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Quantification and consequencelsgbaciervolume los®n meltwater
fluxes and organic matteince 1971Edgegya, Svalbard

Abstract

Due to increasing temperatures in the Arctic, the 36,08 of glacier ice on Svalbard is decreasing
rapidly. Consequently, this will affect meltwatemnxtes and organic matter release, which influences
the marine ecosystem. The organic matter in glaciers has its source by biological productien, wind
blown dust and soil/bedrock erosion agdnbe degraded to the greenhouse gas,@Men released

in rivers ad ocean. The aim of this research project is to quantify the changes in glacier volumes and
its meltwater fluxes over the last 40 years and to characterize the organic matter in these glacial
meltwater rivers at Svalbard.

Ice wlume estimats have been coducted for the years 1971, 2004 and 12Dby volume/area

scaling and a GIS approach based on Weerty Qa af ARAYy 3 f 1 gd ¢KS A0S | NB
and topographic mapss used to initialize and calibrate a cryospheric hydrology model to model the
consequence of ice loss on meltwater flo®uring the Dutch Scientific Expedition Edgge

Spitsbergen (SEES) water samples affitBeseglacial meltwater rivers have been collected. These
samplesare analyzed for stable isgtlLJSa Ay VY25t G PRGSNY Rt 2NBHIBOA O Y (¢
which elucidate the source of the water (glacial or snow) and organic matter (terrestrial or
autochthonous), respectively. We also determine the total amount of organic carbon (dissolved and
particulate) transport, as well as its molecular characteristics and its bioavailability.

Resultsshow over 40% iceolumeloss since 181 and all ice will be gone prior to 2100. The base
flow andnumber ofglacier meltdaysare slightly increasing from 1971 wards This suggestthat
glacier melt per unit area is increasing with time to counteract glacier area de@ihether the
total annual discharge is already declining due to area loss or if this is going to happen in the near
future is unclear, since thenodeled data is not verified with field dataln meltwater rivers we
measured0.5-5*10° mg/L of total suspended matter, containing 0.805% organic carbon. These
values are low, which can be explained by the thin and poorly developed soils in thi&rbiigh
setting. Organic matteris mainly from terestrial sources-f n: - -H 3> Ohe& sodrce of the river
water was mainly from glacier wateWe estimate that he additional ice mass loss leads to an
increase of 1.5Mton/yr organic carbon loadjrighportant for near coastal zone ecosystenkhese
results help to assess the degree of sensitivity of these Arctic river systems for a warming future.
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1. Introduction
Climate is warminglPCC2013 andthis results in a reduction ajlacier volumes (e.@Hagen et al.,
1991) and increase ipermafrost thawing (e.gSpencer et al., 2015; Westermann et al., 2011)
worldwide, but at faster rate in the polar regigIPCC2013. Glacier decline might result in more
river dischargéHagen et al., 2003agsulting in a higher fresh water flux to the oceans where it will
have it influence on sea life and ocean circulatiRellman et al., 2010; Hood et al., 2009)
Furthermore, the flux of organic matter (OM) in glaciers reledsedelting, and the amount picked
up on the way by permafrost/soil erosion is also likely to chaf®mencer et al., 2014ajlue to
increased perrafrost thaw TheOM in Svalbard glaciers and rivers is hardly studied, and unknown in
FY2dzy i YR o0A2F@FAflIoAfAGRD ¢KS tAYy] 06S0GsSSy Of
its consequet changes imriver discharge and OM flux, artde OM frompermafrost thawing and
soil erosion at Svalbard and, more specifically at Edgegya, is the base for this study. The aim of this
research project is to quantify the changes in glacier volumes and its meltwater fluxes over the last
40 years and to characteezhe organic matter in the glacial meltwater rivers at SvalbArdhange
in organic matter flux to the ocean is fundamentally important for marine life, since it is the basis of
their foodweb.

