolution show different charac-

teristics on Austfonna compared to AIC and HG, with geographical variances

likely to play a large factor. Yearly averages (αyearly) disclose no overall trend,

but this masks an almost sinusoidal pattern whereby early and late trends can-

cel one another (Fig. 5.12). Initial multi-year decline of 0.018 ± 0.0034 year−1

is halted in 2005, likely due to significant changes in weather systems which

would be required to reverse the trend over one winter. Increases are then seen

until 2008, whereby another significant forcing reversed the trend once again,

into a five year decreasing trend at 0.0194 ± 0.0029 year−1. It is also worth

noting that again, σ increases in periods of decline providing clear evidence

of increased variability due to localised effects of increased solar radiation on
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surface and snow pack characteristics.

Melt season evolution follows a fairly standard footprint (Fig 5.11) with a

maximum αdaily of 0.85 early-May and a minimum of 0.61 early August, still

increasing by the end of September. This implies that the entire melt sea-

son has not been captured due to low values still visible at this time, but

as the data still covers a significant period of the season it is concluded as

representative. Both αyearly declining trends can be pinpointed through the

yearly increases in melt season amplitude as well as increasing periods of below

average albedo.

In contrast to AIC and HG, αdaily exhibits greater short term variability

throughout June, July and August. Defining an extreme variance shift as

a five unit swing over a period of 3 days, the current declining period (2008

- 2013) has 41 shifts, compared to 16 and 21 on HG and AIC respectively.

Furthermore, this period holds the 3 longest melt season durations, with an

extra average of 14 days compared to the preceding period. Thus, even though

no long-term trends exist, the current decline should not be dismissed.

Average monthly albedos also show a slight change in pattern from the eastern

Arctic glacier’s (Fig. 5.13) with July not providing the greatest proportion of

albedo decline and June the only month showing any real decline (0.0063 ±

0.0016 year−1). It is hard to ascertain whether is due to regional characteristics

of the glacier, or the differing αyearly trends described.

5.3.2 Regional albedo

Analysing regional albedo change (Fig. 5.14) shows a different picture to the

yearly trends, with 86% of the glacier seeing a decrease in albedo, mainly in

the surge-type basin of Etonbreen in the west and Basin-3 in the east, but also

through the centre of the glacier covering the highest elevations. The basin
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decreases could be attributed to increased glacial melt flowing down the basin

and collecting on already thinning ice margins (Moholdt et al., 2010). This

again signifies how the recent declining trend is dominating Austfonna albedo,

even though no overall trend exist. The evolution of albedo with elevation (Fig.

5.15) further highlights the much smaller albedo values at lower elevations (100

- 200 m), as well as indicating greater variability compared to higher elevations

where values are relatively similar.

Figure 5.14: Accumulated regional albedo change on Austfonna between 2001 - 2013. Differences were
calculated between each year and then summed on a pixel by pixel basis to highlight overall change. Overall,
86% has seen a decrease with large areas focused in the surge-type basin of Etonbreen in the west and Basin-3
in the east, but areas are also apparent across the whole glacier suggesting elevation has little effect.

Due to the volume of results presented, Table 5.1 provides a summary of the

main findings. It is clear that many ice albedo changes are occurring through-

out the Arctic, of which numerous interconnected forcings could be respon-

sible. The next chapter will delineate these forcings based on the evidence

provided here, generating areas for increased research efforts to enhance our

understanding of Arctic albedo dynamics.
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Figure 5.15: Yearly albedo and elevation on Austfonna. Lower elevations (100 - 200 m) drop in albedo faster
than greater elevations which is consistent with the observed spatial patterns of decline. Larger elevations
exhibit more uniform behaviour and small variability.

Table 5.1: Summury of main results for Humboldt Glacier, the Agassiz Ice Cap and Austfonna

Overall Trend
(year−1)

Largest monthly
trend (year−1)

Regional decline
(%)

Seasonal average
extremes

Humboldt -0.0042 ± 0.0011 July: -0.0086 ± 0.0020 87 0.87 - 0.73

Agassiz -0.0059 ± 0.0013 July: -0.011 ± 0.0025 76 0.84 - 0.63

Austfonna
-0.019 ± 0.0029
(2008 - 2013)

June: -0.0063 ± 0.0016 86 0.85 - 0.61

5.4 Ancillary datasets

5.4.1 North Atlantic Oscillation

Using data observed from NOAA, the 7 yearly moving average for the period

May - September shows that from 1994 onwards a shift in favour of positive to

negative NAO took place, reaching it’s lowest value for 40 years (Fig. 5.16).

In particular, 2002 onwards exhibits the longest period of NAO index (NAOI)
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decline, with 2010 providing the lowest NOAI since records began. Analysing

the major period of negative NOAI in the 21st century, which lies between 2005

- 2012, comparisons were calculated between July albedo and equivalent NOAI

values (Fig. 5.17). There exists a strong correlation for HG (r2 = 0.82, 1 - p

< 0.01) and AIC (r2 = 0.77, 1 - p < 0.02), but weaker results for Austfonna

(r2 = 0.3, 1 - p > 0.01).

