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Abstract

The study area is located in the Tibetan Platedwsarrounding mountains, in an area
known as the “Third Pole” due to its vast coverafj@pproximately 100,000khglac-
iers. The area borders the Nepalese Bagmati regidrthe autonomous region of Ti-
bet in China, otherwise known as Shigatse (Xizahlgg response of glaciers to global
warming in this extensive area is of both regicaad worldwide significance. This
project seeks to identify whether any changes énglaciers’ surface area have oc-
curred during the 1974 - 2010 study period.

To achieve this aim, a glacier inventory for thedst area was created using multi-
temporal analysis to identify the rate of chang®ughout the 36-year observation
period. Remote sensed data from sensors such asatahM/ETM+, HEXAGON,
ALOS, ASTER DEM and SRTM was obtained and evaluatdg image processing
and GIS techniques. In order to distinguish thasw®vered by glaciers, a ratio image
was created using bands 4 and 5 from Landsat TN).Zl0tls was subsequently edited
manually to allow for debris coverage. The resgltyear 2000 glacier outlines were
then duplicated and adjusted manually to fit theciglr outlines of 1974 and 2010,
using HEXAGON and ALOS/Landsat ETM+ imagery respety.

A total of 213 glaciers were delimited in the studga with an initial surface area of
817.76 + 35.06 km? in 1974 and a surface area 4f9B8+ 17.42 km2 in 2010. This
equals a glacier shrinkage of 32.8 £ 34.64 kmheregion during the 36 year study
period. The average annual loss was consistenighout the years representing a
continual loss of less than 1 km2 per year. Thetirbetinporal analysis performed for
the 1974-2010 period shows 66% of glaciers expee@metreat, 32% remained stable
and only 2 percent of all glaciers advanced. Tha& wount of retreat lengths during
the 1974-2010 observation period was 56.248 + RmMdased on distance measure-

ments interpolated from the SRTM.



Kurzfassung v

Kurzfassung

Gletscher gelten allgemeinhin als Schlisselindileatdir Klimaanderungen und sind
von groRter Wichtigkeit fir den Wasserhaushaltan driden Regionen Zentralasiens.
Mit einer Gesamtgletscherausdehnung von circa DOOKIN? stellt das Tibetische

Plateau die grofdte Agglomeration von Gletschern waswegen diese Region auch
als der ,Dritte Pol“ bezeichnet wird. Die vorliegenArbeit beschaftigt sich mit der

Untersuchung von Gletscherflachenanderungen inrateit 1974-2010 auf Basis

optischer Fernerkundungsdaten fir eine Region inen@jebiet zwischen der

nepalesischen Provinz Bagmati und der Provinz $eggizang) in der autonomen

Region Tibet (China).

Auf Grundlage multi-temporaler optischer Satelligadaten, beispielsweise Landsat
TM/ETM+, HEXAGON, ALOS, und digitaler Gelandemodel(ASTER GDEM,
SRTM) wurde ein Gletscherinventar fir drei Zeitstien(1974, 2000, 2010) generiert
und die jeweiligen Gletscherflachen&dnderungen ébeen Gesamtzeitraum von 36
Jahren analysiert. FUr das Jahr 2000, welches eferéhz flr alle weiteren
Zeitschnitte diente, wurde zur Unterscheidung glaziund nichtglazialer Areale ein
Ratio-Bild aus den Landsat TM Kandalen 4 und 5 Hdemet Im Anschlul erfolgte eine
manuelle Korrektur hinsichtlich schuttbedeckter t&tberbereiche, welche nicht
durch das Ratio-Bild erfaf3t wurden. Die 1974er BOtl0Oer Gletscherumrisse wurden
anschlie3end auf Grundlage der 2000er Umrisse daotelffenahme von HEXAGON-
bzw. ALOS/Landsat ETM+-Aufnahmen manuell kartiert.

In Summe umfal3t das erstellte Gletscherinventar Bitelgletscher mit einer
Gesamtflache von 817,76+35,06 km? zum Zeitpunkt41BzZw. 784,96+17,42 km?
zum Zeitpunkt 2010. Dies entspricht einem Gletsithenenriickgang von 32,8+34,64
kmz2 innerhalb des 36 Jahre umfassenden Untersusheitigiums mit einer annahernd
einheitlichen mittleren jahrlichen Flachenabnahma w1 km2 pro Jahr. Insgesamt
zeigt sich, dass 66% aller Gletscher eine Flacheatabe, 2% eine Flachenzunahme
und 32% stabile Bedingungen im Zeitraum 1974-20dfiveisen. Die kumulierte
Langenanderung im Untersuchungszeitraum, beruheh®iatanzmessungen unter
Einbeziehung des SRTM3 DGMs, betragt -56,248+21h2 k
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1 Introduction

1.1 Background

Mountain glaciers represent just a small part ef ¢thyosphere, yet they are no less
important than the rest. These glaciers have prtwbd an indicator of climate change
because of their quick response to changes inritieomment (Cubasch and Cess,
1990).

The area studied in this work is situated on thel&obetween Tibet in China and
Nepal, lying in the Himalayas Mountains. The TéePlateau (TP) is part of the

landscape.

The Tibetan Plateau and adjacent regions enconmeasky 46,300 glaciers spanning
an area of 59,400 kmz2. Just the Tibetan Platedtsbly holds 36,800 glaciers and a
surface of 49,873 kmz2. In the early"2Gentury, glacier shrinking started in this area
and since then, the glaciers have started to deemgidly due to the rising in air's

temperature, result of the global warming (Yaolet2907).

Existing climate models predict the global warmtngnd because of the increasing
levels of greenhouse gases in the atmosphere alffltsmperature rise signifies con-
sequences for the hydrological cycle, principaflyegions where the most important
water supply comes from melted snow or ice. A wairwarld implies less snow fall-
ing in winter and therefore earlier spring meltwiggthe winter snow (Barnett, Adam
and Lettenmaier, 2005).

It is important to mention that more than one-sixtithe people in the Earth depends
on glaciers for their water source. Climate chaisgeopardizing the water reservoir
linked to glaciers. With this panorama, life obtisands of people is being threatened
by the fact that reach water human consumptionbelivery hard for them (Barnett,
Adam and Lettenmaier, 2005).

The study area has become a research focus bewfahgelarge system of endorheic
lakes that are part of the zone (Kropia et al., 2013) and because of the huge amount
of people, more than 1.4 billion, that depend oa water coming from the rivers:



Introduction 2

Indus, Ganges, Brahmaputra, Yangtze, and Yellowsg&hivers are fed by the snow
and ice from the glaciers. Climate change is jedigarg the seasonal water availabil-

ity (Immerzeel, van Beek and Bierkens, 2010).

It is also worth mentioning that drainage of gladskes represent one of the most
significant threats to the Himalayas. Glacier outbgan result in discharges capable
of destroying infrastructure and jeopardizing hurhaes (Richardson and Reynolds,

2000).

1.2 Research Outline
This thesis contains a total of nine chapters.

The first chapter or the introduction, starts ekpfay the situation of the zone to in-
troduce to the reader to the glacier’s conditionsvall as to explain the reasons why

these area became a focus attention to this study.

Chapter two includes a geographical and climatipression of the area. A general

panorama about precipitation, temperature of tea eglated to the location is given.

After given a general panorama of the Tibetan Blagvironment and how variables
like weather and precipitation are behaving, inpteathree, we are going from gen-
erals to specifics with an overview of the glaciefshe chosen area. This Chapter is
complemented with terminology that will be usedotigh the development of this

work.

Chapter four deals with the general explanatiothefmulti-temporal imagery used in

this study and why the particular images were chose

The chapter five explains in detail the methodolaggd to get the outlines from the
different years and also the results obtainedaftets. Chapter six explains the pro-
cedures flowed to calculate uncertainty for theltssshowed in chapter seven.

Chapter seven shows the results. A conclusioheofdsults is given in chapter eight,
followed by the discussion in chapter nine. Finty outlook in chapter 10 that shows
suggestions to complement this job with furthercpdures and analyses taking more

variables into consideration.
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2 Study Region

2.1 General Description

The study area is situated between the south-vi¢se@utonomous region in China
known as Tibet or Shigatse (Xizang) and north-efste region of Bagmati in Nepal,
located in a succession of glaciers on the Himalagauntains. The extreme coordi-
nates, according to Google Earth, of this zone &&13'1.82"E, 28°45'57.09"N and
85°56'6.76"E, 28° 4'41.19"N. (Fig. 1)
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Figure 1. Localization of the area of interest. (Pesonal compilation based on the raster layers: World'er-

rain Base, National Geographic World Map (Esri, 2013

Since the area of interest lies within the Himatgyae landscape is characterized by

the rugged terrain with mountain heights, takemftbe SRTM, ranging from 624 to

7,975 meters above sea level. The fluctuation éetmthe minimum and maximum

altitude is more than 7,000 meters. This compaiiés imformation provided by the

China Internet Information Center which states thataverage elevation is 6000 me-

ters (Center, n.d.).
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More specifically the area is located in the Momn@@langma-Xixabangma, on the
Himalayas. This zone has its boundaries on Wesieithasin of Gyirong-Woma, East
in Paiku Lake basin, on the North, shares bordér thie basin of Penqu river and in
the South with Gyirong Zangbo-Trisuli river, the d@o- Bhote Kosi, Dudh Kosi
(Zheng, 1988).

This study area is the result of the subductiomwben the Indian plate northward be-
neath the Eurasian Plate, (@hg, Zheng, & Pan, 1977 in Zheng, 1988).

The differences in this area between the northeih southern slopes are clearly
shown. In geomorphological terms, there is a hugndtion between the settings that
harmonize in this landscape: from wide valleys Aadins on the one hand to high

mountains and deep valleys on the other hand (ZH&88)

2.2 Climate

The strong insolar radiation is a characteristi¢haf Tibetan Plateau that produces
winters with warm mornings but harsh temperatutesght. The extreme temperature
oscillations occurring during the day are the restillow atmospheric pressure as well

as relative low oxygen in the air (Center, n.d.).

The TP has considerable differences in altitude.t€mperature variations are accord-
ing to the region, for example, in the north andstwegions, the mean temperature
from October to April is 0° C, on the other harmd Brahmaputra River basin, where
the altitude is lower than 4,000 m, the cold seasmrid last 2-3 months but during
the summer, the average temperature is below li°aypredominantly wet and cool
weather. Changes in temperature according to @étitwe not exclusive of this meas-
ure, also the precipitation presents differencesmiFthe southeast to northwest pre-
cipitation gradually decrease®n annual precipitation of 1,000 mm or more is segi
tered in the south of the Himalayas whereas irrdie shadow, located between the
northern Himalayan footlands and the BrahmaputvaiRthe annual precipitation can
reach less than 300 mm (Yu, 2010).
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To complementing this section, a Climate ProjecAioGIS© was created using in-
formation from the “WorldClim- Global Climate Datas input data. A brief expla-

nation about the origin of this data is given ia fection 4.6.

Even when some studies (Liu and Chen, 2000) and éYal., 2012) have shown that
the temperature in the TP have been increasing $imc1950s, the data used for the
creation of the maps actually corresponds to teabd 1950-2000, since the aim of
this Climate Project createdex professdo show a general view of the temperature
and the precipitation of the study area.

The imagery used for the development of this thasesfrom April and November.
Therefore, the raster climate layers selectechilimate Project correspond to these

months.

Figure 2 shows the mean temperature for November.study area presents temper-
atures that range from -24.7° to -3°C. It couldsben that in the whole area of Tibet,
the temperatures correspond, by contrast howewssicry the Himalayas, tempera-
tures in Nepal, range from 6.5 to 26.1°C. The Hayas act as a barrier stopping the

escape of the cold winds.
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The temperature in April increases but not consilgr For the same area we can find
temperatures from -21.9 to 3.7° C (see Fig.3). Nbpalese side can reach tempera-

tures of 33.2°C, while the Tibet maintains low tergiures.
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Figure 3. Average Monthly Mean Temperature for April (Personal compilation based on the raster layers

World Terrain Base, National Geographic World Map (Egi, 2014) and Global Climate data (Hijmans,
Cameron and Parra, n.d.). The vector files were takeform DIVA-GIS (Hijmans, n.d.)).

The precipitation in the area during November reaciimounts ranging from 1.1-3

mm (Fig. 4) meanwhile in April it reaches almostifh (Fig. 5). The region in China
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Shigatse or Tibet, holds a low amount of rain coragavith the Nepalese region of
Bagmati where quantities of 575 mm are reachedduhis month.

Legend

D Arca of Interest
[ Country Division
{1 Administrative Division
- Water Bodies
City
A Mountain
Average Montly Precipitation

(for November)
Ranges:
0-1mm
[]1.1-3mm
[131-6mm
[761-12mm
121 -34 mm
[ 34.1-133 mm

A

87°0E

Figure 4. Average Monthly Mean Precipitation for Novtember (Personal compilation based on the raster
layers: World Terrain Base, National Geographic Worll Map (Esri, 2014) and Global Climate data
(Hijmans, Cameron and Parra, n.d.). The vector filesvere taken form DIVA-GIS (Hijmans, n.d.)).
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Legend

D Arca of Interest
D Country Division
i ..F Administrative Division
Water Bodies
City
A Mountain
Average Montly Precipitation
(for April)
Ranges:

[J0-3mm
[31-6mm
[ 16.1-13mm
[ ]13.1-27mm
[ 127.1-56mm
[156.1-575mm

i B e 87°0E

Figure 5. Average Monthly Mean Precipitation for April (Personal compilation based on the raster layes:
World Terrain Base, National Geographic World Map (Esi, 2014) and Global Climate data (Hijmans,
Cameron and Parra, n.d.). The vector files were takeform DIVA-GIS (Hijmans, n.d.)).

3 Glaciers

3.1 An overview of the glaciers of the chosen area.

One of the largest ice masses on the planet isddda the Tibetan Plateau and sur-
rounding mountains. Because of the huge amounurdfce covered by glaciers in
that region, the name “Third Pole” was given byshrentific community. The glacier
coverage is about 100,000 kand is prone to be affected by global warming gean
(Yao et al., 2012).

The glacier progress in this region is impactedhgyuplift of the Himalayan Moun-

tains, particularly in Qinghai-Xizang. In the Quaigry period, this tectonic move-
ment imprinted shapes to the terrain, determinmggconditions for the development
of glaciers and also influencing the zone withetiét kinds of climates, fluctuations
and atmospheric movements from the Tibetan Plateds surroundings. During the
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late Pleistocene, this uplift continued in the QiagXizang achieving up to 4,000 m
a.s.l. and in the Himalayas up to 6,000 m a.sik Tike in the terrain not only brought
a change in the precipitation’s behavior but alsieerease of glaciers. This situation
shows that the increasing elevation of the Himalagaaffecting the proliferation of
the glaciers because mountains are acting as iehianpeding the pass of the mon-
soon. Nowadays, most of the Indian monsoon priatiph occurs as rainfall over
1000 meters above the see level neverthelessngelsao vapor form in heights about
6,000 m a.s.l.. This movement in the Himalayassis provoking the distance between
first and second precipitation belts to increase therefore the amount of rain in the
second belt will be reduced (Zheng, 1988).

Elevation increase is not the only factor that gbotes to glacier shrinkage, also
global warming has been shown to have a huge imdki@n the glacier (Liu & Chen,
2000 and Yu, 2010). The increasing water leveheflakes in the zone confirms that
the melted ice glacier is contributing to the waéel rise. The intensification of the
precipitation on the Tibetan Plateau Interior (TP¥pduct of the climate change can
also be related with lake level rise (Lei et aQ12). The topography and the climate
are strongly related to accumulation and ablatimhthe interaction of these two pro-
cess over the size and shape of the glaciers. Haoh ra glacier decreases is not only
dependent on the variation of temperature or clongtange but also topology will
influence the reduction across the ice mass (Ralldnd Rees, 2009).

3.2 Glacier terminology

Glaciers are formed when in the course of one year, mareysvas accumulated than
melted or in other terms, when the accumulatioreeds ablation (Pellikka and Rees,
2009).
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Figure 6. Components of the mass balance of a giecc The arrows have arbitrary widths and do not indcate
physical pathways of mass transfer (Cogley et ak011).