Glaciers

For most glaciers in the world, the latest increaseglacier volume was during the little ice age,
which occurred between the 15and 19" century (Svendsen and Mangerud, 1998ince then
glaciers have been retreating worldwide, and due to hurratuced climate changglacierretreat
now occurs at even faster rat¢sluth et al., 2010)

Many researches have investigatedce volume decline in Svalbard, all come with resuif net
negative mass balance for Svalbard and EggeThe mass balance of a glacier is the result of ice
incoming (e.g. precipitation, avalanche, flux) minus outgoing (melt, wedistribution flux
sublimatior) at any location on the glacier or icag;where the specific net mass balanbeingthe
result of the entire glacier or ice cawer a year. At Edgga from 1970/712002 values 0f0.50 m
water equivalent (w.e.)yand up to-1.00+0.0 m ¥ are reported (James et al., 2012; Kaab, 2008;
Nuth et al., 201Q) Similar values for all Svalbard glasibave been reported bgeveral authors
(Braithwaite and Raper, 2007; James et al., 2012; Malecki, 2013; Sobota, POE€3@ values are
sharp contrast with reported values e0.12+0.1m,-0.12+0.03m,-0.19m w.e. § (Bamber et al.,
2005; Hagen et al., 2003b; Moholdt et al., 20d€spectively. Most of the variability is due to the
large differences between Svalbard regipRer instancethickening at northeast Svalbard ice caps is
measuredwhich neutralizes negative mass balance in other regions sligBtgspite the high
variabilty, all reportnegative mass balanceBue to presertlay warming enhanced glacier melt has
been recorded: from0.5 to-0.7m w.e. y (1970/71-2002) (Kaab, 2008)from -0.15 to-0.69m w.e. y

1 from 1936 to 205 (Kohler et al., 2007 )¥rom -0.52+0.09 to 0.76+0.1m m*from prior to after the
19 n James et al., 2012)esulting in moremass loss. Enhanced glacier misltcaused by the
negative mass balance and results inugmvard shift of the Equilibrium line altitude (ELA) between
the accumulation ad ablation zone at the glacier, which hasadbedo changeas resul{Oerlemans

et al., 2009.



Hydrology

Glaciervolume loss influences the melater flux from glacier to ocean, which can either increase

due toanincreasein mass loss, or decrease when the total ice area declines. Fresh meltwater can
influence circulation and loca&cosystenof the oceans and coastal zon@sagen et al., 2003a&)nd

results in sea level risgo an increase adecreasen meltwater fluxis fundamentally important to
investigatea 2 NB2 3SNE { @+t 6 NRQa I2DmnOdt Sallevel Irisé (SO yhemNA 6 dzi
all glacier melt completelfMartin-Espanol, 2013}his is only a minor contribution of al cryospheric

input to SLR, compared to iceelt at the Greenland and Antarctic ice ¢dpt still an important
contribution. Meltwater rivers fluctuate highly annuallgs shown byo wl RA 8 F Yy Rwhb2 O1 = H
modeled 40%variation in annual glacial discharge (worldwiddy Svalbard30%annual discharge

variation is measuredHagen et al., 2003ayith higher variationin the last 10 years than in the

19 n Mawak and Hodson, 2013)

Future projectionsshow rising temperatures and prolong the glacier melt seasdiowak and
Hodson, 2013and show an increase of +54% in discharge in Svaibdheg mid-21st century andh
decline t0-10% of the initial values at 2100, mainly explained by the negative mass balance of
glaciers(Bliss et al., 2014)This increase followed bydecrease in discharge is alkmnd in other
glacated regions as Alaska and the Himalay@sllman et al., 2010; Hood et al., 2009; Immerzeel et
al., 2012, 2013)The precise moment on whictime decline in dischargeill start, may, however,be

very differentby region (Bliss et al., 2014Risingtemperatures in arctic regions, also deepen the
active layer in permafrost, creating an storage, but also a source of melt {devak and Hodson,
2013) The future projections are very sensitive to future temperature and precipitatianges and
slight ofets may result in different projections. That precipitatiomipartant is explained by many
researchersnot only does an increase in precipitation result in more glacier accumulation, or might
it counteract the decline in dischargley decrease in glacier area, it also influemeeonthly
discharges by more and heavier precipitation eveitagen et al., 2003a; Immerzeel et 2012,
2013; Nowak and Hodson, 2013; Owczarek et al.,, 2084} only are hydrological changes
dependent on the net mass balance of the glacd therefore onfuture temperature and
precipitation rates but also onice area, size of thalrainagebasin(Hage et al., 2003g)thermal
regime of the glacier (cold or warm baseds well aghe spatial and temporal variation in the
hydraulic properties of the glaciers surfa@utter et al., 2011)

Organic Matter (OM)

There are severaources obrganic mater (OM) in glaciers: (1) Englacial autotrophic microbial life
(bacteria, viruses and algae) fixatarbon from the atmosphere in OM. Most of this OM is coupled
to debris in cryoconite holeas particulate organic carba?OC), but also partly (10%)dissolved
organic carbonOQ (Anesio et al., 2009Dn average about 0.Mdissolvedng C/L DOC is present in
glacial ice around the worldP¢iscu and Christnét004). Besides the productioby microbiallife, (2)
aerosols with soil OM and combusted carbon together with (3) subglacial debris entrainment
contribute to the glacial carbon pool. TOM is transported as POC and DOC in meltwater and
added to the OC released by soil and permafrost erosionhenvwiay down before entering the
ocean.