Figure 5.16: NAO index between 1950 - 2013. Using a 7 year moving average (red), a shift can be seen
from positive to negative NAO from 1994 onwards with 2010 providing the lowest NAO index since records
began.

Figure 5.17: Correlation between NAO and glacier albedo during July. Both HG (r2 = 0.82) and AIC (r2 =
0.77) show high correlation, especially in negative phases where warm air is advected along the west coast
of Greenland and east coast of Canada. Austfonna shows little correlation (r2 = 0.30) as negative NAO
phases normally provide average weather conditions over Svalbard.
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5.4.2 Glacier surface temperature

World meteorological organisation weather data combined with in-situ data for

HG from the Greenland Climate Network (78.3◦ N, 56.5◦ W), shows a strong

negative correlation between surface temperature and albedo (Fig. 5.18). AIC

(r2 = -0.75, 1 - p < 0.001), Austfonna (r2 = -0.78, 1 - p < 0.001) and HG

(r2 = -0.62, 1 - p < 0.001) show that increased summer temperatures coincide

with seasonal lows in albedo. Analysing winter temperatures, AIC shows no

significant fluctuation from average values but between 2007 - 2013, Austfonna

displays an average rise of 6.24◦C in minimum winter temperatures compared

to 2001 - 2006.

5.4.3 Precipitation

There was no significant correlation for each of the three sites (HG: r2 = -0.48;

AIC: r2 = -0.30; Austfonna: r2 = -0.16). Precipitation levels were generally

greater on Austfonna and AIC than HG, with maximum values occurring in

the summer months (Fig. 5.19). In 2007, there was low precipitation across

all three sites, especially on Austfonna and AIC which recorded their summer

minimums in these years. There is an apparent shift across AIC from winter

maximums in the first part of the decade to the more widely seen summer

maximums in the second half.
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Figure 5.18: Monthly temperature correlation with albedo for Svalbard (top), NE Canada (middle) and HG
(bottom). All three data sets shows large negative correlation (Austfonna: r2 = -0.78, AIC: r2 = -0.75,
HG: r2 = -0.62) implying albedo decreases with temperature increase. Furthermore, winter temperatures
throughout Svalbard are on average 6.24◦C warming between 2008 - 2013 and thus highly responsible for
the decreasing albedo trend throughout the same period. Winter data was not available for HG.

Figure 5.19: Monthly precipitation levels across HG, AIC and Austfonna. All three sites showed low
correlation (HG: r2 = -0.48; AIC: r2 = -0.30; Austfonna: r2 = -0.16) but higher levels were consistently
found over AIC and Austfonna compared to lower levels over HG.



Chapter 6

Discussion

This project addressed the following research questions:

1. Is glacier surface albedo declining throughout the 21st century in the

High Arctic, and if so, at what rate?

2. What are the driving forces behind any observed changes?

To begin, it is worth discussing the validation of the results presented in the

previous section. Although direct data validation is not possible due to no in-

situ data, comparison to previous studies can be used as a metric of confidence.

Box et al. (2012) saw the largest regional decline on the west coast of GrIS

which matches with regional decline on HG, and Tedesco et al. (2013) calcu-

lated a declining trend over GrIS of 0.0048 year−1; only 0.0006 discrepancy

from values calculated here. Furthermore, the results presented here capture

short-term fluctuations across all three glacier’s, specifically the extreme melt

over GrIS and AIC in 2011 and 2012 and also the extended 2006 melt season

and the high albedo season of 2008 across Austfonna, as described by Rotschky

et al. (2011). This provides confidence in the methods to replicate both short

and long-term albedo variability.

56
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The results presented in Section 5 give a clear indication to the state of albedo

throughout the High Arctic, of which the underlying driver is Arctic amplifica-

tion. Regional analysis shows the effects are being felt across a large proportion

of each glacier, with areas of significant decrease usually focused on the glacier

margins. This arises mainly from the retreating and thinning of ice, implying

the albedo is dependent on the darker underlying materials, but also from in-

creased debris coverage (Nakawo et al., 1982). In the case of Austfonna, the

speed-up of outlet glaciers is increasing surface melt (Taurisano et al., 2007)

which helps explain the darkest areas on the regional map Fig. 5.14. Increas-

ing Arctic amplification forces alterations in other Earth-atmosphere process

throughout the Arctic, and the discussion will be focused on how these knock-

on processes affect albedo. Due to the interlinked relationship of possible

drivers, it is difficult to provide explicit percentages of responsibility, and as

such, this discussion will focus on the role each process plays in forcing albedo

change rather than the level of impact.