After the summer season, if there is enough snétwthés snow will consolidate as
ice, it will grow and once the consistency of the gets dense enough because of its
own weight, the resulting pressure may cause deftboms on the glacier at depth
(Pellikka and Rees, 2009). Because of this behawidrviscosity behavior, the glacier
will start flowing down to lower heights followinfprces caused by acceleration due
to gravity and the angle of slope (Nye, 1952). Tigare 6 shows components and

general behavior of the glacier.

Ablation this is the opposite of accumulation, the restilt will be reflected on the
loss of ice from the glacier system. This decresas@aused by melting, sublimation,
evaporation, ice loss by avalanches or calvingligRal and Rees, 2009), (Phillips,
2013).

Accumulation occurs when several process like snowfall, préatipin, avalanches,
firnification or even snow in the wind, favor thddation of snow the glacier system
(Pellikka and Rees, 2009), (Phillips, 2013).

Calving is when the terminus or the snout of the glacidaréaking off of ice into an
ocean or lake (Pellikka and Rees, 2009), (PhilR8d,3).
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Crevassehappens as a response of the stress caused moteenent of the glacier
resulting in one or many cracks on the surfaces. ilhportant to mention that the ori-
entation of the crack will be with respect of thaager flow. (Phillips, 2013), (Cogley
et al., 2011).

Cryosphereit is characterized by the existence of watetsrsolid form in a perma-
nently way because of the lastingness of below tmperatures. Typical landscape
includes snow, floating ice, glaciers, ice caps] @ermafrost (perennially frozen
ground) (Cryosphere Glossary, 2014).

Debris-covered glaciers the trace of rocks, detritus or dust in différeizes that are

deposited on the ablation zone (Cogley et al., 2011

Equilibrium-line altitude (ELA) is the averaged altitude of the equilibrium line
(Cogley et al., 2011). This is one of the mostamignt factors to take into account
because it separates the ablation from the acctiolzone (Braithwaite and Raper,
2009).

Firn is a step between snow and glacier ice. In no nhare a year, the snow has been
compressed in such a way that there is no moresjp@tsveen the flakes or crystal that

composes it (Phillips, 2013).

Flowline is the horizontal velocity vector that traces gleciers from its highest to its

lowest part (Cogley et al., 2011).

Glacier Flow is the movement of the glacier caused by the graviorce in a de-
scending direction (Phillips, 2013).

Iceberg is the result of a calving process as a bloclceffioating in water (Phillips,
2013).

Ice-Dammed Lakehappens when melted water cannot continue itssedugcause it

has being blocked by a valley or an ice dam (RisillR013).

Moraine is a general term for unstratified and unsortgubdés of sediment that form
through the direct action of, or contact with, géagce. Many different varieties are

recognized on the basis of their position with eg$po a glacier (Phillips, 2013).
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4 Data

This work is the fruit of combining multiple datawsces in order to fulfil the main
objective of this thesis that is to find out howehuhe glaciers have shrunk during 36

years.

Multi-temporal data from sensors such as LandsaXAIGON and ALOS were used
for remote sensing purposes. ASTER DEM and SRTMwseed not only for imagery
orthorectification but also for analysis includifhgw accumulation, used to determine
the direction of the glacier flux. To complemeng ttlimate information, free down-

loadable data from the WorldClim web page was used.

More detailed information about the origin and hibw data was used is provided in

the next subsections.

4.1 HEXAGON KH-9 images

HEXAGON was the last of a three satellites conatielh: “CORONA, GAMBIT and
HEXAGON?”, that were part of a surveillance programeated by the United States
during the Cold War (NGA, 2014), (Space, 2014). dh&ined images were brought
back to the earth as a photographic film by recpvehicles (NGA, 2014).

The approval of HEXAGON took more than estimatecHose it cost more than twice
what it was expected to be, as a result of the canmmovations that were added.
Finally, it was in orbit on 18 June 1971 (Burnett, 2012).

The success of HEXAGON was reflected by the 12essfal missions where almost
30,000 terrain frames were taken (see Table 1)n@&tr2012).

Given the sensitive nature of the program, the esagmained in the category of
classified until 2002 when “The National ArchivesdaRecords Administration pub-
lished the unrestricted availability to the 48,d6tages taken from two significant

satellite surveillance programs (KH-7 and KH-9)r¢Aives, 2002) .
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Table 1. Mission Statistics of HEXAGON Program (Burnét, 2012)
l\s/:losn 1205 | 1206 | 1207 | 1208 | 1209 | 1210 | 1211 | 1212 | 1213 | 1214 | 1215| 1216
9- 13- 10- 10- 29- 8- 4- 8- 27- 16- 16- 18-
Launch | Mar- | Jul- | Nov- | Apr- | Oct- | Jun- | Dec- | July- | Jun- | Mar- | Mar- | Jun-
date 1973 | 1973 | 1973 | 1974 | 1974 | 1975 | 1975 | 1976 | 1977 | 1978 | 1979 | 1980
Recov- | 20- 24- 7- 9- 27- 30- 2- 8- 17- 11- 12- 14-
ery Apr- | Aug- | Jan- | Jun- | Dec- | Jul- | Feb-| Sep-| Oct- | Jul- | Jul- | Oct-
date 1973 | 1973 | 1974 | 1974 | 1974 | 1975| 1976 | 1976 | 1977 | 1978 | 1979 | 1980
Days of
opera-
tion 42 43 58 60 59 52 60 62 112 117 118 118
Opera-
tional
Sum-
mary
Oper-
ates| 141 153 148 200 167 198 202 279 252 386 488 529
Terrain
frames| 2,026| 2,118| 2,145| 2,120| 2,077| 2,090| 2,066| 2,090| 2,109| 3,144 | 3,947 | 3,840
Terrain
footage| 3,245( 3,393 3,442| 3,402| 3,333| 3,354 | 3,316| 3,354| 3,385]| 5,046| 6,335| 6,163
Terrain
film | | | e | e | | e | e | e | e SO- | SO-
type | 3,400 --- 3,414 --- 1,414 315 315

Table one shows the statistics of the missions wWeat realized by the different

launches during the project. The HEXAGON image ugmdthis project is the
“DZB1209-500101L007001" corresponding to the miasi®09 shown in bold font
in table one. The acquisition date of the imageesponds to the 23th November 1974
with a format type black and white.
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The satellite carried two panoramic cameras thaewble to produce high quality
stereoscopic images. The resolution that couldldiairmed at Nadir was 2.7 feet or
higher. Table two shows characteristics about t#meras used for the program
(Burnett, 2012).

Table 2. Characteristics of search/surveillance sysitn Cameras (Burnett, 2012)

60-in. focal length, /3 folded Wright

Optics (modified Schmidt) system (T 3.4 exclud
ing filter factor)
Aperture diameter 20in.
Field angle +2.85°
Slit width range 0.91 in. (maximum); 0.08 in. (minimum)
6.6-in.-wide (B&W) Type 1414 or SO-208
Film and others; currently SO-315. Also, 80-180

(infrared color) and SO-255 (natural colof).

Center of format200 1/mm; Elsewhere in
format>160 1/mm

Currently (1982) 155,000 ft. (per camera
Film. Load mixed load of SO-315 and color. Total
weight = 2,000 Ib.

Film stack diameter Scan | 68 in.

Resolution (2: 1 contrast)

Scan modes 30°, 60°, 90° and 120°
Center of scan 0°, +15°, £30°, +45°
Maximum scan angle +60°

Stereo convergence angle | 20°
Frame format (120° scan) | 6-in. By 125-in.
Film velocity 200 in./sec (maximum) at focal plane

0.018 rad/sec to 0.054 rad/sec for Vx/H
Image motion compensation| (orbital angular rate in-track) +0.0033

range rad/sec for Vy/H (orbital angular rate
cross-track)
Weight (less film) 5,375

4.2 Landsat Images

Landsat images are the result of the program mahigeugh a series of Earth obser-
vation satellites with the same name. It was dexadloin the United States by the
NASA and USGS and successfully operating since 1@F2GS, 2013), (Lauer,
Morain and Salomonson, 1997).

Thanks to this program, imagery has been obtaiegalarly and has helped for a bet-
ter understanding of the earth in domains sucheatogy, agriculture and land sur-
veying, providing the scientist with a clear pamogaof how ecosystems and land pro-

cess work (Lauer, Morain and Salomonson, 1997).
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4.2.1 Landsat5 (TM)
Landsat Thematic Mapper was launched 8mvarch 1984 by NASA. This satellite
was expected to have a 3-year life span but itedee that by orbiting for almost 29
years. In December 2012, it was turned off whenadrikee satellite’s three gyroscopes
stopped functioning (NASA, 2014)

Landsat TM images are composed of seven bandg &xe 3). Spatial resolution for
the thermal infrared band is 120 meters, but iamgded to 30 meters. Each scene
covers approximately 170 km (North-South) by 183 (East-West) (USGS, 2013)

Table 3 Band designations for Landsat 5 TM satellit¢USGS, 2013)

Mapper Landsat Wavelength Resolution
(TM) 4-5 (micrometers) (meters)
Band 1 0.45-0.52 30
Band 2 0.52-0.60 30
Band 3 0.63-0.69 30
Band 4 0.76-0.90 30
Band 5 1.55-1.75 30
Band 6 10.40-12.50 120* (30)
Band 7 2.08-2.35 30

4.2.2 Landsat 7 (ETM+)

The Earth observing instrument on Landsat 7, theaBoed Thematic Mapper Plus
(ETM+), was launched on 15th April 1999 as parthef Earth Observation Mission
(EOM) with the purpose of monitoring land cover (@wod et al., 2001), since this is
the most accurately calibrated earth-observindlgateompared with measurements
made on ground (NASA, 2014). This satellite cami® to orbit but in May 2003 a
hardware component failed which resulting in gajpdada in the images but with each
image still retaining 75% of its data (NASA, 2014).

The progress made to the calibration and radionudtityis satellite symbolized a huge
improvement monitoring the planet and for the caghpnsion of the earth’s pro-

cesses. Not only has this information benefittezldbientific community, but it has
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also been useful for education, commercial andarebgourposes. This is because the
satellite is able to capture seasonal informatimergthe temporal resolution of 16
days (Goward et al., 2001).

Landsat ETM+ images are constituted by eight spebtinds with 30 m spatial reso-
lution from bands 1 to 7. The eighth band is pametatic and has 15 m spatial reso-
lution. Band 6 is acquired at 60 m spatial resolutout resampled to 30 in products
after 28" February 2010. The swath width is 170 km Northi8day 183 km East-
West. (See table 4)

Table 4 Band designations for Landsat 7 ETM+ satellit¢USGS, 2013).

Enhanced Landsat Wavelength Resolution
Thematic 7 (micrometers) (meters)
Mapper
Plus Band 1 0.45-0.52 30
(ETM+)
Band 2 0.52-0.60 30
Band 3 0.63-0.69 30
Band 4 0.77-0.90 30
Band 5 1.55-1.75 30
Band 6 10.40-12.50 60 * (30)
Band 7 2.09-2.35 30
Band 8 .52-.90 15

Both of the Landsat images that were used forghidy correspond to level 1T. This
level of correction is provided directly by the USGThe Level 1T (L1T) data prod-
uct provides systematic radiometric accuracy, genemaccuracy by incorporating
ground control points, while also employing a digélevation model (DEM) for topo-
graphic accuracy. Geodetic accuracy of the prodapends on the accuracy of the
ground control points and the resolution of the DE8&d.” (U.S. Department of the
Interior, 2013)
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For the base outlines, Landsat image (ETM+) levefrbm 2000 image was used.
This image was obtained freely from the United &taBeological Survey (USGS)
webpagé.

4.3 ALOS PRISM Images

ALOS is a Japanese satellite designed for mappidgarth monitoring. This satellite
has three sensors: PRISM that handles the pancticostereo pair for precision map-
ping, AVNIR-2 for land cover observation and thelFSAR or Phased Array “L” band
SAR (Synthetic Aperture Radar). This satellite Veasched on 28January 2006 and
since then it has been useful for monitoring nattisasters and human activities like
agriculture. Communication with the satellite stegon 229 April 2011 due to power
issues (JAXA, 2001)

4.4 SRTM

The version of SRTM used for this project was treadvFilled NASA. This void-
filled version of the Shuttle Radar Topography Misgligital elevation model, known
as "SRTM Plus", was produced under the "Making le&ystem Data Records for
Use in Research Environments" (MEaSURES) Progaonwoid fill or correct gaps in
elevation that this data could have, the ASTER GRHEKIobal Digital Elevation
Model Version 2) was used in addition to the GMTBDQ elevation model (compiled
by the USGS).

This information and also other products can bendofree to download in NASA's
Land Processes Distributed Active Archive Centé&RAAC) webpagé

This product is available with a spatial resolutafrapproximately 90 m (3 arc- sec-
onds). It is expected to release information atctsacond (about 30-meter) pixel
spacing to the rest of the regional SRTM data du?i©14-2015. (Laboratory, 2014).

L http://earthexplorer.usgs.gov/
2 https://Ilpdaac.usgs.gov/products/measures_products_table
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45 ASTER GDEM V2

GDEM V2 is the product of an enhanced algorithnt gravides better spatial resolu-
tion and increases the horizontal and vertical mau This information was released
on 17" October 2011 by Japan’s Ministry of Economy, Tradd Industry (METI) in
conjunction with the NASA (NASA, 2011).

Although this version is an improved version of &&TER products, there are some
issues that hamper using these data in some apphiisand the users are warned about
this (NASA, 2011).

The information was freely downloaded in tiff fortileom the USGS web pagje

4.6 WorldClim- Global Climate Data.

This is climate data for ecological modelling an@@reely available onlirfe Among
the available layers for free download are the mesximum air temperature and
precipitation per month. This monthly informatiatie result of averaging data gath-
ered from weather stations situated throughoutbréd. The spatial resolution of the

layers is 30 arc seconds (ca.1 km) (Hijmans, Camanal Parra, n.d.).

This information is the result of implementing tiin-plate smoothing spline algo-
rithm over climatologic data available from differenustes since 1950 to 2000. To
quantify uncertainty, the following aspects werketa into account: the mapping
weather station density, bias that might occur bseaf position of the weather sta-
tion, the variation present on grid cells and tiglowlata partitioning and the cross
validation. It was proved that these layers hadebespatial resolution compared to
previous climatological information because a higireount of information was used
and also because spatial patterns were takendotiuat for this project (Hijmans et
al., 2005).

Since temperature and precipitation informationenavailable per month and on a
global scale, the chosen months to work with wevedshber and April. The decision

3 http://gdex.cr.usgs.gov/gdex/
4 http://www.worldclim.org/current
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was made based on the imagery available for thik:w@andsat, ALOS and HEXA-
GON (see table 5). It was necessary to Qe information to get layers adapted to

the study area.

4.7 Global Land Ice Measurements from Space (GLIMS)

GLIMS started as a project allocated to monitocigles with satellite imagery (using

ASTER). An international network of specialists wasated to enrich the data and
improve the results by having people with multigd@askgrounds and knowledge. The
results obtained by the joint group of expertsudeld vector layers with the digitali-

zation of the glaciers, snow lines, center floveinhypsometry, surface velocity fields
and literature. The results are stored in the dwali Snow and Ice Data Center
(NSIDC) (GLIMS, 2014).

5 Methodology and Workflow

This section endeavors to explain the adaptaticheimultisource method for map-
ping supraglacial debris developed in 2004 (Paubgd#l and Kaab, 2004), in order to
determine the outlines of the glacier area of ager

The aim of the following method was to optimize time required to obtain the out-
lines from the Landsat image in a semi-automatig.wane of the important ad-
vantages of this process was to develop a wayrtsider the debris. This is based on
the observation that debris accumulates in loweskpgles. (Paul, Huggel and Kaéb,
2004)

After image selection, the main steps of the memtibmethod were to apply several
image and geo-processing techniques to the imaggait new information and to

choose a threshold that would reveal different ltesand allow comparisons made
between them. In this method, a preliminary versibthe outlines was achieved and

subsequently modified manually.