6.1 North Atlantic Oscillation

Abnormal atmospheric circulations are regularly thought to be linked with ex-

treme surface melt and albedo shifts through changes in associated weather

patterns, and can be influenced by anthropogenic emissions (Hartmann et al.,

2013). In the northern hemisphere, a major circulation pattern dominating cli-

mate and weather variability is the North Atlantic Oscillation (NAO). Showing

no particular periodicity, the NOA shifts atmospheric mass between the At-

lantic and the Arctic causing large scale changes in sea surface temperature,

cyclone activity, precipitation and cloud levels (Hurrell and Deser, 2010). Due

to the large spatial scale of the NAO it is particularly useful for analysis across

the Arctic, yet it is important to recognise that localised atmospheric tenden-
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cies can still have the ability to influence surface albedo.

The NOA index (NAOI), measured as the difference in sea pressure between the

Arctic low and Atlantic high, has seen an anomalous trend of negative phases

between 2007 - 2012. A negative phase of the NOA indicates a weak subtrop-

ical high and a weak arctic low, which is characterised by increased warm air

advection covering the west coast of GrIS and east coast of the Canadian Arc-

tic culminating in warmer summer temperatures and milder winters (Hurrell

et al., 2003). Increased precipitation is seen in these areas, but with smaller

summer snowfall due to the warmer temperatures. This process is evident

on HG and AIC through the high correlation with July albedo and negative

monthly phases of the NAO. The period of negative NAO phases coincides

with almost continual albedo decline over HG and AIC. Furthermore, positive

summer temperatures over AIC suggests that the increased precipitation could

be falling as rain, thereby decreasing albedo further by contributing to snow

melt and snow grain metamorphism (Fujita, 2008). In contrast, Svalbard sees

relatively normal summer conditions during negative phases (Hurrell et al.,

2003), with decreased precipitation, which helps explain why a similar albedo

trend is not seen over Austfonna, but implies that other processes are forcing

albedo due to the decline witnessed from 2008 onwards.

Box et al. (2012) observed a similar relationship throughout GrIS, with mea-

surements showing the positive albedo feedback was maximised during the

2009 - 2011 NAO. This could have influenced the extreme 2012 melt of which

the NOA also played its own role by producing large areas of high pressure

over GrIS (Hanna et al., 2014). Furthermore, larger drops in NOAI (seen in

2006 - 07 and 2010 - 11) deliver a greater concentration of evaporation rather

than precipitation over the west coast of Greenland (Hurrell and Deser, 2010)

indicated by sharp drops in albedo during these seasons.
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One of the major melt seasons that affected correlation results on Austfonna

was that of 2007 - whereby a large jump in albedo occurs during a negative

phase of the NAOI. Here, a sharp increase between September 2006 and May

2007 albedo values of 0.32 indicates strong winter processes drove this rise.

Analysing winter temperatures and precipitation, no major anomalous activ-

ity was evident, suggesting the driving force was internal, yet without field

data or the relevant literature, discussing the influence of snowpack character-

istics is difficult. Comparing a study conducted on nearby Vestfonna glacier,

where strong winds were impacting snow density (Moeller et al., 2011), it is

possible to conjecture that a similar process could be found on Austfonna.

The steep south-east snow gradient suggests that wind is primarily blown in

from the Barents Sea, with stronger winds causing a greater compactness of

snow grains, and thus increasing albedo through greater proportions of solar

radiation being reflected straight back rather than dispersed. However various

products offering ocean wind vector data (Quick Scatterometer, The Advanced

Scatterometer and WindSAT-2) could not provide data for latitudes greater

than 80◦ and so any result-based conclusions cannot be drawn.

Impacts of the NOA are felt more strongly throughout the winter because

the influence of circulation changes on temperature and precipitation tends to

be greater in this period (Osborn, 2006). Evidence for this is found in the

2009/10 and 2010/11 Canadian Arctic winters which were very mild, with the

former the warmest winter on record (Canada, 2014). In this case, a strong

area of high pressure situated over GrIS reversed the wind pattern creating a

block which drove warm air into northeastern Canada. These abnormal winter

conditions meant melt season environments could not be reset to the previous

winter, causing darker glacial surfaces that are likely to absorb more solar

radiation due to less fresh snowfall and lower levels of re-freezing. This can

inhibit a positive feedback loop, which is a contributing factor in the successive
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years of extreme melt seasons witnessed over AIC and HG during this period.

Correlation values dropped for months earlier and later in the melt season,

suggesting its influence is greatest during peak melt.

It should be stressed that current research is undivided on the link between

increased global warming and NAO trends (Cohen et al., 2014). However,

there has been an overall negative trend in NAO over the past two decades

(Cohen et al., 2012) suggesting large scale forces are contributing to inherent

internal variability to drive this trend. Numerous studies have shown signifi-

cant correlation between reduced Arctic sea-ice cover, a direct consequence of

Arctic amplification, and negative phases of NAO (Francis et al., 2009; Strong

et al., 2009; Overland and Wang, 2010). Furthermore, NOA variability has

been shown to increase with Arctic amplification (Hurrell and Deser, 2010)

creating a situation of more extreme phases, and thereby increasing instabil-

ity, throughout the Arctic region.

6.2 Glacier surface temperatures

Glacier surface temperature, being regulated by incoming solar radiation, nat-

urally plays a pivitol role in albedo. Increases in Arctic temperatures, from

increased Arctic amplification or unusually warm melt seasons, can trigger ear-

lier melt onset and force more vigorous snow grain changes, snow melt and melt

pond development; all leading to a decrease in albedo. Furthermore, winter

conditions (colder temperatures and fresh snowfall) determine whether melt

conditions can be ’reset’ from the previous year and thus restore equilibrium

between melting and re-freezing. All three glacier’s exhibited strong negative

correlation with surface temperatures, indicating that increased summer tem-

peratures coincide with seasonal lows in albedo, and as such provides good

explanations for yearly melt season anomalies.
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HG witnessed melt seasons greater than twice the average in 2005, 2008, 2011

and 2012 with all summers (bar 2008 due to no data) having the highest tem-

peratures in the 21st century. The primary driving force behind the extreme

melt season low of 2012 was considered to be a combination of high June and

July surface temperatures with changes in summer NAO and the polar jet

stream (Hanna et al., 2014). High pressure over north western GRiS from

the NAO implies normal weather conditions over Svalbard due to persistent

northerly flows, with Fig. 5.18 (top) showing no increase in summer tempera-

tures over this period. Additionally, Fettweis et al. (2013) stated that no melt

had been witnessed over Svalbard during this period. However, a clear de-

creasing trend is seen from 2008 implying surface melt, at least on Austfonna,

is increasing. One explanation for this trend comes from minimum winter tem-

peratures being on average 6.24◦C warmer throughout this period compared

to 2001 - 2006, a trend not witnessed on AIC and thus reasonably assumed to

not be present over HG. Consecutive years of mild winter conditions, which

brings warmer temperatures and less snowfall, will raise the ELA which implies

less accumulation and a high proportion of bare ice that has a lower albedo

than fresh snow. Once a positive feedback mechanism is entered, it would take

numerous years of below average temperatures and above average snowfall to

’reset’ conditions and increase albedo.

Due to the interconnectedness between several processes that govern temper-

ature change in the Arctic, it is difficult to pinpoint the factors responsible

for this winter trend arising only in Svalbard, if even just one is responsible.

One explanation arises in the current (and future predicted) northeastward

shift in the NAO (Bednorz and Fortuniak, 2011), primarily driven by global

warming (Hu and Wu, 2004). A northwards shift of the NOA implies a greater

amount of warm air flow over Svalbard, particularly at winter when the NOA

influence is at its strongest. Another potential source of additional heat over
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Svalbard is the influence of the West Spitsbergen Current, an extension of the

global Thermohaline Circulation warm arm and located on the west coast of

Svalbard. Sustained winds over the West Spitsbergen Shelf can cause a flood-

ing of warmer Atlantic water into the typically colder coastal waters, which in

turn generates warmer air temperatures. This is witnessed through the Arc-

tic winter of 2005 - 2006 where temperatures were ≈ 3 - 5◦C warmer than

the 11 year mean (Fig. 5.18; top), with Cottier et al. (2007) finding a direct

link with sustained northerly winds and cross sea shelf exchange. This effect

is seemingly more prevalent throughout winter, with increased Atlantic win-

ter temperatures releasing large heat fluxes into the atmosphere (up to 300

Wm−2) (Walczowski and Piechura, 2011) and as such, impacting climate and

ice conditions across Svalbard.

Weather data can also provide explanation for short term melt season anoma-

lies. Using AWS data from Schuler et al. (2014), a combination of lower sum-

mer temperatures and frequent summer snowfall were responsible for the large

albedo increase in 2008. Furthermore, albedo rose on HG and AIC in 2013

which coincided with periods of warmer winter and summer temperatures, as

well as a shift to a positive NAO phase. On a daily scale, Austfonna saw

increased variability compared to HG and AIC with changes potentially as-

sociated to increased/decreased summer snowfall, but also glacier hydrology

would be expected to play a role. Additionally, melt season length across

Austfonna was seen to extend by 14 days between 2008 - 2013, in line with re-

sults from Stroeve et al. (2014). Once again, increasing summer temperatures

and reduced autumn/spring snowfall could be one cause, but data inaccuracies

more prominent at higher SZAs could also be influencing this conclusion.

Additionally, long-term trends show a continual increase in surface tempera-

ture throughout the Arctic. GrIS has seen an ice surface temperature rise of

0.55 ± 0.44◦ C in the last decade with the greatest increase seen over north-
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western Greenland (Hall et al., 2013). Using data from the Eureka AWS in

Canada between 1947 - 2014, there has been a 0.28◦C rise per decade with

most of the increase seen in the late 1990’s (van Wijngaarden, 2014). Finally,

AWS data from Longyearbyen between 1975 - 2014 shows a similar increase of

0.26◦C per decade, with a shaper increase of 0.39◦C per decade seen in spring

(Nordli et al., 2014). These projected rises in temperature will continue to

increase albedo decline throughout the summer melt season as well as affect-

ing winter conditions which play a large role in determining a positive glacier

mass balance, and thus stabilising albedo. Regardless of whether atmospheric

conditions can solely be attributed to the albedo changes witnessed in this

study, there is no doubt as to the ability of weather to influence glacier surface

albedo on both small and large temporal scales.