5 Clip: “is a tool used to cut out a piece of one feature class using one or more of the features in an-
other feature class as a cookie cutter” (ESRI, 2014).
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5.1 Creating A Glacier Inventory Based on Landsat 2000

Selecting the best image for this task was quitdlehging taking into account that
images should be chosen in the summer season i laigh concentrations of snow
and also that the sequence of images should bétotige same months in order to
compare them (Paul et al., 2009).

From the imagery available to accomplish this td8EXAGON, Landsat ETM+,

Landsat TM and ALOS), the 2000 Landsat ETM+ scene 8elected as the starting
point image to create the baselines because as®ns: 1) the horizontal shift is nearly
null (Bolch et al., 2010), 2) only one scene wasdegl to cover the whole area of
interest (see fig. 7) and finally, the high stamidairthe terrain correction level that this

image had originally, was used as the base to ddire rest.

Figure 7. Landsat image 2000. In red the AOI.
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5.1.1 Pre-processing (Semi-automatized Processing)
To automatically obtain the outlines, following timethod developed by Paul, Huggel
& Kaab (2004), two models in ArcGIS© were created.

In the first model, four bands from Landsat ETM+#35 and the panchromatic were
taken and the SRTM was used in the developmertteoiriodel. Bands 4 and 5 were
used to get the ratio image that will be used stitjuish the glacier from no glacier
in the image. The other viable combination to gsinailar result could have been the
ETM3/ETMS5 ratio, but after trying both options, EBMETMS5 was chosen because it

proved to give better results for this particulase. Snow and ice present a low reflec
tivity and thus the chosen bands allow their eagation with this ratio (Paul et al.,
2002)

Bands 3 and 4 were used to calculate the Normal#idrence Vegetation Index

(NDVI) using this result to detect pixels that ntidgge incorrectly classified from the

previous ratio ETM4/ETM5. At the same time, an R{ager was created using the
bands 3, 4 and 5. It was needed to create a Pape®iag image and afterwards apply
Principal Components Analygito generate a single multiband raster which was th
resampled again to have the corresponding pixelwith the rest of the layers. Ac-
cording to the followed method, a threshold of 126 applied over this raster layer
to detect glacier and no glacier and eventuallyriddlbom no debris. Several thresh-

olds were tested and ultimately, 126 demonstrdtedbést results.

Queries developed on the SRTM were used to defireerthe debris tends to localize
according to the slope. Debris are usually found&# slopes (Paul, Huggel and

Kaab, 2004), with other authors mentioning 0-(®ellikka and Rees, 2009) but since
we are following the Paul, et al., (2004) methbejrt suggestions were followed. The

other query applied over the SRTM had the purpdssotating all the areas where

6 A Pan sharpening “produces a multiband raster layer with the resolution of the panchromatic raster
where the two raster layers fully overlap” (ESRI, 2014).

7 Principal Components: “The value specified for the number of principal components determines
the number of principal component bands in the output multiband raster. The number must not be
larger than the total number of raster bands in the input” (ESRI, 2014).
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the slope inclination exceeded°4fue to gravity force in a steep plane increadireg t
friction between the body (snow in this case) dreddurface impeding the stability of
it. The more mass that steep slope gets, the nmstahie it becomes (de Blasio, 2011).
Slopes with more than 45° are not able to sustaisses of ice and subsequently the
snow ends up in gentler slopes where the accuronlatiocess begins (Paul, Huggel
and Kaab, 2004). The resulting layer was usednmve all these steep areas from the

glacier outlines.

In this first model, a raster product of the ratetween the band 4 and 5 was also
created to distinguish ice from no ice. When pixadiies are equal or greater than
1.7, they were classified as ice. Different thrédbavere also tested for each one of
the raster products of different ratios. Nevertbglm the majority of cases, the one
suggested in the method fitted perfectly well, gtder the ETM4/ETM5 one. In this

case, a lower threshold than that published inrgihpers: 2.0 in Paul, et al., (2004)
and 2.4 in Pan et al., (2012) was chosen. Thetliatta lower threshold was needed
could have been result of the lesser snow coverdaitps image. This model was built

with the purpose of fulfilling all the methodologgscribed by Paul et al., (2002).

Once the model was run, the resulting layers wheeked one by one to verify the
results. All the results were visually similar, tbfore only one layer was chosen to
work with. The ratio ETM4/ETM5 was transformedrfragaster into vector layer and
the rest of the other results were used as a bdokdguble check debris and vegetation

cover.

The second model is a simpler one. It uses the EEVM5 ratio raster layers and
performs a transform into a vector layer. The mediger with a 3x3 pixel window is
normally applied in this procedure in order to @avmisclassification (Paul, Huggel
and Kaab, 2004), (Bolch et al., 2010), however siystem was insufficient to clean
up the strong segmentation resulting from the rdstpolygon transformation, there-
fore the mapped areas with a size less than 11spiere merged into the larger area
that contained them. One pixel surface in Landsatasents 900 m? in surface terrain,
11 pixels equals 9900 m?, almost one hectare. Whatthe minimum mapping unit by
Bolch, et al., (2010) used to clean up the segnientaf the polygon layer.



Methodology and Workflow 24

After running the Eliminafigeo-processing tool, a Dissofeol was applied in order
to simplify the layer from thousands of polygongwo groups: the ice (value 2) or no
ice (value 1). When these two groups were credtexlpolygons were smoothed
(Smooth Polygot?) to avoid the square edges product of the tramsftion from ras-
ter to polygon (see fig. 8). This was the layerdusemanually modify and adapt it to

the Landsat image.

Figure 8. The yellow line shows the edges of the veclayer coincided with the pixel size after the aster-
vector transformation

The semi algorithm used to smooth the polygon WwaPAEK (Polynomial Approx-

imation with Exponential Kernel) with a 500 m talace. Several options were tested
as a tolerance, this one proved to be the mostidaifor a good result to see different
approaches (see fig 9). That was the last geomimzesperation applied to the data

in order to produce outlines semi-automatically.

8 “Eliminates polygons by merging them with neighboring polygons that have the largest area or the
longest shared border” (ESRI, 2014).

9 Dissolve “reduces the number of features in the output when the original processing divided and
processed the inputs using adaptive tiling” (ESRI, 2014).

10 “Smooth sharp angles in polygon outlines to improve aesthetic or cartographic quality” (ESRI,
2014).
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Figure 9. The yellow line shows the original shapedge of the outlines after raster-vector transformaion.
The red line represents the edges result after smdong the vector layer.

5.1.2 Post-processing (Manual Editing)
Thus far, the semi-automatized method has diffextatt ice from no ice in the image
and excluded most of the debris coverage. Somkeoptoducts of the model were
useful as a validation/cross reference, neverteglaanual editing was necessary to
adapt the resultant layers and take into accoendléioris as a part of the glacier (See
fig. 10).
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Figure 10. The red line represents the result of theector layer after the semi-automatized process. Ehback
line is the result of manual edition using the Landst ETM+ 2000 as base image.

As a first approximation to obtain the ridges @ #tudy area and separate the glaciers
individually depending on their flux direction abdsed upon their constitution, AS-
TER GDEM V2 was used as the main data source dit® lvel of accuracy. To find
the watersheds, the process performed was a ptdt@atancluded: Fill Sinks, Flow
Direction, Flow Accumulation, and finally Watershédillegas Yepes, 2011). All
these tools can be found in the Spatial Analyst Mi®th the Hydrology Package from
ArcGISO.

Once the ridges were attained, they were adddtetoutlines vector. Manual editing
was necessary to confirm and to adapt not onlythknes but also the watersheds in
the most accurate possible way close to realitysome situations, there was uncer-
tainty of where the border between glaciers mightA solution was to use Google
Earth™ with its 3D option to cross check the terrand validate the outlines. Also a
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hill-shaded relief was created using the SRTM oheotto aid the identification of ter-
rain by the effect of illumination. This layer gawa sense of proportion and third

dimension over the area of interest in order tdifate visualization of the surface.

5.2 Adaptation of Glacier Outlines Based on LandsatAh@S 2010
After obtaining the Year 2000 outlines, the secpadod that was chosen to process
was 2010. It was easier to keep the workflow omeages that were terrain corrected

and fitted well geometrically.

5.2.1 Landsat Image Selection
The ALOS imagery was purchased by GAFAGom JAXA and processed by the
Institute of Cartography at Dresden University @chnology. The ALOS imagery
and the DEM product of the three scenes were pseddsy Nikolakakou (2014).

Since the ALOS image does not cover the entireysanea, it was necessary to obtain
an extra image to complete the necessary spatiatage in order to adapt the outlines
from 2000 to 2010 (see fig.11). The selected intageesolve this deficiency was a
Landsat TM. The acquisition date and image spmtibns can be found in Table 5.

1 Arnulfstr.197 D-80634 Munich — Germany. http://www.gaf.de/
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Figure 11. Representation of ALOS image coverage ewthe AOI. The outlines are shown in red.
Three options were found that could fit the gagate coverage in the area of interest
for 2010 from January, March and April. The Lands@ge that was best suited with
less than 27% cloud coverage and seasonality fegsitas from April. Some issues
with clouds were nevertheless found in the soutiteea part of the area but it was

manageable.
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Table 5. Overall information of imagery used for theproject.
Date Satellite and Sensor Path/Row or ID Spac'f’." Spectral Source| Suitability of Scene Utilization
Resolution Bands
23-Nov-1974 Hexagon KH-9 (Mission 1209) DZB1209-80I1100700}L Pemeaae  USea S SUENEr D wiss - OUiTEs
area adaptation
panchromatic one schen for the whole
22-Nov-200Q Landsat ETM (1T) 141/40 15-30 m | multispectral| USGS area Base Outlines
thermal
AUPEIMZESHEES the scene covered a Outlines
03-Dec-2014 Alos PRISM ALPSMN258793030 | 2.5m (at Nadir)| Pancromatic of the area A adaptation
ALPSMF258792975 r
panchromatig .
16-Apr-2010 Landsat TM (1T) 141/40 1530 m | mutispectral| usgs|°® Sehen for the whog Outines
area adaptation
thermal
SRTM 90 m Elevation zr:saschen forthe Whoeonorect'rﬁcation
DEM ASTER 30m Elevation Z’:::Chen for the whoke 1.\, detection
5.2.2 Manual Editing

The “2000” vector file corresponding to the 2000Qlioes and the ridges was dupli-
cated and renamed “2010” before beginning the masdiing. The software used to
fulfill this procedure was ArcGIS© with the Editinigol. The part of the AOI that was
covered by ALOS was then adapted to it, with a metter accuracy than the one
with Landsat. In some cases, it was necessaryrsuttoGoogle Earth™, in order to
distinguish terrain issues like ridges, morainesteep slopes that could not be de-
tected either by an optical image or by the SRTMmthe size of the pixel was inad-
equate. Any adaptations or modifications of theanstieds done in this layer were

applied in the previous 2000 layer to maintain cstescy.

5.3 Adaptation of Glacier Outlines Based on HEXAGON 497
The glacier baselines from the 2000 were modified @dapted to the glacier condi-
tions by superimposing them on the HEXAGON imagée digitalization and adap-

tation was performed manually (Granshaw and Fonng406).

5.3.1
The HEXAGON image was acquired for this work in rfasmat without any accom-

Image processing

panying data to aid correction. It was therefageassary to run more than one proce-
dure over the image to get a result good enougibtain a sufficient match with the
Landsat images. This extra treatment of the HEXAGMage might be the result of
the distortions suffered due to film damage reabiduring years of storage

(Surazakov and Aizen, 2010). ERDASvas used for these procedures.
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In order to reduce the size of the image, SurazgR0%0) suggests it should be de-
graded from the original 0.0/m to 0.14um as. However, the software proved to

perform very well with the original size so thiggtwas skipped.

From the complete triplet set of images that wectuded in the HEXAGON package

only one was considered because it covered theendreh (see fig. 12). The name of
the image was “DZB1209-500101L007001_7_a”.

Figure 12. The black & white image corresponds to th chosen HEXAGON image to adapt outlines. In red,
the AOI is shown.

The first attempt to orthorectify the image wageéoreference it using the tool “Trans-
form & Orthocorrect” in the Control Points packdgem ERDAS® was used. For this
procedure, a new project was created, setting lari€lEM+ band 8 as the reference
image, and HEXAGON as the input image. For them€aa Model Properties” op-
tion, only the projection UTM Zone 45 North wasidefl, taking into account that the
Landsat reference image originally came with thfsrimation. For the Elevation Da-
tum, World Wide 15 min —Geoid (EGM96) was chosen.

After setting these preferences, the next steptewamllect Ground Control Points
(GCPs) using the panchromatic band (15 m spatslwgon) from Landsat ETM
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2000 as a reference. The chosen GCPs must begdistiable features of the terrain
like lakes, rivers or cliffs (Stallmann et al., B)0The procedure consisted of placing
the points in the input image and then locatingsdwme point in the reference image.
After running the procedure, the image was geoeefeed but the outlines presented
a considerable displacement when they were disglayer the georeferenced image
(see fig. 13), meaning the HEXAGON image did nog&éometrically with the Landsat

image.

a) Landsat Image ETM 2000 b) Georeferenced HEXAGON Image, 1974

Figure 13. Fig 10a shows the outlines from 200atfng perfectly in the ETM image not the same caseithe
HEXAGON images, where the yellow arrow shows the dplacement.

The second procedure performed was to orthoretttédygeoreferenced image using
the SRTM as the elevation parameter required srttethod.

The selected method was “AutoSync” from ERAThis method was developed by
ERDAS® creators and its main function is to georeferemageimages by collecting
tie points manually or completed automatically wiiea image is already georefer-
enced (ERDAS, 2008).

In this case, the attempt of using AutoSync withrdav HEXAGON image was made.
However, the result, even after collecting tie p@imanually, was not as good as the
one obtained after getting this image previouslgrgierenced using the GCP tool
formerly mentioned. Therefore, the georeferenceabenwas used as an input for this

tool.

Since the image was previously georeferenced, tdps 2o follow were simple and
required creating a project, selecting an input amefference image, defining an Au-
tomatic Point Measurement (APM) strategy (in tlasedefault settings) and selecting
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the geometric model. The geometric model used waisext Linear Transformation
(DLT) using a DTM as a source, for instance the BR&sampled to 30 meters. This
geometrical model was chosen because DLT “is aallext approximation for frame
cameras, and when it is known that the data conoes & frame camera, this can be
used this without knowing the specifics of the fesoamera” (ERDAS, 2008).

The software collected automatically a total amoafn3,806 tie points, achieving a
RMS of 1.83086. The results were satisfactory {igeé4) since there was a sufficient
match between images in the terminus and mosteofetrain of the features. There
was however an issue at the mountain ridges. Timis®atching did not represented
a problem since it was not pursued to obtain thiem the HEXAGON triplets.

F — “' j

a) HEXAGON after geo-referencing.
Horizontal comparison

'f/ ; el £ =
c) HEXAGON after AutoSync. d) H_EXAGON after AutoSync.
Horizontal comparison Vertical comparison

Figure 14. Comparison between the HEXAGON input imge (black and white) with different levels of geo-
correction and Landsat ETM (color), used as the refenece image. The Outlines are shown in orange. Im-
ages “c” and “d” display the matching after using AytoSync Tool.

5.3.2 Manual Edition
Once the processing was complete and the image sttfficiently with the Landsat
ETM+ (reference image) and the rest of the imagdseg fig. 14) the manual editing
began. The glacier tongues and some terrain dieaistcs like lakes and rivers
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showed an excellent match with each other, neeghdhe mountain ridges were
erroneous. Since the watersheds were created &nd &king into account the Land-
sat images and SRTM, this HEXAGON's discrepancys@néed on mountains was
ignored to avoid any further ambiguities that coalbe following further editing of
the ridges. This error in the HEXAGON image wasoigadl because previous works
note that HEXAGON images had a lower accuracy imnm@nous terrain than in flat
terrain, even after image processing (Surazakoviareh, 2010).