Precipitation is another meteorological factor affecting glacier albedo. In-

creased precipitation in the form of snow provides a bright top layer and thus

reflects large portions of shortwave radiation, whereas, precipitation falling as

water affects snow grain size, liquid content and debris content levels to have

a negative effect on albedo. Furthermore, due to the GrIS having the topog-

raphy of a continental dome, there will be substantially more precipitation at

coastal margins (Paterson and Cuffey, 1994), and thus throughout HG. How-

ever, no significant correlations were found for all three sites and no smaller

scale relationships discovered. It should be noted that each precipitation value

covers an area larger than the ice mass itself and this needs to be taken into

consideration when interpreting these results.

6.3 Particulate debris cover

A common occurrence throughout the Arctic in the winter and spring is Arc-

tic Haze; the transportation of anthropogenic pollutants into the Arctic from
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North America, Eurasia and Asia, which is dependent on several seasonal

mechanisms. Transport into the Arctic intensifies during winter, with cold

polar temperatures inhibiting transfer between atmospheric layers as well as

the formation of clouds and precipitation - one of the major removal methods

for atmospheric particulates. This haze is weakly absorbing due to contents of

BC, decreasing snow albedo by 1 - 3% (Clarke and Noone, 1985), and as such

has significant power to force Arctic albedo through increased radiation ab-

sorption. Although BC levels have stayed relatively constant in North America

and Eurasia over the last two decades, there has been a significant increase

from Asia (Warren et al., 2013). However, due to the time required for trans-

portation from Asia it is unknown as to the exact effect from these pollutants.

As Arctic haze peaks in the winter and spring, the effect of extra debris has a

forcing effect on the beginning of the melt season, witnessed on HG and AIC

with May, June and July all seeing greatest declining albedo trends. Further-

more there exists the important question of how much debris is ingrained in

the surface at the end of spring, as albedo is reduced by 3 - 9% as snow ages

(Clarke and Noone, 1985).

Surface concentrations of Arctic haze are enhanced by ≈ 70% during positive

NAO phases (Eckhardt et al., 2003). As such a continual period of Arctic

albedo forcing is seen during both phases of the NAO; negative NOA brings

warm air over Canada and GrIS and when a positive phase is entered, increased

debris is carried into the Arctic. This implies there is very little recovery

period for Arctic glaciers, especially with increased surface temperatures, NAO

variability and debris transportation likely to be present for the foreseeable

future.

Another large source of BC and other pollutants is from wildfires. Boreal

forest, located throughout the high latitudes in Canada, northern Europe

and Siberia, are burning at a higher rate than seen in the last 10,000 years
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(Kelly et al., 2013), with individual seasons having substantial effects on Arctic

albedo. Stohl et al. (2006) noted the 5.8 million hectares of burn from Alaska

and Canada in 2006, which peaked at the end of July, bought enhanced levels

of particle light absorption at all sites of interest throughout Greenland. This

can be seen in the melt season evolution graph (Fig. 5.1) where a large decline

occurs at the beginning of August after albedo already reached a maximum.

During 2008, Siberia and northern Europe saw the second highest fire count

for the period 2000 - 2009 with vast tracts transported northwestwards (Singh

et al., 2010). This is witnessed over both HG and AIC with 2008 producing

extended periods of low albedo in comparison to relatively stable seasons either

side (Fig. 5.6 and 5.11). Finally AIC, and in particular GrIS, saw extreme

melt (largest throughout the time series) in 2012. Ice cores collected on GrIS

by Keegan et al. (2014) show exceptionally high levels of BC acting syner-

gistically with extreme temperatures. Ultimately, a more serious prospect is

the generation of positive feedback loops from increased surface temperatures

causing more frequent and extreme forest fire events and thus enhanced melt-

ing of Arctic snow which continues to warm the high-latitude climate. Finally,

there exists newly discovered sources of BC entering the Arctic with smelting

activities and natural gas flares from northern Russia (Stohl et al., 2013) two

recent examples that could be influential in glacier surface albedo over Aust-

fonna if emissions are continued. This opens the potential of other sources

that are yet to be revealed.



66 CHAPTER 6. DISCUSSION

6.4 Melt pond development and snowpack char-

acteristics

Due to the rapid seasonal development of internal albedo forcings, constant in

- situ and satellite monitoring is required to produce any robust conclusions.

Although this was not conducted throughout the study, it is worth discussing

the role and impact of internal forcings on glacier surface albedo due to the

underlying positive feedback mechanisms.