The “2000” outlines and ridges vector file was dcgtied and renamed to “1974” and
then manual editing began to adapt the outlingedasituation of glaciers present in

this year.

5.4 Lengths and Areas of Glaciers
Once the three periods were obtained, these wetieuloeisly checked to see that
edges, ridges and the same amount of glaciersidethin all the periods.

In order to improve the data management of theviddal glaciers, each one was
named according to their GLIMSidentity. The GLIMS ID, taken from the attribute
table in the outlines vector layer, was used aararpeter to identify each one of the
glaciers by name and to enable the results to bgaped with the period to which
they belonged. There were some cases where thiergiathe GLIMS catalogue ap-
peared as one single glacier whereas in the dtadn, after identify the components
of the glaciel®, it was clear that there was not only one but twanore glaciers. In
such cases, a compromise to split the sectiongesgkrve the original GLIMS ID
was attained by adding “a”, “b” etc. to the GLIM8me so that the separate glaciers
could be easily distinguished.

12 GLIMS is described in section 4.7

13 Some glaciers shrank considerably, therefore one single glacier ended up with more than one
snout. One glacier cannot have more than one tongue, thus, the glacier was automatically trans-
formed from one to as many as the amount of terminus appeared (NSIDC, 2014).
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54.1 Areas
When each one of the glaciers acquired its namme the GLIMS catalog, the calcu-

lation of the surface was automatically done bysthiéware ArcGI®.

The three vector layers containing the calculatibeach year’s surface area per glac-
ier were joined to enable a comparison of eaclviddal glacier’s area and its change

over the time periods.

5.4.2 Lengths
Considering that the ice under stress tends tovedite a liquid, there is a relationship
between the rate of strain and shear stress. biegta the state of stress is tri-axial
with a hydrostatic pressure acting in the deepadtqd the ice making this part prone
to deformation. At a certain point, the pressurerdfie element is such that it is close
to melting. In this circumstance, this element tetadflow down a uniform plane slope
(Nye, 1952).

A glacier’s shape is the result of climatic andaggphic conditions, thus a glacier
can have different kinds of geometry but the tecgevill always be to move downhill
(Le Bris and Paul, 2013). In glaciology, the measugnt of the glacier’s length is used
to determine glacier dynamics (Purdie et al., 20TH)s measurement is represented
by a vector line. To determine this line, it is ionfant to generate a flow line (Le Bris
and Paul, 2013).

To create the flow lines, requirements must belledf such as the lines must be within
the glacier and avoid rock outcrops, since thosenat considered as glacier, and fi-

nally, the lines must run through the center ofglaeier (Le Bris and Paul, 2013).

To obtain the flow lines, it was extremely impoitémat each of the glaciers was de-
lineated as a one single unit (Winsvold, AndreassehKienholz, 2014). Based upon
each one of the units and using a DEM as a heejatance, ASTER GDEM V2 in
this case, the centerlines were calculated. Thisoaelogy pursued to use the DEM
to extract the flow direction by means of differémbls with the intention of attaining
the flow lines (Winsvold, Andreassen and Kienh@@14), (Le Bris and Paul, 2013),
(Ender, 2011).
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To performance this process, a model builder inGA&® was created with the steps
needed to develop the method previously mentionedudilizing the hydrology tool
set from ArcGI®. The step by step flow chart of the method isioed in figure 15.
Firstly, the Fill tool is applied to remove any éslor areas of no data in the DEM.
Then, the Flow Direction tool is added and thedtsirep is to calculate the Flow Ac-
cumulation. Next, a raster calculation determirfes lydrologic net according to a
value defined by the user. A drainage network dmdStrahler stream order is then
created. The two resultant vector layers are swlesdgty smoothed to soften their
edges after the raster to vector transformatioct{RCofrep, 2011). This same proce-
dure was carried out using SRTM as the main sdutafter comparison, the results
obtained from the ASTER GDEM V2 were evidently betshowing a more accurate
and denser drainage network. Therefore it was dddiol continue using the ASTER
GDEM V2 with this procedure.
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Figure 15. Flow chart of the model builder to gethe flow lines.

With this conclusion and the resultant layer, maragiting began. The flow line
served to show how the water current runs ovetdtrain and to be able to determine

if retreat occurs between the terminus of diffetane periods. Using these layers as
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a guide, the digitizing of the glacier lengths wasnpleted manually. Any noticeable

movement, a retreat or gain, was logged in théatt table.

When all the observed differences were digitizbd,length was calculated automati-
cally using ArcGIS®©. This calculation only considé the length in a 2 D. Therefore,
the fact that the terrain is not plane was contabepl Even when the slopes are grad-
ual, the 3rd dimension or height must be compedsatealculate the glacier’s true
length. To achieve this, the ArcGIS© Add Surfaceimation'* tool's main function

is to “interpolate surface elevation properties oint, multipoint and polyline fea-
tures” (ESRI, 2014). This tool interpolates thegheidata extracted from a DEM, TIN
or terrain surface (SRTM was used for this purpasel)then adds this information to
the vector layer selected as a target. The prosassrun and the information was
added in an extra field in the attribute tablehs vector layer. (Digitized lengths in
this case). After the attribute table was completét the necessary information, the
data was exported to for further processing in Exteis 3D length calculation will

be referred as “Surface Length” in subsequent @esti

It is important to remark that the same tool praslg mentioned is available in
ArcGIS© 10.1 and it offers the option to add suefadformation to a polygon (ESRI,
2014). The tool was experimented using the outhnesder to get the real 3D surface
but unfortunately did not work. Apparently, a beajled “NIM082507%° has been
reported for this tool and seemed to be fixed i@ thacently released version of
ArcGIS© 10.2. Because of the lack of means acitetiss version, the 2D surface or

projective, was calculated instead for this project

14 Add Surface Information. Tool of the 3D analyst used to “Interpolates surface elevation properties
for point, multipoint, and polyline features. Slope values for line features are calculated as a percent,
or grade, for each line segment. Average slope is obtained by averaging the slope of all line segments
after weighing each segment by its 3D length. This results in longer segments having greater influ-
ence on the resulting value over shorter segments.” (ESRI, 2014)

15 Errors in ArcGIS were reported in a pdf published in the webpage: http://down-
loads.esri.com/support/downloads/other_/102-IssuesAddressedList.pdf
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6 Uncertainty.

The most common errors present in multi-temporalyais result from mapping and
the differences between spatial and temporal résakiof source imagery used for
the study. Images like Landsat ETM+ present a batel shift of less than a half pixel
whereas TM images can reach one and HEXAGON upd@txels or more, depend-
ing on the terrain (Bolch et al., 2010).

Some errors are inherent to performing the measemesnTherefore, calculations of
this error must be presented (Appalachian Stateddsity, 2014). The error propaga-
tion was calculated for the change between period$engths as well as for surface.

6.1 Uncertainty Estimations for the Area

The uncertainty for the area was calculated foofathe glaciers individually. To ac-
complish this, a buffer around the glaciers wasneef for each of the periods. The
size of the buffer depended on the spatial resoiudf the main source image used for
the mapping period. The result of this procedurs avaew vector layer with an attrib-
ute table containing an area field. The originattoe layer was subtracted from the
new vector layer (corresponding to the buffere@pamd the resulting difference was
deemed as the uncertainty area (Granshaw and kol2286). The table 6, shows the

buffer sizes according to the image source usethégping.

Table 6 Details taken into account for the area accacy (Bolch et al., 2010)

Spacial Horizontal Size of

Date Satellite and Sensor Path/Row or ID P . . the

Resolution Shift
buffer
23-Nov- . between <2(
- q -

1974 Hexagon KH-9 (Mission 1209) DzB1209-500101L007p01 m8 and <40 m 10
222-(l)\|0%v- Landsat ETM (1T) 141/40 15-30 m <15m 7.5
03-Dec. ALPSMB258793085

2010 Alos PRISM ALPSMN258793030 |2.5m (at Nadir 2.9 m 2

ALPSMF258792975
16-Apr-
2010 Landsat TM (1T) 141/40 15-30 m <30 m 7.5

Table 6 presents tigpatialresolution, horizontal shift (Bolch et al., 201@dahe size
of the buffer of each image used in this study.sThuffer size was taken from the
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investigation led by Bolch et al., (2010). In theese of the Landsat image, half of the
pixel size was considered, representing a sizefméters. With HEXAGON, half
of the pixel size was not considered the best agigcause of the geometry issues that
this image presented, even after correction (Skmzand Aizen, 2010), therefore
based on previous accuracy works, 10 meters wasededs the buffer size (Bolch et
al., 2010). For the 2010 time period, two differkimds of images were available to
cover the whole area of interest and digitize tlaeigrs: ALOS and Landsat TM. The
glaciers that were mapped based on ALOS obtairdfar size of 2 meters and the
rest of the mapped area that was digitalized basddindsat TM acquired a buffer of

7.5 meters.

In the case of ALOS, even when the image resolutaamreach 2.5 meters at nadir
and half of a pixel would represent 1.25 meterspe2ers were taken instead. This
decision was made taking into account that too maamations of buffer size for a

single time period could lead to a considerabléavae in the area results.

The error propagation was also calculated fromaogetd® period. To accomplish this
process, the previous uncertainty result for eaar was squared and added up to the
next year to compare to, and the square root wpkedpto the resulting value (see
Equation 1). This process was applied for the jpisri®74-2000, 2000-2010 and 1974-
2010. As mentioned previously, for periods invotyiime year 2010, the uncertainty

was calculated dependent on the image used tazéidiite glacier.

g=xtytzt..

& =(&) +(&) +(&)f + .

Equation 1. In this formula, “g” represents the resut of the mathematical operation and ‘6“ is the uncer-
tainty associated with that measurement (Appalachia State University, 2014).

6.2 Uncertainty Estimations for the Lengths
The lengths were calculated in projective and sudace mode as explained in the

section 5.4.2.
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For each change, two measurements were considedeith@efore two uncertainties

needed to be determined. The formula was the sant®th cases (see Equation 1),
with the exception that in the case of surface tlenthe 10 m the relative vertical

accuracy of the SRTM was taken into account ifah@aula (Rignot and Echelmeyer,

2001).

In section 6.1, details referring to calculatioruotertainties for years compared with
2010 were mentioned. Tables 7 and 8 outline thermioty calculated according to

the source image used for this procedure.

Table 7. Uncertainty calculation for 2 dimensions legths.

Value for the calculation Uncertainty for
Period Source according to image used certainty
(buffer size) projective lengths
1%330 HEXAGON + Landsat 10m+75m +125m
288%0 Landsat + Landsat 75m+75m +10.60 m
228%0 Landsat + ALOS 2m+7.5m +7.76 m
1%1‘30 HEXAGON + Landsat 10m+75m +12.5m
1%1'0“’ HEXAGON + ALOS 10m+2m +10.2m

Table 8. Uncertainty calculation for 3 dimensions legths.

Value for the calculation Uncertainty for
Period Source according to image used
) surface lengths
(buffer size)

1974 to HEXAGON + Landsat

2000 + SRTM 1I0m+75m+10m +16.01 m
2000 to Landsat + Landsat +

2010 SRTM 75m+75m+10m +14.58 m
2000 to Landsat + ALOS +

2010 SRTM 2m+75m+10m +12.66 m
1974 to HEXAGON + Landsat

2010 +SRTM I0m+75m+10m +16.01 m
1974 to HEXAGON + ALOS +

2010 SRTM I0m+2m+10m +14.28 m
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7 Results
The interest area encompass in total 213 glacighsam initial surface area in 1974
of 817.76 + 35.06 km? (see table 9). In this sextibe area and lengths results of a

representative sample of glaciers are shown. Theefsults can be found in the ap-
pendix.

7.1 Area
The total area of glaciers was approximately 81#£36.06 km2 in 1974. In 2000 the

surface represented an amount of 793.73 + 26.5@khfinally in 2010 the area was
784.96 + 17.42 km? (see table 9).

Table 9. Totals in area in the AOI.

Year Total area in kmz Mean km2
1974 817.76 + 35.06 3.84 +0.16
2000 793.73 + 26.56 3.73+0.12
2010 784.96 £ 17.42 3.69 £ 0.08

A shrinkage of 24.03 + 46.13 km? was detected englriod 1974 to 2000. Between
the 2000 and 2010, a reduction of 8.77 + 32.83Wa®¥ identified. For the entire study
period, a total area decrease of -32.8 + 34.64Wa% calculated (see table 10). The
average annual loss was consistent through the yepresenting a continual loss of
less than 1 km? per year (see table 10).

Table 10. Absolute difference and averaged totals iarea in the AOI

Difference in km? between peri- . :
Number of ods Averaged difference in km? per year
Glaciers 1974- 1974-
2000 2000-2010 2010 1974-2000 | 2000-201d 1974-2010
-24.03+| -877+ | -32.8+% -0.92 + -0.88 +
213 46.13 32.83 34.64 1.77 3.28 091 £0.96

The relative numbers revealed a reduction of -2.9£22 % from 1974 to 2000. Due
to a shorter period of 10 years, 2000-2010, thacioh obtained was -1.11 + 0.41 %.
The total amount of shrinkage with regard to thgahl1974 surface was about -4.01
+0.12 (see table 11).
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Table 11. Relative and averaged relative totals iarea in the AOI

Relative difference in percentage Relative average difference in Area
between periods (%) per year

1974-2000; 2000-201p 1974-20101974-2000 2000-2010 1974-2010

-2.94 £ -1.11 + -4.01 £
0.22 0.41 0.12

-0.11+£0.01| -0.11+£0.04| -0.11+0

Regarding the initial 1974 glacial surface areaoediog to the mapping from the
HEXAGON imagery, the biggest glacier (G085720E28®2P8ad a surface area of
60.56 £ 2.14 km? compared with a mere 0.01 + 0.0 kf the smallest glacier
(G085815E28296N). This range was quite considerdibde contemplate that the
whole area of interest was 817 + 26.56 km? (sele @pand that there are a total of
213 glaciers. Whilst digitizing was performed otee various years, it was common
to adapt the smaller glaciers more than the bigges. In order to find out if there is
a relationship between the size and amount of lshgie of glaciers, it was necessary
to define groups of glacier according to their diasiens. To achieve this, a classifica-
tion over the surface of 1974 was performed withdbject of identifying, using the
natural break$ method, group sizes that best fitted the behafitine data (see table
12).

To avoid any bias resulting from manual classifaat the natural breaks method
helped to find out where the biggest differencethendata were occurring. Once the
sizes were defined (see table 12), it turned cait dimly 9 of the 213 glaciers corre-
sponded to sizes between 22 and 60.45 km2, meaniggi% of the total of glaciers
were within this group (see fig. 16a). Neverthelessnparing with the total area in
1974, this group of glaciers represented 35% o08i%76 + 35.06 km? (see fig. 16 b).

16“Natural Breaks classes are based on natural gngapnherent in the data. Class breaks are ideditifi
that best group similar values and that maximizedifferences between classes. The features are di-
vided into classes whose boundaries are set where are relatively big differences in the datagal
(ESRI, 2014).
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Table 12. Group Sizes of Glaciers

Amount Proportion according Proportion according
Group size laciers to the total amount of | Surface in km2 | to the entire area of
9 glaciers (%) interest (%)
Very Big (22
t0 60.45 km?)|  ° 4 284.97 + 9.64 35
Big (8 to
21.9 km?) 14 6 184.91 + 7.35 23
Medium
(3.881t0 7.99 29 14 160.06 £ 5.17 19
km2)
Small (0.01 187.82 +
t03.87 kme) | 161 76 10.09 23
817.76 £
Total 213 100 35 06 100

The class named as “Small” corresponded to glacieagange size from 0.01 to 3.84
kmz2, this was the only classification that was rfiedi manually to include all the
glaciers that were below the mean glacier size 3.8416 km?, calculated for 1974
(See table 9). Therefore if the glaciers were fleans the mean size calculated for that
year they were considered as “Small”
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PROPORTION ACCORDING TO THE
TOTAL AMOUNT OF GLACIERS

Very Big (22 to 60.45 km?) mBig (8 to 21.9 km?)
B Medium (3.88 to 7.99 km?) ® Small (0.01 to 3.87 km?)

PROPORTION ACCORDING TO THE
ENTIRE AREA OF INTEREST

Very Big (22 to 60.45 km?) mBig (8 to 21.9 km?)
B Medium (3.88 to 7.99 km?) M Small (0.01 to 3.87 km?)

b)

Figure 16. Group size proportion according to theotal amount of glaciers (a) and the full surfacely).

A ratio between the total amount of glaciers areldbfined sizes was performed to
find out the predominant glacier size in the AGigdig. 16a). Considering that from
213 glaciers only 9 presented a size from 22 td%@m? and 161 glaciers were in-
cluded in the range of 0.01 to 3.87 km? this predid result of 4% forming the “Very

Big” glaciers versus 76% of the “Small” ones. Oa tither hand, comparing the addi-
tion of each one of the classes with the entira &ee fig. 16b), the resulting propor-

tion is more related to what we can visualize gufe 17, where there seems to be a
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pattern in glaciers’ size distribution, neverthslésere is not a remarkable predomi-

nance of any particular size.

Figure 16b shows that 36% of the AOI's glaciersrespond to “Very Big” glaciers
versus 23% of glaciers that were below the meantlameby classified as “Small”.
As a complementary information, glaciers with tieesequal or less than 1 kmz2 rep-

resented only 5% of the entire area.

This classification was solely done to identifyhiére is a relationship between glacier

sizes and loss and if so, to find out which sizglatier is more prone to changes.

E Country Division
Water Body
Outline 1974

-, |z Glacier sizc classification

B Mcdium
[ Big
Very Big

Figure 17. Map showing the group size classificath. (Personal compilation based on the raster laysr
National Geographic World Map (Esri, 2014) and Shade Relief from SRTM. The vector files were taken
form DIVA-GIS (Hijmans, n.d.) and self-made outlines digitalization)

Based on the previous classification used to deflaeier size, the map (see fig. 17)
shows a clear pattern within the glaciers' distrdiny showing that the largest are lo-
cated in the middle of the study area and the syradually decrease such that the

smallest glaciers by surface area are found adlhes of the study area.
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& Legend

D Country Division
Water Body
Outline 1974

|z Change per Glacier per
-;3 Square Kilometer

2
B significant loss
Loss

Figure 18. Changes per glacier occurred from 197412010 normalized by 1974’s surface. (Personal comp
lation based on the raster layers: National Geogragc World Map (Esri, 2014) and Shaded Relief from
SRTM. The vector files were taken form DIVA-GIS (Hijmans, n.d.) and self-made outlines digitalization)

This map (fig. 18) presents the normalized diffeemnper glacier during the study
period from 1974 to 2010. The difference in areaglacier detected for the entire
period was normalized with the area that each nmedsglacier presented in 1974
(difference of area between 2010 and 1974/ totakenrnof area in 1974). The purpose
of this normalization was to detect glaciers tHattmed the biggest shrinkage in rela-

tion to their original area.

The maximum shrinkage found during this period giacier was a loss of -0.66 per
km?2 and the highest gain was +2.3 per km? per twitresponding area in 1974. The
ranges created to present the information wereaeéefas follows: The ratio values for
loss went from -0.1 to -0.7 per km? presented ingR&iers, the average was -0.2,
therefore all the glacier presenting a loss betlosvmean were considered in the range
of “Significant loss” (from -0.2 to -0.7 per kmijje glaciers that presented values in

the mean were considered as “Loss”. Between -h@D&1 per km2 were considered
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as "Stable" and finally positive values over 0.@t km? were considered as "Gain"

(see fig. 18).

With the data normalized, it can be seen that antgynall number of glaciers shrank

considerably, in relation with their initial aredhe glacier with bigger sizes seemed

to remain stable (see fig. 18).

E Country Division
Water Body
Outline 1974

) z Absolute Differences in Area
" A= between 1974 and 2010.

I Significant loss
' Loss

Figure 19 Differences in area between 1974 and 201®ersonal compilation based on the raster layers:
National Geographic World Map (Esri, 2014) and Shade Relief from SRTM. The vector files were taken
form DIVA-GIS (Hijmans, n.d.) and self-made outlines digitalization)

Figure 19 represents the absolute values corresppiml the difference between the
total amounts of areas resulting from the period41® 2010. Once again, the mean
for the difference between periods was calculateshg a result of -0.58 + 0.41 km>.

All the values below the mean where considered“&sgaificant loss” (from -3.63 to

-0.58 km?). The label “Loss” corresponded to valoetsveen -0.57 to -0.42 km?. Since
the mean uncertainty calculated for this period w@s41 kmz2, values between -0.41
to +0.41 where considered as “Stable”. Finally,tlafl values with more than +0.42

km?2 were considered as “Gain”.
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Ranges for both maps were defined using their nasaathreshold to define classes.
This process made it easier to identify signifidass in glaciers that presented values
below their mean. Although both maps were showliregsame legend, the first map
is representing a dependent variable with the maigarea from 1974 (see fig. 18) and

the second an independent variable (fig. 19).

When the results were normalized, it is seen tfegteatest changes occurred in small
sized glaciers, this means they had lost a highagyagstion of surface area relative to
their initial surface (see fig. 18). This could popt a theory that small glaciers are

more prone to extraordinary modifications duringi

Regarding the absolute difference in area founthduhe whole period (fig. 19), the
outlook is different, some small glaciers still aaped to change but it was also shown
(in red) that the biggest difference (-3.6 to -Okb&) oscillated in glaciers with very
big and big sizes (sizes taken from fig. 17). Tibare 19 seemed to depict that the
majority of the glaciers remained stable for theolghperiod, nevertheless, the visible
conclusion in both maps is the existing decreaggagier in the area during the study

period.

Due to the number of glaciers (213) presentedaretitire study area and the multiple
possibilities to display the results per glacielya sample is given in this section. To
see the complete information, check table 21 inaghygendix. It is also important to
mention that the relative accuracy in glaciers snahan 1 kmz2 is very high due to
the high uncertainty related to small areas. Sareks are prone to obtain high uncer-

tainties because the uncertainty is related teplagial resolution of the image.

As stated previously, the 213 glaciers were nanfiedl their GLIMS ID with some
glaciers acquiring an extra letter to discern thathin groups of glaciers classified as

one entity in the GLIMS catalogue.

Table 13 lists eleven glaciers that exhibited tlghést surface reduction during the
study period. The surface reduction during the 8&rybservation period was calcu-
lated by subtracting the 1974 area from the 20#@.dn the table, the field used to

sort the results is underlined.
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Table 13. Glacier changes sorted by the highest diifence (descending order) in area during the period
1974-2010 (underlined field).

Areain 1974 | Areain 2000 | Areain 2010 | Difference in Area (km?2) between periods
GLIMS ID (km2) (km2) (km2)
1974-2000 2000-2010 1974-2010 |
G085813E28330N| 14.81 £+0.61 | 12.92+0.47 | 11.18+0.48 | -1.89+0.77 | -1.74+£0.67 | -3.63 +2.57
G085898E28330N| 6.59 +0.33 5.02 £0.22 3.57+0.22 -1.57+0.4 -1.44 +0.31 -3.01+2.138
GO085909E28097N| 3.08 +-1.2 1.63 £ 0.05 1.63 £ 0.05 -145+1.2 | 0+0.06 -1.45 +1.45
GO085690E28418N| 33.1+£0.75 32.39 £ 0.55 32.2+0.1§ -0.71£0.93| -0.19 +0.57 -0.9+0.74
G085822E28382N| 22.25+0.84 | 21.7 +0.64 21.43+0.63 | -0.55+1.05| -0.27 £0.9 -0.82 +0.61
G085889E28130N| 6.54 £0.35 5.83+0.24 5.83+0.24 -0.71+£0.42| 0+£0.34 -0.71+0.71
G085579E28556N| 5.92 + 0.25 5.42 £0.18 5.23 £0.05 -0.5+0.31 |-0.18+0.19 | -0.69 +0.54
GO085615E28471N| 11.75+0.4 11.01 +£0.2§ 11.0980.0 -0.74+0.49| 0.08 £0.29 -0.66 £ 0.7p
G085304E28490N| 11.79£0.26 | 12.32+0.19 | 11.19+0.18 | 0.54+0.32 | -1.13 £0.26 -0.59 £1.25
G085423E28721N| 0.85 +0.06 0.59 £ 0.03 0.27 £0.03 -0.26 +0.06 | -0.32+0.04 -0.58 £+ 0.41
G085817E28470N| 2.5 +0.08 1.98 + 0.05 1.93 +0.05 -0.53+0.09 | -0.05+£0.07 | -0.57 £0.53
Total 119.18 +2.72| 110.8+2.91 10556 £2.15 -&305 | -5.24+3.72 -1638.61 +
11.

To complement the results in table 13, a map weated to highlight where the glac-

iers with the highest differences were located {ge&0). The map coloring was cho-

sen to emphasize the differences in the shrinkeggepted in table 13.
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Figure 20. Map showing glacier changes sorted by ¢hhighest difference (descending order) in area ding

the period 1974-2010. (Personal compilation baseah ¢he raster layers: National Geographic World Map
(Esri, 2014) and Shaded Relief from SRTM. The vectoilés were taken form DIVA-GIS (Hijmans, n.d.) and
self-made outlines digitalization)

In the quest to find a pattern between glacierze sind loss, a second table was in-
cluded in this section. In this case, table 14 g@esents 11 glaciers sorted by the
original surface area in 1974. The comparison betvkese two tables leads us to the
conclusion that not necessarily the biggest glaciexd the biggest loss during the
study period. Table 14 is joined by fig. 21 thatgtrates where glaciers considered in
this table are located. Once again, the colorislgaglas chosen to emphasize the sizes

between them.
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Table 14. Glaciers sorted in descending order by aagn 1974 (underlined field).

Difference in Area (Km?) between pe-
GLIMS ID Area in Areain Areain riods
1974 (Km?) | 2000 (Km2) | 2010 (Km2) | 1974-2000 | 2000-2010 1974-2010
GO085720E28299N| 60.45 +2.14 60.08 £ 1.6 60.02+0.43 | -0.38+2.67| -0.06 £1.65| -0.43+0.38
GO085639E28412N 33.22 £ 1.13 33.22 £0.85 33.12380 0+1.42 -0.03 £ 0.89 -0.03 £ 0.01
GO085690E28418N| 33.1+0.75 32.39 £0.55 32.2+0.15 | -0.71£0.93| -0.19£0.57| -0.9%0.74
G085758E28296N 31.93+1.1 31.78 £0.82 31.64120/8-0.15+1.37| -0.14+1.1% -0.3+£0.2]
GO085575E28459N| 27.65+0.89 | 27.65+0.67 | 27.65+0.18 0+1.12 0+0.69 00
G085722E28191N 27.03+1.31 26.81 £0.97 26.7P080| -0.22+£1.63| -0.04 +£1.38 -0.26 £0.22
GO085752E28395N| 26.89 £0.53 | 26.55+£0.39 | 26.55+£0.11 | -0.34 + 0.66 0+0.41 -0.34 £0.34
G085434E28603N 22.44 £0.94 22.08 £0.69 2252680} -0.36 £1.16/ 0.44 £0.97 0.08 £ 0.5¢
GO085822E28382N | 22.25 +0.84 21.7 £0.64 21.43+£0.63 | -0.55+1.05| -0.27+0.9 | -0.82+0.61
G085545E28527N 17.28 £ 0.99 17.28 £+ 0.74 17.28+Q. 0+1.24 0+0.77 00
GO085840E28159N| 17.17 £0.56 | 17.17£0.42 | 17.17 £0.42 0+0.7 0+0.59 00
Total 319.42 316.72 £8.34 | 316.42 +4.81 271+ -0.3+9.97 -3+3.1
11.19 13.96

In both tables (13 and 14), a couple of rows arekethin red. These rows highlight
coincidences presented in both tables regardingl#togers. The glaciers that appeared
in both tables were G085690E28418N and G085822E2838
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Figure 20. Map showing glaciers sorted in descendinorder by area in 1974. (Personal compilation basl
on the raster layers: National Geographic World Map (Esri, 2014) and Shaded Relief from SRTM. The
vector files were taken form DIVA-GIS (Hijmans, n.d) and self-made outlines digitalization)

7.2 Lengths

Whilst working with the lengths’ results, it wasufod that there were some glaciers
that presented a growth instead of a retreat,stinigrising result did not represent a
considerable number, nevertheless, it is impot@mmention all the dynamics found
in the interest area. From the whole group of gi@cmeasured through these 36 years,
the relative majority presented a change in lentitbagh the whole period. Table 15
presents the various dynamics that occurred duheglifferent periods. To produce
this table, the activity of all glaciers was sumineal as retreat, gain or no change
(stable) and their number was then calculated @er@entage of the total number of
glaciers. The complete information for all the géas is showed in the appendix (table
21)
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Table 15. Percentage of dynamics of the glaciers avwae AOI per period.

Period Period Period
Status
1974-2000 | 2000-2010; 1974-201
Retreat 60 % 36 % 66 %
Advance 1% 7% 2%
Stable 39 % 57 % 32 %
Total 100 % 100 % 100 %

The period that showed the least change was 200042@ nevertheless this time also

revealed the highest percentage of glacier adveogared with the other periods.

The multi-temporal analysis does not have equattns between observation peri-

ods (see table 15) and therefore, this capriciesslt could be related to the short time

period taken into account, only 10 years, in congparwith 26 years from the previ-

ous period, or the whole period itself (36 years).

GLACIER'S CHANGES

GLACIER'S CHANGES FROM 2000 TO 2010

FROM 1974 TO 2000

H Retreat M Retreat
m Advance M Advance
m Stable m Stable

GLACIER'S CHANGES
FROM 1974 TO 2010

M Retreat
m Advance
m Stable

b)

Figure 21. Charts that explain the changes of thelaciers in the AOI during different periods.

Table 15 is accompanied by a group of charts (ge22) that portray the changes that

occurred in the study area during the differentqaer measured.
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Taking into consideration that 36 years correspaomdo the period 1974-2010, it is

shown that there was a retreat in 66% of the glaciehile 32% remained stable and

only 2 percent of the glaciers advanced (fig. 2die behavior of glaciers between

2000 and 2010 was somewhat different showing aehiglércentage in length advance

in respect to the other two graphs (Fig. 22c).

Table 16 shows the total amount of retreat coubyeabservation period. Considering

the lengths resulted from the interpolated distamitk the SRTM (surface length),
during the 1974-2010 period, -56.25 + 2.12 km wesé The difference between this
quantity and the one provided by the projectivggtea of -41.67 + 1.61 km, also for

the entire period is about 2.39 km.

Table 16. Total length changes per period.

Total Surface Average Surface| Total Projec- | Average Projec-
Period Length (km) Length per year tive Length tive Length per
9 (km) (km) year (km)
1974 t0 2000 -43.48 + 2.07 -1.67 = 0.08 -41.67 = 1.61 -1.6 + 0.06
2000to 2010 -12.77 £ 1.22 -1.28 = 0.12 -12.18 £ 0.82 -1.22 = 0.08
1974 t0 2010 -56.25+ 2.12 -1.56 + 0.04 -53.85+ 1.56 -1.5+ 0.04
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On average per year in the entire period, theaepeesented was about -1.56 + 0.04
km (surface length) or -1.5 + 0.04 km (projectieadth) in the complete study area.

To illustrate the situation with lengths in the Afor the entire period, the map “Sur-
face Length Changes during the period 1974-201%" adaled.

e Legend

D Country Division
Water Body
Outline 1974

[z Surface Length Change per
» Glacier in Period 1974-2010
I Significant retreat
[ Retreat

Stable
0 Advance

Figure 22. Length changes sorted by 3D Lengths durinidpe period 1974-2010. . (Personal compilation bage
on the raster layers: National Geographic World Map (Esri, 2014) and Shaded Relief from SRTM. The
vector files were taken form DIVA-GIS (Hijmans, n.d) and self-made outlines digitalization)

The highest uncertainty calculated for the perit€874-2010 regarding the surface
lengths was * 16.01 meters (see table 8). Bamdti® uncertainty, all the lengths
that presented values between -16.01 and + 16.@drsneere considered as “Stable”.
Lengths with values from -999.9 to -16.02 metersawmnsidered as “Retreat”. From
-3017. 18 to -1000 meters it was considered asifiignt retreat” and values above

16 meters were taken as “Advance”.