Melt ponds (supraglacial lakes) are formed by the onset of warmer temper-

atures during spring melt, primarily in areas of gentle surface slope. Water

percolates downwards into pore spaces, and refreezes into ice at certain depths.

This process releases latent heat which gradually warms the snowpack raising

it to melting point to form standing water. Their darker surface absorbs more

radiation, further enhancing surface melt, and lakes up to several square kilo-

meters can be seen widely on the west coast of GrIS (Fig. 6.1). Water drainage,

leading to mass loss, occurs laterally through pores to start before increased

water flow creates meltwater channels. Throughout the winter, melt ponds

will re-freeze if conditions are cold enough, which creates two scenarios; either

the lakes re-freeze into ice which has a lower albedo than snow or the pond

does not completely re-freeze (given its depth) which allows the reopening of

the lake next melt season. Furthermore, this increased liquid content, once

again through the process of re-freezing and latent heat generation, warms the

snow pack and creates larger snow grain sizes (Brun, 1989) which in turn leads

to great solar absorption due to reduced frequency of scattering at snow-air

interfaces. The strip of increased albedo across the north terminus of HG was

initially assumed to appear due to lack of melt pond development, with the

areas of sharpest decline located just above presumed to occur from increased

melt pond development. However, due to difficulties in obtaining frequent
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Figure 6.1: Melt pond formation across the terminus of Humboldt Glacier (circular dark blue areas) from
Landsat 8 imagery collected on 7 July 2014.

satellite imagery geo-referenced to the same location it is hard to form any

conclusions. However, an analysis of slope and aspect show that no unique

topographical features are influencing this strip of increasing albedo and can

thus be ruled out.

6.5 Project limitations

Along with the MOD10A1 data limitations addressed in Section 4.4, it is worth

discussing limitations with ancillary datasets used, as well as project restraints.

Apart from HG, temperature data was not collected in - situ and so does not

provide actual glacier conditions. It was assumed that regional atmospheric

conditions were still captured by the AWS closet to AIC and Austfonna, and
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effects from urban areas was minimal. Furthermore, several years were missing

from the HG dataset with a low percentage of winter temperatures recorded.

Additionally, the precipitation datasets were only available over 2.5◦ by 2.5◦

latitude squares and as such did not provide any information about local and

elevation variability. This is thought to be a factor in the low correlation

results. A field work season could have helped alleviate these limitations by

providing in-situ weather data, but also in-situ albedo data which could have

been used as another validation tool for calculated trends. Although direct

data validation is not possible, the method is adapted from a long-term study

over GrIS and values calculated for HG correspond closely with Box et al.

(2012) as mentioned earlier, although not precisely due to a smaller region of

interest and the extra addition of the relatively stable 2013 melt season.
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Conclusion

The aim of this thesis was to quantify, and provide explanation for, 21st cen-

tury glacier surface albedo trends throughout the High Arctic with a view of

highlighting the effects from increased Arctic amplification. This aim has been

met through the use of MOD10A1 data from May - September 2001 - 2013

to calculate long and short-term trends as well as regional variations on three

Arctic glacier’s: Humboldt Glacier (Greenland), Agassiz Ice Cap (Canada)

and Austfonna (Svalbard). Additionally, datasets describing North Atlantic

Oscillation (NAO) and surface temperature recordings were utilised to provide

evidence for the driving forces behind any observed albedo trends, and in the

process aid shaping future environmental policies.

7.1 Key findings

This investigation forms 10 primary conclusions regarding changes in glacier

surface albedo throughout the High Arctic:

1. Glacier surface albedo has been decreasing throughout the 21st century

on Humboldt Glacier (HG) (0.0042 ± 0.0011 year−1) and the Agassiz

69
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Ice Cap (AIC) (0.0059 ± 0.0013 year−1), with declines seen from 2008

onwards on Austfonna (0.0194 ± 0.0029 year−1).

2. Early melt season months (May, June and July) are the main contribu-

tors to yearly declining albedo trends.

3. Regionally, 87% of HG, 76% AIC and 86% of Austfonna have witnessed

a decrease in glacier surface albedo between 2001 - 2013.

4. Across AIC, yearly albedo minimums are declining at a rate of 0.0141 ±

0.0019 year−1, nearly three times as rapid as the average.

5. The 2012 melt season on HG and AIC witnessed the greatest melt, with

albedo values typically < 1σ below the average between June - August.

6. Daily melt season anomalies, defined as > 1σ below αdaily, were 5 times

more common on HG and 3 times more common on AIC in the period

2008 - 2013 than 2001 - 2007.

7. Melt season length for Austfonna has increased by 14 days between 2008

- 2013 compared to 2001 - 2007.

8. NAO phases in July between 2007 - 2012 (primarily negative) showed

strong correlation with July albedo across HG (r2 = 0.82, 1 - p < 0.01)

and AIC (r2 = 0.77, 1 - p < 0.02), but weaker results for Austfonna (r2

= 0.3, 1 - p > 0.01).

9. Surface temperatures showed strong negative correlation with HG (r2 =

-0.62, 1 - p < 0.001, AIC (r2 = -0.75, 1 - p < 0.001) and Austfonna

(r2 = -0.78, 1 - p < 0.001). In particular, Austfonna minimum winter

temperatures increased by 6.24◦C between 2008 - 2013 and is thought

to be the primary cause for the current declining albedo trend over the

glacier.

10. MOD10A1 data is successful in capturing long and short-term albedo
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variability, but data filtering should be conducted and is especially im-

portant for periods when the solar zenith angle is > 70◦.

7.2 Further work

The field of quantifying the effects of increased atmospheric warming on glacier

surface albedo is in need of constant attention due to new developments in cli-

mate science and un-studied glacier’s. As such, an inventory of albedo change

in the 21st century over all glacier’s, large and small, would provide a useful

data source for predicting and validating future albedo trends.

To expand on the primary conclusions drawn from this project, the foremost

advancement would have been to extend the time-series of investigation by

using AVHRR data which could be utilised for the 1979 melt season onwards.

This would provide a more significant overall trend and a long term insight

into the health of the glacier, providing a more robust dataset for use by policy

makers. Additionally, looking at albedo into October will provide further

evidence for changes in melt season length and information on snow conditions

leading into winter.

A closer analysis of internal albedo forcings would provide a greater under-

standing of both the quantity of influence and its relationship with external

forces. Collecting satellite data with a revisit period of 2 - 4 days will allow

the tracking of geographical and areal development of melt ponds, which could

then be compared with the regional maps presented here to see whether any

correlation exists. Finally, due to the quadratic nature of yearly melt season

albedo evolution, it would be possible to try and extrapolate the data by fit-

ting a sinusoidal curve. This would allow albedo predictions to be made; useful

for future policy decisions, stimulating public interest, data comparison and
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aiding future research direction.

7.3 Summary

Temperature amplification is evident in the Arctic region, and by the results

presented here, is clearly having a significant effect on glacier’s throughout the

Arctic. However, warmer year round temperatures are not the only factor in-

volved, with atmospheric circulation patterns like the NAO and other internal

factors such as melt pond development and snow grain metamorphism all con-

tributing. Major implications arise when these factors work in harmony and

become interlinked, having the strength to create a positive feedback mech-

anism whereby once a tipping point is reached, recovery is unattainable; the

beginnings of this mechanism is certainly playing a role on glaciers in the

eastern Arctic. The primary method for halting this process is to decrease

anthropogenic emissions, which acts as a catalyst for all albedo forcing’s dis-

cussed throughout the report. To achieve this, strong policies to curb emissions

must be developed, as well as continued scientific research to gain a complete

understanding of how current and future emission scenario’s will impact the

Arctic.
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Appendix 1

#!/usr/bin/env python

#######################################

# An python class to calculate 11 day running statistics for each

pixel

# in the image and filtering according to criteria determined by

median

# and standard Deviation. Output is a new tiff file.

# Author: Nathan Shaw

#######################################

# import relevent modules

import os.path

import sys

import math

from osgeo import gdal

import numpy as np

import glob

class Filtering(object):
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#A function to collect 11 consectutive files for running statistics

def elevens(startFile, num):

return (startFile[pos - num: pos + num + 1] for pos in xrange(5,

len(startFile)-5,1))

#A function to calculate the median of the 11 files

def median(valueList):

order = sorted(valueList)

if len(order) % 2 == 0:

return ((order[len(order)/2] + order[(len(order)/2) - 1]) /

2.0)

else:

return order[len(order)/2]

# A function which returns a tiff from a numpy array

def createTiff(raster, File, folder, outputFile):

#find raster projection for creation

trans = File.GetGeoTransform()

#find raster size for creation

Ny, Nx = raster.shape

format = "GTiff"

driver = gdal.GetDriverByName( format )

dst_ds = driver.Create("//home//student//Desktop//

DISSERTATION_DATA//" + str(folder.replace(’_CLIP’,’_FILTER’))

+ "//" + str(outputFile), Nx, Ny, 1, gdal.GDT_Byte)

dst_ds.GetRasterBand(1).WriteArray(raster)

dst_ds.SetGeoTransform(trans)
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dst_ds = None

print outputFile + ’ complete’

#A function to compare the statistics from the 11 files and the

individual image in question, discarding pixels based on ruleset

def pixelFiltering(inputFile, outputFile, folder, emptyAv, emptySD,

emptyMed):

data = gdal.Open("//home//student//Desktop//DISSERTATION_DATA//"

+ str(folder) + "//" + str(inputFile))

myArray2 = data.ReadAsArray()

x = myArray2.shape

#find image number so different filtering criteria can be imposed

for early/late melt season.

dataFind = inputFile[13:16]

#locate days in melt season where SZA is greater than 70 degrees

if (int(dataFind) <= 134 or int(dataFind) >= 237):

for numRows2 in range(x[0]):

for numCols2 in range(x[1]):

pixelValue = myArray2[numRows2, numCols2]