Figure 23 highlights the distance in ranges ofiglathat either retreated or advanced
in the AOI. The ranges were calculated based upefi¢ld that provided the changes
in lengths that occurred between 1974 and 2010.nTéye was produced taking into
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account the interpolated distances that result fuieimg the elevation properties of the
SRTM to calculate the surface length aided by theAS© Tool “Add Surface Infor-

mation”.

This map emphasizes the greatest changes thatredcarglaciers in the whole area
in the 1974-2010 period. The decision to presemttianges in lengths from this per-
spective was made based on the fact that at thie &ds easier to notice changes in

polygons than in lines.

Taken the whole 36 years observation period intesicteration, it is evident that the
majority of glaciers in the entire study area haxperienced retreat rather than ad-

vance (see fig. 23).

The table 17 presents the more significant retoeatirred in the period 1974-2010.
Some of the glaciers presented in this table gpectil in the figure 24.

Table 17. Lengths of the 11 more significant retreat

Average sur- |\ o age projec-
Surface length Projective face length tive Iegn E)h Jer
GLIMS_ID 1974-2010 (me-| Length 1974- per year e 1957’ 4_2'0010
ters) 2010 (meters) 1974-2010 | Y
(meters)
(meters)
-3017.99
G085898E28330N 16.01 -3013.05+12.5| -83.83 £0.35 -83.7 £ 0.35
G085813E28330N -2:5_%76916 * -2127.93+12.5 -59.67 £ 0.35 -59.11 + 0.35
GO8s889E28130N| 1100 | 145876410 | -4058+0.28| -40.52+0.28
G085423E28721N -1175.8 £16.01 -1137.3+£12)5 $2.6.35 -31.59 £ 0.35
-1070.35 +
G085671E28175N 1414 -1026.4 =10 -29.73 £0.28 -28.51 £0.28
G085353E28530N -1(;.5616221.7 * -950.59+12.5 -29.2+0.35 -26.41 £ 0.35
-1017.43 +
G085434E28603N 16.01 -1010.25+12.5 | -28.26 + 0.35 -28.06 £0.35
G085304E28490N -935.91 +16.01 -924.36 £ 125 -D63b -25.68 £ 0.35
G085277E28492N | -924.15 +16.01| -789.93+12.5 | -25.67 £0.35 -21.94 £0.35
G085579E28556N -908.21 +14.28 -908.04 +10J2 25%.D.28 -25.22 +£0.28
G085524E28586N | -892.89 + 16.01| -883.89+12.5 -24.8 £ 0.35 -24.55 £0.35

Figure 24 shows the outlines’ evolution during diféerent periods where the biggest

changes occurred. The HEXAGON image is presentadaskground image because
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that was the starting point of the multi-tempotaldy. This subset area was chosen to
depict the glaciers that suffered the highest a¢trehe small image shows where the
biggest changes in the entire area occurred. TingtHe accompany the outlines to

show the track and direction followed during thacigr’s retreat.

Legend
[ outlines 2010

[ Outlines 2000

[ Outlines 1974

Length change period 1974-2000
<+— relreat

Length change period 2000-2010
<4— rctreat

Figure 24. Outlines and Lengths. (Personal compilain based on the raster layers: National Geographic
World Map (Esri, 2014) HEXAGON image in the backgrownd. The vector files were the result of self-made
outlines digitalization.)

8 Discussion

Previous works using multi-temporal analysis teedethanges of ice and debris cov-
erage such as Bolch, Pieczonka, & Benn (2011), E@&al., (2012), Bolch, et al.,
(2010) among others, have been developed in thetdntPlateau.

Monitoring in the Gongga Mountains in the southtesas Tibetan Plateau was per-
formed using Landsat and ASTER as the main s&athagery source, implementing
the ratio TM4/TM5, defining a threshold to diffetete ice from no ice and adapting
the results to the debris coverage to ultimatehctude that of 74 glaciers that covered
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the area, a shrinkage of 11.3% or 29.2km? from 186809 was detected (Pan et al.,
2012).

In other research in the south and west of Mt. &sterl0 glaciers with a total area of
50 km2 were studied with aerial images (Cartosari) stereo pair images (Corona)
for the period 1970-2007. The result was mass 82 = 0.08 meter of water
equivalent per year (mw.e. a 1) of for 1970-200Ttis worth noting that the authors
stated that due to a high uncertainty of the resthe outcome mentioned was barely
contemplated (Bolch, Pieczonka and Benn, 2011).

In the majority of studies reviewed for this cuitreroject, a glacier shrinkrage/retreat

has been documented, showing consistency in te@fagacier in the Tibetan Plateau.

The outcomes of this work were also compared wighresults of mass balance and
volume previously developed by Nikolakakou (20IAgble 18 shows the results in
volume and mass balance change taken from Nikotaké014). According to these

results, every glacier presents a loss both inmeland mass balance.

Table 18 Glaciers' mass and volume changes (Nikolakau, 2014)

Volume change Mass balance
GLIMS ID Name (10-3km) 9 mw.ea

G085544E28246N Lirung -9.8+8.1 -0.061 £ 0.488
G085545E28527N Gangpengging -229.6 +£12.1 -0.6402188
G085575E28459N Lalaga -204.8 £13.8 -0.438 £ 0.488
G085639E28412N Purepu -136.7 £ 14.7 -0.256 + 0.488
G085690E28418N Kangjiaruo -271.0+14.1 -0.552 £ 0.488
G085720E28299N Langtang -301.9 £ 20.Q -0.305 +8.48
G085752E28395N | Yebokangjiale -80.6 £ 12.0 -0.226 £ 0.488

Table 19 presents the conclusions of Nikolakakewosk in area difference for the
same glaciers showed in table 18. The majorityhefdlaciers exhibited in table 18,
show a change, nevertheless, in comparison withethdts registered in the present
study for the entire area, the glaciers from tdlfleare among those that experienced

the least loss (see table 13).
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Table 19. Area and differences in area for the Glaers considered in Nikolakakou (2014)

Areain Arr(]ea Area Difference in Area (Km?) between periods
GLIMS ID Name 1974 ! in 2010
km?) | 2000 | ma) | 1974-2000 2000-2010 1974-201(
(Km?)
. 707+ | 6.94+| 6.95+
G085544E28246N Lirung 0.45 0.33 0.09 -0.13 £ 0.56 0+0.35 -0.12 £0.13
.1 1728+ | 17.28 | 17.28
G085545E28527N Gangpengqging 0.99 +074 0.2 0 0 0
2765+ | 27.65 | 27.65
G085575E28459N Lalaga 0.89 +067| 018 0 0 0
3322+ | 3322 | 3319+
GO085639E28412N Purepu 113 +085| 023 0 -0.03+0.88 -0.03 £ 0.03
" 331+ | 3239 | 322+
GO085690E28418N| Kangjiaruo 0.75 +055| 015 -0.71+£0.93 | -0.19+0.57 | -0.9+0.74
60.45+ | 60.08 | 60.02 +
G085720E28299N Langtang 214 +16 0.43 -0.38 £ 2.67 -0.06 £1.65 -0.43+£0.3
; 26.89+ | 26.55 | 26.55 +
G085752E28395N| Yebokangjiale 053 +039| 011 -0.34 £ 0.66 0 -0.34£0.34

Table 20 shows lengths’ results for the entire wjperiod for the glaciers considered

in table 18.

The glacier that presented the greatest retreat@iog to table 20 was the Kangjiaruo

glacier with an average retreat per year of -6.84 44 meters the same one presented
a volume loss of -271.0 + 14.1 km?3 and a mass belafi -0.552 + 0.488 mw.e.a !
(see table 17), (Nikolakakou, 2014).

Table 20 Length and length average for the Glaciersomsidered in Nikolakakou (2014)

1974-2010
Average Average
GLIMS 1D Name L(i?gtgtril)j L(i?gtgtrzsl)j Length3D | Length2D
36 years 36 years
. -537.18 + -537.14+ | -1492 +
G085544E28246N Lirung 14.14 10 14.14 -14.92 £10
G085545E28527N Gangpengqing 0.0 0 0.0 0
G085575E28459N Lalaga 0.0 0 0.0 0
-122.45 + -122.26 + 3.4+
G085639E28412N Purepu 14.28 10.2 14.28 -3.4+£10.2
. -639.21 + -638.75+ | -17.76 £ -17.74
GO085690E28418N Kangjiaruo 14.28 10.2 14.28 10.2
G085720E28299N Langtang 0.0 0 0.0 0
. -239.03 = -6.64 +
G085752E28395N Yebokangjiale 14.14 -239 + 10 14.14 -6.64 + 10

The behavior of the glaciers’ variables represeimeadbles 17, 18 and 19, suggests

that the loss in those studied glaciers could teen in height rather than in surface
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area. Similar behavior has been identified in tteaaf Muztag Ata (Eater Pamir) in
a work that is still in preparation (Holzer et £014)

The aim of this comparison is none other than toalestrate that several studies have
been made in the area and that the results alggesuthat there is a decrease in the
glaciers. This investigation supports the fact tiarre is a hazard jeopardizing the
water reservoir in the Tibetan Plateau linked diyeto glacier existence (Richardson
and Reynolds, 2000).

Despite drawbacks, remote sensing methods prdve éovery useful tool for tracking
changes in glaciers, especially because these ainoos regions are extremely dif-

ficult to difficult access and survey (Richardsar d&eynolds, 2000).

9 Conclusions

The method followed for a quick first detectionicd coverage proved to be efficient
and saved a considerable amount of time, nonethiéless still necessary to improve

results with manual digitalization in order to indé debris coverage.

The total study area consisted of 213 glaciers witbtal area in 1974 of 817.76 *
35.06 km2. The last observed year, 2010, reportedah surface of 784.96 + 17.42
kmz2 (see table 9).

The final report of surface loss in the entire gtadea during the complete 36-year
period is 32.8 + 34.64 km? with an average retpeatyear of approximately 0.91 km?2
(see table 10). The loss rate per year duringliservation period was consistent hav-
ing less than 1 kmz loss per period. For the awstagsult, the uncertainty turned out
to be higher than the result itself, despite tthie,changes occurred in the area imply
a diminishing in glacier coverage than can crugibilp to understand the condition
of glaciers (Pellikka and Rees, 2009).

The changes presented in the AOI between the 36 yeasidered show that there
was actually a retreat in 66% of the glacier’s tesgsee fig 22b). The period from
2000 to 2010 showed a slightly different behavigdhwhe obtained results revealing
7% of the 213 glaciers advanced instead of retiiggte fig 22¢). This could be related
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to the lower number of years considered in thabiseégeriod, only 10 years in com-
parison to 26 years in the first period. This secpeariod was less that the half of the
first one. This difference in duration betweenaliation periods could explain the

different behavior exposed by the glaciers.

Considering the present results, it could be sugdabat those glaciers with a larger

initial surface area are more stable than glaeiéfs a smaller initial surface area.

Results that can be achieved thanks to remotergehave not only helped scientists
to arrive at the conclusion that glaciers are dighimg but also have aided further
research into the several hazards associated wedwtion in glacier coverage in-
cluding threats to mankind living in vulnerable &ions as well as effects on the in-
frastructure such as hydropower plants located hiesé mountainous regions
(Richardson and Reynolds, 2000).

10 Outlook

In a discussion with my colleague José de Jesis Thaes’, he manifested to me
that he is working in the field of solar radiatiamd how this is influencing the response
of vegetation. He suggested to me that it woulmhtezesting to reveal if the interaction
between the atmosphere and solar radiation hadyeh@mnsiderably enough to com-
promise the water reservoir in ice form during tinge period comprised in this study

over the area of interest.

Interactions between the incoming energy from theand the earth’s atmosphere as
scattering and reflection can be jeopardized bygsads and other gases absorbed in
the atmosphere (Dubayah and Rich, 1995). Any changjgis relationship can sig-
nificate a misbalance that can represent a thodhietclimate (Trenberth, Fasullo and
Kiehl, 2009).

17 Centro de Investigacidn y Asistencia en Tecnologia y Disefio del Estado de Jalisco (CIATEJ), Av. Nor-
malistas No. 800, Col. Colinas de la Normal, CP 44270, Guadalajara, Jal., México. Email: jdiaz@cia-

tej.net.mx
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Several statements have been made about the d&théshrinkage of glaciers is clear
evidence of the climate changing and how thisfisciihg water storage in the world

(Lei et al., 2014), (Paul and Andreassen, 2008)mérzeel, van Beek and Bierkens,
2010). Since one of the main goals of this thesis t@ verify how much global warm-

ing is jeopardizing the glacier storage, accompamiti with an extra section that ex-
plain and prove the fact that there is a modif@ain the interaction with the atmos-
phere and the amount of reflection and absorptiaineé earth surface (Pellicciotti et

al., 2011) would be a recommendation to complertieafpremise.

To fulfill this proposal, the necessary altitudelatimate data which could be free to
download in the web. Climate data available fromphst 50 years is also available to
calculate it. The proposed methodology to followsveaeated by Dubayah (1994).
This model was applied over the Rio Grande areapaoged that is possible to get
radiation results using pyranometer data, satethteges, and digital elevation model
(Dubayah and Rich, 1995).

A glacier’s behavior is related to many variablesluding elevation, slope, debris
coverage, topography, climate, precipitation andsnbalance (Maurer, 2013), so
these variables should be considered in ordente Aa@omplete report of the situation
in the study area. The conclusion that there isigtahrinkage due to climate change
needs to be analyzed further since so many vasabieinvolved in glacier processes
and they should all be taken into account in furdtadies in order to obtain a more