#sort through pixels only doing comparison on ones between

0 and 100

#select maximum albedo for time of year with 97 possible

due to low SZA

if (pixelValue >= 97 and pixelValue <= 100):

myArray2[numRows2, numCols2] = 0

# define pixel to be zero (or Nan as long as outside 0 -

100)

elif (pixelValue > 100 or pixelValue <= 0):

pass
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#filter the pixel value based on median and SD values (

unique for below/ after 70 degree SZA - and for each

glacier)

else:

if ((pixelValue > emptyAv[numRows2, numCols2] + 1.5*

emptySD[numRows2, numCols2]) and (pixelValue > emptyMed

[numRows2, numCols2] + 4)):

# data outside 2*SD is removed but only if outside

median +- 4 aswell. This is just for SZA > 70

myArray2[numRows2, numCols2] = 0

elif ((pixelValue < emptyAv[numRows2, numCols2] - 1.5*

emptySD[numRows2, numCols2]) and (pixelValue > emptyMed

[numRows2, numCols2] + 4)):

myArray2[numRows2, numCols2] = 0

else:

pass

#output final numpy array to tiff

createTiff(myArray2, data, folder, outputFile)

#for all images where SZA is less than 70 degrees

else:

for numRows2 in range(x[0]):

for numCols2 in range(x[1]):

pixelValue = myArray2[numRows2, numCols2]

#sort through pixels only doing comparison on ones between

0 and 100

if (pixelValue >= 95 and pixelValue <= 100):

# chose 95 for days when SZA < 70 as albedo never going to

be higher

myArray2[numRows2, numCols2] = 0



BIBLIOGRAPHY 93

# define pixel to be zero (or Nan as long as outside 0 -

100)

elif (pixelValue > 100 or pixelValue <= 0):

pass

else:

if ((pixelValue > emptyAv[numRows2, numCols2] + 2*emptySD[

numRows2, numCols2]) and (pixelValue > emptyMed[

numRows2, numCols2] + 4)):

# data outside 2*SD is removed but only if outside

median +- 4 aswell. This is just for SZA < 70

myArray2[numRows2, numCols2] = 0

elif ((pixelValue < emptyAv[numRows2, numCols2] - 2*

emptySD[numRows2, numCols2]) and (pixelValue > emptyMed

[numRows2, numCols2] + 4)):

myArray2[numRows2, numCols2] = 0

else:

pass

#output final numpy array to tiff

createTiff(myArray2, data, folder, outputFile)

# main function which will collect images, stack them, calculate

statistics (mean, SD and median) before compare with image in

question

def convertToNumpy(inFile):

images = [a for a in os.listdir(inFile) if a.endswith(’CLIP’)]

for files in sorted(images):
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images2 = [a for a in os.listdir("//home//student//Desktop//

DISSERTATION_DATA//" + str(files)) if a.endswith(’.tif’)]

for group in elevens(sorted(images2),5):

empty = []

for files2 in group:

print files2

data = gdal.Open("//home//student//Desktop//

DISSERTATION_DATA//" + str(files) + "//" + str(files2))

#could put os.change dir here

myArray1 = data.ReadAsArray()

empty.append(myArray1)

#numpy function to stack all images

array = np.dstack(empty)

#calculate statistics for each pixel in stacked array

#get image dimensions

x = array.shape

emptyAv = np.empty((x[0],x[1]))

emptySD = np.empty((x[0],x[1]))

emptyMed = np.empty((x[0],x[1]))

for numRows in range(x[0]):

for numCols in range(x[1]):

pixel_list = array[numRows, numCols]

#calculation of mean,SD and median

# empty list for albedo values

albedoList = []

for items in pixel_list:

if (items < 95 and items > 0):

# selcting pixels with no albedo higher than 95 in JJA

, 97 in dates outside SZA of 70

albedoList.append(items)
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else:

pass

if len(albedoList) != 0:

#calculate average

average = sum(albedoList)/len(albedoList)

#calculate SD

standardDeviation = math.sqrt(sum([dev*dev for dev in [a

- average for a in albedoList]]) / len(albedoList))

#append all values to empty numpy arrays to allow pixel

by pixel comparison

emptyAv[numRows, numCols] = sum(albedoList)/len(

albedoList)

emptySD[numRows, numCols] = standardDeviation

emptyMed[numRows, numCols] = median(albedoList)

else:

emptyAv[numRows, numCols] = 0

emptySD[numRows, numCols] = 0

emptyMed[numRows, numCols] = 0

pixelFiltering(group[5],str(group[5].replace(’.tif’,’_filter.

tif’)),files, emptyAv, emptySD, emptyMed)

print group[5] + ’\n’

# executable function

def run(self, initialDirectory):

self.convertToNumpy(initialDirectory)

if __name__ == "__main__":

obj = Filtering()



96 BIBLIOGRAPHY

obj.run("//home//student//Desktop//DISSERTATION_DATA")