complete analysis.
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Table 21. Results per glacier
GLIMS_ID Area per glacier (km?2). Differ- Surface Projective
1974 2000 2010 | ence in| length 1974-| Length
area 2010 (me-| 1974-2010
1974-2010| ters) (meters)
(km2).
GO085898E28330N| 6.59 #5.02 +|3.57 =+|-3.01 +|-3017.99 | -3013.05 *
0.33 0.22 0.22 2.13 16.01 125
GO085813E28330N| 14.81| 12.92 *|11.18 x| -3.63 | -2147.96 #|-2127.93 *
+0.61 | 0.47 0.48 2.57 16.01 125
GO085889E28130N| 6.54 #£583 +|5.83 =+|-0.71 +|-1460.93 +| -1458.76 *
0.35 0.24 0.24 0.71 14.14 10
G085423E28721N| 0.85 #£0.59 +|0.27 =+|-0.58 +|-1175.8 *|-1137.3 =
0.06 0.03 0.03 041 16.01 125
G085671E28175N| 1.37 #£1.06 +|1.06 =+*|-0.31 +|-1070.35 #|-1026.4 =+
0.11 0.07 0.07 0.31 14.14 10
G085353E28530N| 4.31 #4.31 +|4.1 +|-0.21 +|-1051.27 #|-950.59 =+
0.27 0.2 0.19 0.21 16.01 12.5
G085434E28603N| 22.44| 22.08 *| 22.52 x| 0.08 *+|-1017.43 | -1010.25 %
+0.94 | 0.69 0.68 0.56 16.01 12.5
GO085304E28490N| 11.79| 12.32 *|11.19 +| -0.59 +|-93591 | -924.36 =+
+0.26 | 0.19 0.18 1.25 16.01 12.5
G085277E28492N| 2.7 ¥2.48 +|233 £|-0.37 +|-92415 | -789.93 =
0.09 0.07 0.07 0.27 16.01 125
G085579E28556N| 5.92 #5.42 +|5.23 £|-069 +|-908.21 | -908.04 =
0.25 0.18 0.05 0.54 14.28 10.2
G085524E28586N| 13.25/ 12.89 *|12.86 +| -0.4+0.37| -892.89 £-883.89 =+
+0.38 | 0.27 0.27 16.01 125
GO085615E28471N| 11.75/ 11.01 *| 11.09 +| -0.66 +|-888.63  *| -880.98 =+
+04 |0.28 0.08 0.75 14.28 10.2
GO085442E28699N| 2.8 $261 235 =+|-045 +|-880.73 *|-851.32 =+
0.13 0.08 0.08 0.32 14.14 10
G085478E28628N| 4.2 ¥4.21 +|395 =+|-025 +|-88049 +|-879.82 =«
0.17 0.12 0.11 0.26 16.01 125
G085628E28395N| 0.73 #£0.47 +| 046 =+|-0.27 +|-87238 *|-843.13 =
0.08 0.05 0.01 0.26 14.28 10.2
G085794E28308N| 5.04 #£4.83 +|4.73 +|-031 +|-857.71 +|-849.33 =
0.16 0.11 0.11 0.23 16.01 12.5
G085758E28296N| 31.93| 31.78 £| 31.64 x| -0.3£0.21| -846.8 4 -845.27 +«
+1.1 |0.82 0.81 16.01 12.5
G085502E28614Nt 1.41 +|1.28 +|1.3 *|-0.11 +|-801.47 | -757.98 =«
B 0.06 0.04 0.04 0.13 16.01 12.5
G085870E28159N| 8.89 #8.42 +|8.42 =+|-047 +|-79228 | -775.92 +
0.38 0.26 0.26 0.47 14.14 10
G085519E28243N| 4.22 #391 +|385 =+£|-0.36 +|-756.22 *|-670.25 =+
0.37 0.27 0.07 0.31 14.28 10.2
G085514E28415N| 0.43 #£0.43 +| 053 x| 0.1+0.1 -745.32 £ -728.16 =
0.03 0.02 0.01 14.28 10.2
G085841E28198N| 5.09 4.9 +(49 +|-019 |-72417 | -723.57 +
0.24 0.17 0.17 0.19 14.14 10
G085430E28708N| 2.42 233 +|222 *|-0.2+£0.14| -723.1 % -713.94 =+
0.08 0.07 0.06 14.14 10
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G085415E28709N| 2.28 £2.08 £|19 <+|-0.38 +|-720.96 +| -666.55 £
0.08 0.05 0.05 0.27 14.14 10
G085462E28636N| 3.45 £3.33 +£|3.28 | -0.17 +| -657.16 +| -641.64 <+
0.19 0.14 0.14 0.13 16.01 12.5
G085620E28148N| 0.85 #0.78 +| 0.71 +|-0.14+0.1] -650.28 +-628.24 =
0.09 0.06 0.06 14.14 10
GO085501E28521N| 2.07 £1.91 +£|1.77 £|-0.3£0.21| -649.1 + -643.54 +
0.17 0.12 0.03 14.28 10.2
GO085423E28563N| 1.04 #0.97 +|0.97 +£|-0.07 *|-639.28 *|-457.63 =
0.06 0.03 0.03 0.07 14.14 10
GO085690E28418N| 33.1 #£32.39 +*| 322 +|-0.9+0.74| -639.21 +-638.75 =
0.75 0.55 0.15 14.28 10.2
GO085815E28296Nt1 0.53 +| 0.45 +|0.32 +£|-0.2+0.15| -625.22 +-621.6 +
A 0.07 0.05 0.04 16.01 12.5
G085481E28592N| 7.19 £7.04 £|6.99 | -0.19 +| -604.76 +| -510.65 =+
0.33 0.24 0.24 0.15 16.01 12.5
G085408E28648N| 7.24 £7.19 +£|7.13 |-0.11 +|-601.39 +| -600.78 £
0.39 0.29 0.29 0.08 16.01 12.5
G085665E28186N| 1+0.1 0.74 |#0.71 | -0.29 +| -582.52 +| -513.48 £
0.06 0.06 0.26 14.14 10
GO085502E28614N+t 2.58 +| 2.48 +£| 2.53 | -0.06 +| -581.89 +| -581.32 £
A 0.18 0.13 0.13 0.12 14.14 10
G085451E28651N| 6.05 £5.88 +£|5.85 +|-0.2+0.17| -578.19 +-575.71 =
0.27 0.2 0.19 16.01 12.5
G085544E28246N| 7.07 £6.94 +£|6.95 | -0.12 +| -537.18 +| -537.14 +
0.45 0.33 0.09 0.13 14.14 10
GO085374E28549N| 11.37| 11.25 +| 11.41 +| 0.04+£0.2 | -497.86 +-495.77 %
+0.34 | 0.25 0.25 14.14 10
G085918E28129N| 1.48 #1.25 +|1.36 +|-0.12 +|-480.96 *|-47594 =
0.07 0.04 0.05 0.26 16.01 12.5
GO085909E28097N| 1.82 #1.63 +|1.63 +£|-0.19 *|-468.35 *|-466.02 =
0.06 0.05 0.05 0.19 14.14 10
GO085909E28097N| 3.08 #1.63 +| 1.63 +|-1.45 +|-468.35 *|-466.02 =+
-1.2 0.05 0.05 1.45 14.14 10
GO085911E28090N| 0.84 #0.57 +| 0.57 +£|-0.27 *|-458.2 +| -388.96 +
0.04 0.03 0.03 0.27 14.14 10
GO085659E28466N| 4.07 £3.96 +£|3.89 | -0.18 +| -456.7 +| -449.06 =
0.11 0.08 0.02 0.13 14.28 10.2
G085387E28623N| 4.63 £4.54 +£|4.53 =+|-0.1+£0.08| -454.42 T -448.22 =
0.13 0.1 0.09 16.01 12.5
G085672E28166N| 0.7 #0.64 +£|0.64 | -0.06 +|-426.99 +| -362.55 £
0.06 0.04 0.04 0.06 14.14 10
G085858E28197N| 0.17 £0.09 £|0.09 | -0.08 +|-421.6 +| -389.7 £ 10
0.03 0.01 0.01 0.08 14.14
G085615E28339N| 2.1 #2.01 £|198 +|-0.12%x0.1] -419.54 +-370.14 =
0.11 0.07 0.02 14.28 10.2
G085423E28655N| 0.05 £0.04 £|0.16 | 0.11 +|-415.94 +| -364.74 £
0.01 0.01 0.02 0.12 16.01 12.5
GO085397E28569N| 10.77| 10.5 +£| 105 =£|-0.27 +| -415.34 +| 41471 +
+0.38 | 0.28 0.28 0.27 14.14 10
G085728E28427N| 1.23 #1.05 +| 099 +|-0.25 +|-408.87 *|-383.27 =
0.07 0.04 0.01 0.19 14.14 10
GO085618E28255N| 12.21| 12.12 *| 12.21 +| 0+0.13 -407.73 4 -401.22 +
+0.56 | 0.41 0.11 14.14 10
GO085354E28573N| 7 +6.92 +|7.34 +|0.34 +|-406.75  £|-394.84 +
0.32 0.24 0.23 0.42 16.01 12.5
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GO085768E28135N| 2 ¥175 =+ 175 *£|-025 +|-390.97 +| -380.28 =
0.11 0.08 0.08 0.25 14.14 10
G085612E28242N;t 0.66 *=| 0.5 +1 051 %|-015 +|-377.23 +| -360.87 =
B 0.04 0.03 0.01 0.16 14.28 10.2
GO085891E28084N| 2.19 #£2.01 +|1.94 =+|-0.26+0.2| -372.39 +-313.2 =
0.09 0.06 0.06 16.01 125
G085612E28242N; 0.28 +| 0.15 +|0.1+0 | -0.18 # -369.61 +| -350.91 =
C 0.03 0.02 0.14 14.28 10.2
GO085570E28372N| 2.6 #2.5 (245 £|-015 *|-365.71 +| -363.94 =+
0.16 0.12 0.03 0.11 14.14 10
GO085574E28352N| 0.46 #£0.25 +|0.22 +|-0.24 +|-364.18 +| -359.78 =+
0.04 0.02 0.01 0.21 14.28 10.2
GO085409E28700N| 1.43 #1.33 +|1.29 =+|-0.13+0.1| -353.18 +-34435 =
0.07 0.05 0.05 14.14 10
GO085414E28730N| 1.62 *1.5 +1 139 £|-022 +|-346.75 +| -336.76 *
0.07 0.05 0.05 0.16 14.14 10
GO085812E28280N| 0.72 #0.7 +10.65 *|-0.07 +|-340.17 +| -307.04 =
0.04 0.03 0.02 0.05 16.01 12.5
GO085815E28296N; 0.3 +| 0.23 *| 0.18 #|-0.12 +|-336.64 *|-300.52 =
B 0.05 0.03 0.03 0.09 16.01 12.5
GO085612E28242Nt 2.53 +| 2.33 *| 2.07 =*|-0.46 *|-327.89 +| -309.7
A 0.08 0.05 0.02 0.33 14.28 10.2
GO085742E28430N| 3.74 £3.48 *|3.32 *|-0.41+0.3| -323.57 +-319.46 =+
0.09 0.06 0.02 14.28 10.2
G085447E28686N| 0.88 #0.88 *|0.72 =*|-0.16 *|-321.93 +| -293.86 =
0.06 0.04 0.03 0.16 14.14 10
G085454E28262N| 1.62 #£1.46 +|1.37 =*|-0.25 | -302.65 +| -280.78 =+
0.11 0.08 0.02 0.18 14.28 10.2
GO085346E28556N| 2.69 #£2.65 +|262 =+|-0.07 *|-296.66 +| -29591 =
0.15 0.11 0.11 0.05 16.01 125
G085789E28219N| 1.31 #£1.19 +|1.19 =#|-0.12 +|-289.32 +| -288.35 =+
0.09 0.06 0.06 0.12 14.14 10
GO085495E28547N| 4.24 424 +|424 x|0zx0.01 -279.21 % -27496 =
0.3 0.23 0.06 14.28 10.2
GO085546E28594N| 1.25 #1.18 +|1.05 =*|-0.21 +|-277.5 | -26791 =
0.05 0.04 0.04 0.15 16.01 12.5
GO085569E28377N| 0.08 £0.06 *| 0.05+0| -0.03 4 -272.77 +| -267.95 =
0.02 0.01 0.02 14.28 10.2
GO85585E28391N| 1.33 #1.11 #|1.12 *|-0.21 *|-271.15 +| -269.9
0.09 0.06 0.02 0.21 14.28 10.2
GO085444E28671N| 3.01 £2.96 *| 296 =*|-0.04 =*|-270.62 +| -243.06 =
0.12 0.08 0.08 0.04 14.14 10
GO085677E28457N| 1.91 #1.54 +|157 +|-0.34 *|-269.4 +|-2694 £
0.09 0.06 0.02 0.38 14.28 10.2
GO085562E28337N| 0.41 #0.35 *|0.33 *|-0.08 *|-267.95 +| -229.86 =
0.06 0.04 0.01 0.07 14.28 10.2
GO85609E28297N| 0.77 £0.72 *| 0.66 =*|-0.1+0.07| -267.01 +-244.41 +
0.07 0.05 0.01 14.28 10.2
GO085809E28455N| 0.89 #0.73 +|0.68 =*|-0.21 +|-264.58 | -244.14 =+
0.05 0.04 0.04 0.16 16.01 125
GO085612E28242N; 0.24 +| 0.18 +| 0.1 +|-0.14+£0.1| -258.03 +-223.47 =
D 0.05 0.03 0.01 14.28 10.2
G085722E28191N| 27.03| 26.81 *| 26.77 =| -0.26 | -255.55 +| -196.45 =+
+1.31 | 0.97 0.98 0.22 14.14 10
GO85808E28409N| 1.76 #£1.65 +|1.46 =+|-0.31 +|-245.52 +| -245.45 =+
0.06 0.04 0.04 0.22 16.01 125
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G085752E28395N| 26.89| 26.55 *| 26.55 +| -0.34 +| -239.03 +| -239+ 10
+0.53 | 0.39 0.11 0.34 14.14
G085333E28543N| 0.25 #0.25 +| 0.3 ]| 0.05 +| -233.94 +| -199.37 +

0.04 0.03 0.03 0.05 16.01 125
GO085553E28334N| 0.62 t0.56 +|0.53 +|-0.1+0.07| -233+14.28 -193.28 |+
0.06 0.04 0.01 10.2
GO085602E28318N| 6.19 #6.15 +|6.04 =+|-0.15 +|-229.48  +|-215.77 =+
0.29 0.21 0.06 0.12 14.28 10.2
GO085343E28593N| 2.33 2.35 +|2.35 =+|0.02 +|-228.64  *|-209.35 =+
0.13 0.1 0.1 0.02 14.14 10
G085645E28473N| 0.62 t0.43 +|0.36 +|-0.26+0.2| -228.21 +-224.44 +
0.04 0.02 0.01 14.28 10.2
GO085814E28430N| 1.54 t1.38 +|1.44 +|-0.1+0.18 -222.88 +-219.22 =+
0.06 0.05 0.05 14.14 10
G085431E28683N| 0.98 #0.93 +| 1.04 | 0.07 +| -220.06 +| -215.66 +
0.06 0.05 0.04 0.13 16.01 12.5
G085671E28138N| 2.16 #2.03 +|1.98 =+|-0.17 +| -214.25 +| -187.62 +
0.11 0.08 0.08 0.13 14.14 10
G085670E28257N| 2.92 2.82 +|2.86 =*|-0.06 +| -213.82 +| -213.12 +
0.27 0.2 0.05 0.11 14.14 10
GO085585E28525N| 6.56 #6.33 +| 6.15 *| -0.41 +|-211.32 +| -205.36 +
0.3 0.22 0.06 0.29 14.28 10.2
GO085817E28470N| 2.5 #1.98 +| 193 =+|-0.57 +| -209.83 +| -209.28 +
0.08 0.05 0.05 0.53 14.14 10
GO085508E28390N| 0.49 #0.36 +|0.32 =+|-0.18 +| -203.8 +|-184.53 +
0.05 0.03 0.01 0.14 14.28 10.2
GO085393E28731N| 0.64 t0.62 +|0.65 =+|0.01 +|-202.94  #|-2005 =+
0.04 0.03 0.04 0.03 16.01 125
GO085570E28389N| 1.95 #1.73 +|1.67 =+|-0.28 +|-199.73  +|-199.31 =+
0.12 0.08 0.02 0.23 14.28 10.2
G085798E2829IN| 1.13 #1.08 +|1+0.04| -0.13 H-197.83  +|-192.33 =+
0.06 0.04 0.09 16.01 12.5
GO085576E28254N| 4.29 t4.16 +|4.26 =+|-0.04 +|-197.01  +|-181.58 =+
0.26 0.19 0.05 0.17 14.28 10.2
GO085788E28404N| 4.1 #4.05 +|4.03 =+|-0.08 +|-196.53 +|-191.17 =+
0.14 0.1 0.1 0.06 14.14 10
G085429E28674N| 0.5 #0.49 +|0.48 =+|-0.01 +| -182.13 +| -170.34 +
0.05 0.03 0.03 0.01 16.01 12.5
GO085601E28297N| 0.57 #0.51 +|05 +|-0.07 +|-182.11 +| -173.73 +
0.05 0.03 0.01 0.06 14.28 10.2
GO085605E28500N| 3.25 #3.19 +| 3.19 | -0.06 +| -180.95 +| -179.64 +
0.15 0.11 0.03 0.06 14.14 10
GO085593E28299N| 0.52 #0.49 +|0.46 | -0.06 +| -179.76 +| -168.91 +
0.06 0.04 0.01 0.04 14.28 10.2
G085498E28408N| 1.22 #1.18 +|1.11 #+|-0.11 +|-179.73 +| -171.74 +
0.12 0.09 0.02 0.09 14.28 10.2
GO085565E28379N| 0.17 #0.12 +|0.1x0 -0.07 + -179.57 +| -170.02 +
0.02 0.01 0.05 14.28 10.2
G085416E28719N| 0.4 #0.42 +|0.39 +|0+0.04 -178.91 # -17454 =+
0.04 0.03 0.03 14.14 10
GO085666E28148N| 5.07 492 +|492 =+|-0.16 +|-175.02 +|-140.2+10
0.14 0.1 0.1 0.16 14.14
GO085802E28443N| 0.56 t0.48 +|0.48 =+|-0.08 +|-167.82 +|-166.25 =+
0.04 0.03 0.03 0.08 14.14 10
G085716E28420N| 1.92 #1.45 +|1.45 +|-0.47 +| -167.08 +| -164.53 +
0.08 0.05 0.01 0.47 14.14 10
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G085564E28401N| 0.66 0.58 +| 0.58 =+| -0.07 +| -165.39 +| -160.1 £ 10
0.04 0.03 0.01 0.07 14.14
G085537E28440N| 0.49 #0.41 +| 0.42 | -0.07 +| -160.89 +| -133.86 +

0.05 0.04 0.01 0.09 14.28 10.2
GO085474E28429N| 0.35 +0.35 +|0.32 =+|-0.04 +|-155.65 +|-129.92 =+
0.03 0.02 0.01 0.04 14.28 10.2
G085756E28139N| 1.11 #+0.86 +|0.86 =+|-0.25 +|-155.27  +|-149.51 =+
0.07 0.04 0.04 0.25 14.14 10
G085800E28158N| 15.09| 15.06 +| 15.06 *| -0.03 +| -144.15 + -114.17 +
+0.62 | 0.46 0.46 0.03 14.14 10
G085802E28283N| 0.87 t0.83 +|0.73 +|-0.14 +|-14352 +|-138.9 +*
0.04 0.03 0.03 0.11 16.01 12.5
GO085854E28138N| 4.89 t4.47 +|4.47 +|-043 +|-138.33  +|-133.59 =+
0.22 0.17 0.17 0.43 14.14 10
G085426E28691N| 0.7 #0.77 +|0.76 =*| 0.06 +| -132.14 +| -129.88 +
0.04 0.04 0.04 0.07 16.01 12.5
G085814E28447N| 15 #1.4 +11.45 +|-0.05 +| -128.23 +| -127.61 +
0.06 0.04 0.04 0.11 14.14 10
GO085625E28348N| 2.45 2.45 +|2.37 =*|-0.08 +|-123.37 +| -122.31 +
0.08 0.06 0.02 0.08 14.28 10.2
GO085639E28412N| 33.22| 33.22 #| 33.19 +| -0.03 +| -122.45 +| -122.26 +
+1.13 | 0.85 0.23 0.03 14.28 10.2
G085643E28314Nt 0.88 +| 0.85 +| 0.84 =+| -0.04 +|-117.36 +| -107.11 +
A 0.05 0.03 0.01 0.03 14.14 10
G085421E28665N| 1.86 #1.83 +| 1.83 =*| -0.03 +|-113.88 +| -108.49 +
0.09 0.07 0.07 0.03 14.14 10
GO085754E28423N| 1.76 +1.69 +|1.54 =+|-0.22 +|-108.05 +|-106.96 =+
0.07 0.05 0.01 0.16 14.28 10.2
GO085608E28411N| 3.07 2.7 +|(265 +*|-042 +|-10575 +|-105.39 =+
0.19 0.14 0.03 0.37 14.28 10.2
GO085619E28301IN| 0.63 0.63 +|0.62 +|0*0 -105.45 H -103.44 =+
0.06 0.05 0.01 14.28 10.2
G085426E28733N| 0.44 044 +|04 +|-0.04 +|-105.33 +|-102.68 =+
0.03 0.02 0.02 0.04 16.01 12.5
G085440E28557N| 1.38 #1.3 +(1.3 ]| -0.08 +|-104 +£14.14| -98.47 +10
0.09 0.06 0.06 0.08
G085862E28115N| 2.55 253 +| 253 =+|-0.02 +| -103.88 +| -77.84 +£10
0.15 0.12 0.12 0.02 14.14
G085419E28692N| 0.38 #0.38 +| 0.31 =*| -0.08 +| -100.82 +| -94.65 + 10
0.04 0.02 0.02 0.07 14.14
G085780E28410N| 0.18 #0.17 +| 0.2 ]| 0.03 +|-99.8 +16.01| -98.15 +
0.02 0.01 0.02 0.03 12.5
G085776E28402N| 0.49 10.48 +|0.46 =*|-0.03 +| -93.48 +| -82.02 +10
0.04 0.03 0.03 0.02 14.14
G085406E28694N| 0.3 #0.3 +10.24 +|-0.07 +| -87.51 +| -81.94 +
0.03 0.02 0.02 0.07 16.01 12.5
G085316E28575N| 0.6 #0.54 +| 054 =+|-0.05 +| -84.71 +| -73.75+10
0.05 0.04 0.04 0.05 14.14
GO085603E28515N| 1.32 #1.32 +|1.28 +|-0.03 +|-84.6+14.28 -78.35 =
0.08 0.06 0.02 0.03 10.2
GO085551E28440N| 0.79 #0.79 +|0.65 =+|-0.13 +|-79.25 +| -75.49
0.05 0.04 0.01 0.13 14.28 10.2
GO085334E28540N| 0.4 0.4 +| 053 +£|0.13 +|-79.2+16.01| -77.77 =
0.03 0.02 0.03 0.13 12.5
G085405E28731IN| 0.45 #0.51 +|0.41 =+|-0.03 +|-66.67 *+| -61.51+10
0.04 0.03 0.03 0.11 14.14
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G085327E28587N| 1.16 #1.12 +| 1.13 =+| -0.03 +| -65.48 +| -57.24 +
0.06 0.05 0.05 0.03 16.01 12.5
GO085554E28593N| 1.56 1.54 +| 154 +|-0.03 +| -55.81 +| -55.12+10
0.08 0.06 0.06 0.03 14.14
GO085629E28324N| 0.49 t0.48 +|0.46 =+|-0.03 +|-53.85 +| -47.26 +10
0.05 0.04 0.01 0.02 14.14
GO085489E28568N| 2.54 254 +|251 =+|-0.04 +|-47.35 +| -46.95 +
0.18 0.13 0.03 0.04 14.28 10.2
GO085564E28572Nt 0.85 +| 0.79 +|0.83 +|-0.02 +|-25+16.01 | -2.49 4
B 0.05 0.04 0.04 0.08 12.5
G085263E2849IN| 1.14 #1.14 +|1.14 +|({0%0 0+0 0+0
0.05 0.04 0.04
G085264E28519N| 3.48 #3.34 +|3.11 +|-037 +|0+0 0+0
0.19 0.14 0.13 0.27
G085267E28501N| 1.76 1.76 +| 1.64 =+|-0.12 + 00 0+0
0.06 0.04 0.05 0.12
G085270E28469N| 1.13 #1.13 +|1.13 +|{ 00 0+0 0+0
0.06 0.05 0.05
G085275E28471Nt 0.18 +| 0.18 +|0.18 *|{ 00 0+0 0+0
A 0.03 0.02 0.02
G085275E28471Nt 0.14 +| 0.14 +|0.14 |00 0+0 0+0
B 0.02 0.02 0.02
G085275E28471Nt 0.26 +| 0.26 +|0.26 |00 0+0 0+0
C 0.03 0.02 0.02
G085286E28529N| 0.35 +t0.35 +|0.35 #| 00 0+0 0+0
0.04 0.03 0.03
GO085290E28524N| 0.3 #0.3 +({03 +|{0%0 0+0 0+0
0.04 0.03 0.03
GO085309E28517N| 5.6 #56+0.2| 56 =+ 0*0 0+0 0+0
0.27 0.2
G085320E28470N| 0.32 #0.32 +|0.32 +|(0%0 0+0 0+0
0.03 0.02 0.02
GO085320E28580N| 0.29 #0.29 +|0.29 +|(0%0 0+0 0+0
0.03 0.02 0.02
GO085335E28529N| 0.68 #+0.68 +|0.64 =+|-0.04 |00 0+0
0.04 0.03 0.03 0.04
G085335E28535N| 0.18 #0.18 +|0.18 *|{ 00 0+x0 00
0.02 0.02 0.02
G085336E28498N| 7.33 7.33 +|7.33 |00 00 0+0
0.29 0.22 0.22
G085346E28605N| 1.03 #1.03 +|1.03 |00 0+x0 0+0
0.08 0.06 0.06
G085356E28601N| 0.54 054 +| 054 |00 0+x0 00
0.05 0.04 0.04
GO085359E28497N| 2.49 1249 +|249 |00 0+x0 00
0.14 0.1 0.1
G085371E28473N| 2.48 248 +|248 |00 00 00
0.09 0.07 0.07
G085374E28603N| 5.53 553 +|553 +|( 00 0+0 0+0
0.18 0.14 0.14
GO085395E28631N| 0.25 0.25 +|0.24 +| 00 0+0 0+0
0.02 0.02 0.02
G085428E2857IN| 1.01 #1.16 +|1.01 =+|0x0.21 0+0 0+0
0.08 0.07 0.06
GO085453E28237N| 0.62 0.62 +|0.62 +|0%*0 0+0 0+0
0.05 0.04 0.01
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GO085457E28245N| 0.6 #0.58 *|056 +|-004 =*=|0x0 0+0
0.07 0.05 0.01 0.03

GO085460E28671N| 0.55 #0.55 *+| 055 +{ 00 0+0 0+0
0.05 0.04 0.04

G085466E28236N| 0.18 #£0.18 +|0.18 *| 00 0x0 0+0
0.04 0.03 0.01

G085476E28425N| 0.2 #0.2 £/ 02+0 | 00 0+0 0+0
0.02 0.02

GO085481E28267N| 2.42 242 +|242 +|( 00 0x0 0+0
0.2 0.15 0.04

G085481E28414N| 0.48 048 +|048 =+ 00 0x0 0+0
0.05 0.03 0.01

G085488E28414N| 0.51 0.5 ({05 +|-001 =x/0=x0 0+0
0.04 0.03 0.01 0.01

GO085490E28286N| 0.66 #0.66 =*+|0.66 +|0+0 0+0 0+0
0.08 0.06 0.02

GO085502E28397N| 0.33 #0.33 *|0.31 #|-002 *|0+0 0+0
0.04 0.03 0.01 0.02

GO085502E28437N| 3.83 £3.83 *|3.84 =*|0.01 +/ 00 0+0
0.28 0.21 0.06 0.01

GO085510E28407N| 1.17 #£1.17 +|1.14 +|-003 *|0+0 0+0
0.08 0.06 0.02 0.03

GO85525E28439N| 0.5 #045 */049 +|-001 =*|0x0 0+0
0.06 0.04 0.01 0.06

GO85536E28454N| 1.89 #1.89 +|189 +/ 00 0+0 0+0
0.17 0.13 0.03

GO085538E28285N| 12.47| 1236 *|122 *|-026 x| 00 0+0
+0.62 | 0.46 0.12 0.19

GO085545E28527N| 17.28| 17.28 £|17.28 = 00 0x0 0+0
+0.99 | 0.74 0.2

G085548E28472N| 0.17 #£0.17 +|0.17+x0| 00 0+0 0x0
0.02 0.01

GO085554E28353N| 3.31 #£3.31 +|331 *(0%0 0x0 0+0
0.17 0.13 0.03

GO085554E28453N| 0.75 #0.75 +|06 =*|-016 |00 0+0
0.07 0.05 0.01 0.16

GO085564E28572N; 5.86 +| 586 *| 6.4 +|0.53 +/ 00 0+0

A 0.22 0.16 0.16 0.53

GO085570E28342N| 0.11 #0.11 +|0.11 +{ 00 0+0 0+0
0.03 0.02 0.01

GO85575E28459N| 27.65| 27.65 *| 2765 £/ 00 0+0 0+0
+0.89 | 0.67 0.18

GO085583E28407N| 0.95 #0.85 +|092 +|-003 *|0+0 0+0
0.08 0.06 0.02 0.12

GO085584E28303N| 0.3 #0.3 +103 +|0=x0 0+0 0+0
0.04 0.03 0.01

GO085617E28265N| 1.37 #1.37 *|1.37 +{ 00 0+0 0+0
0.09 0.07 0.02

G085627E28314N| 0.95 £1.05 | 1.04 | 0.09 /00 0+0
0.07 0.07 0.02 0.09

GO085633E28274N| 0.47 047 x| 047 x| 0=z0 0x0 0+0
0.08 0.06 0.02

GO085633E28327N| 0.65 #£0.65 +| 063 *|-001 |00 0+0
0.04 0.03 0.01 0.01

G085643E28314N| 15.78| 15.78 £| 15.79 %| 0.01 /00 0+0
+0.74 | 0.56 0.15 0.01
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GO085657E28240N| 2.14 #2.14 +|1.96 =+|-0.18 + 00 0+0
0.1 0.07 0.02 0.18

GO085669E28239N| 0.3 #0.3 +10.32 +|0.01 + 00 0+0
0.03 0.02 0.01 0.01

GO085686E28486N| 1.25 #1.02 +|1.22 +|-0.02 +|0+0 0+0
0.05 0.03 0.01 0.31

GO085699E28143N| 4.56 451 +|45 +|-006 +|0+0 0+0
0.32 0.24 0.23 0.05

G085707E28225N| 0.53 0.53 +| 053 +|( 00 0+0 0+0
0.09 0.07 0.02

GO085720E28299N| 60.45| 60.08 +*| 60.02 +|-0.43 +|0+0 0+0
+2.14 | 1.6 0.43 0.38

G085736E2827IN| 1 +#1+0.14 | 1+0.04 0=x0 0+0 0+0
0.19

GO085749E28150N| 12.27| 12.27 +| 12.27 {00 0+0 0+0
+0.51 | 0.38 0.38

G085773E28389N| 0.69 0.69 +|0.69 |00 0+0 0+0
0.08 0.06 0.06

GO085774E28232N| 5.46 546 +|546 |00 0+0 0+0
0.29 0.22 0.22

GO085801E28399N| 0.83 #0.76 +| 0.62 =*|-0.21 + 00 00
0.06 0.04 0.05 0.15

G085807E28212N| 5.2 #5.2 +1 559 +|0.39 + 00 0+0
0.25 0.19 0.19 0.39

GO085815E28296N| 0.01 #0.01 +|0.01 |00 0+0 0+0
0.01 0.01 0.01

GO085819E28132N| 0.23 #0.23 +|0.23 +|(0%0 0+0 0+0
0.03 0.02 0.02

GO085822E28382N| 22.25| 21.7 +|21.43 +/-0.82 +|0+0 0+0
+0.84 | 0.64 0.63 0.61

G085840E28159N| 17.17| 17.17 | 17.17 |00 0+x0 0+x0
+0.56 | 0.42 0.42

G085870E28096N| 0.16 0.16 +|0.16 +| 00 0+0 0+0
0.03 0.02 0.02

GO085886E28098N| 2.39 #2.28 +|228 +|-0.1+0.1| 00 0+0
0.1 0.08 0.08

GO085528E28427N| 1.13 #1.13 +|1.06 =*|-0.07 +|59.18+14.28 58.2+10.2
0.07 0.05 0.01 0.07

GO085686E28182N| 0.82 #0.83 +|0.85 =*| 0.04 +| 103.99 +| 100.22 +
0.06 0.04 0.04 0.03 16.01 12.5

GO085521E28419N| 1.13 #1.13 +| 1.22 +| 0.09 +| 191.22 +| 189.66 +
0.07 0.05 0.01 0.09 14.28 10.2

G085465E28672N| 0.15 #0.15 +| 0.18 =*| 0.03 +| 211.98 +| 188.57 +
0.02 0.01 0.02 0.03 16.01 12.5

Totals 817.72| 793.69 +| 784.81 | -32.91 +| -56248.19 #| -53850.39
+ 26.55 +17.4 34.53 2123.02 + 1556.41
35.05

Mean 3.84 +| 3.73 +|3.69 +|-0.15 +*|-264.08 *|-252.82 =+
0.16 0.12 0.08 0.16 9.97 7.31
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