The glacial OM has been measuredaghly bioavailabléHood et al., 2009; Spencer et al., 20148
it is easily utilized by microbeand is more bioavailable tha OM from wetlanddn study sites in
Alaska(Fellman et al., 2010)The bioavailability is dependent on age and molecular composition



(Mann et al., 2015; Spencer et al., 2015; Vonk et al.3R@hd glacies are expected to have older

DOCthan enclosed wetland¢Spencer et al., 2014ajt present 13%f the annual flux of glacier

derived DOC entering the ocean is the resuligts#ciermass losswhich is expected to accelerate

(Hood et al., 2015)Even though the measured DOC values (in Alaska)ow (0.180.53 mg C/L),
researchers ANBS G(KIFG GKS tF6AfS h/ TFtdzE Aa AYLERNII Yy
to seasonaland future runoff change¢Fellman et al.,, 2010; Hood et al., 2009; Kim et al., 2011;
Spencer et al., 2014a)

Research questions

In this study,the quantity, lability and source of organic matter with the glacier loss rate and
consequently, meltwater fluctuations, as referentor Svalbardvill be investigated So, how much

and how fast does glacier mass loss occur (1), what is its influence on the meltwater flux (2) and
what is the amount, bioavailability and source of the OC that is released and transported by these
glaciersand meltwater rivers before entering the ecosysteensitive coastal zon@)?For research
questions (1) and (2), an area H30kn? in northwest Edgeaya has been chosen. OC research has
been conducted after fieldwork in South and East Svalbard withafecus on Edgegya.

(1) Glacier volume loss has been quantified by the volamea scaling and a modelling effort in
which icethickness is a factor of slope and equilibrium shear strAssas have been measured with
the use of satellite images in GA8d derived from the Randolf Glacier Inventory (RGI). The results
are compared with volumes calculated by Hushich is based oftow dynamics, inverted from the
surface topographyHuss and Farinotti, 2012)

(2) Meltwater flux is modeled in a pcRaster model based(loirmerzeel et al., 2012n which
discharge is a factor of glacier and snowelt, a digital elevation model (DEM) togetheith
precipitation and temperature datalhe model is calibrated for the glacier area extas it is in
2014 based on satellite images.

(3) During the Dutch Scientific Expedition EaigeSpitsbergeim August 201%SEES) water samples
of 13 glacial mélvater rivers hae been collected. These samples were analyzed for stable isotopes
AY YStagl '8N0 &R I2yNE ) AwbichYill @liicilatd thie source of the water
(glacial or snow) and organic matter (terrestrial or autochthonous)peaetvely. We will also
determine the total amount ofransport oforganic cabon (dissolved and particulategs well as its
molecular characteristics and its bioavailability.

Combining the results will giveraore complete overview of the sourcguality and export of OM in
Svalbard glacier systems, an important study to enhance knowledge about future climate change
impact on these changing areas.



2. Study area
Glacier volume loss calculations and meltwater modelling has been dormeefoaps ofiNE Edgeya,
one of the astern islands of Svalbartigure 1). Organic matter research from these glaciers and in
these rivers has been done on the island Spitsbher§elgeagya and Barentsgyig\ire 2.

Edgegya (77.0N/22.3E) is an 5074kstand coveredby appraimately 2102 krhice (Dowdeswell

and Bamber, 1995Rnd located in th@arents SeaDeglaciation started 10 ky BP and since then the

island has experience glacioeustatic uplift, leaving quaternary marine deposits iovtar parts of

the valleys. The upper part of the valleys and the plateaus shaped by former ice caps, consist of
Triassic flat lying sedimentary rofMoller et al., 1995p L i Qa 2y GKS&aS LX I (S| dza
larger icecaps are situated with glacier tongues #nd shaping the valleys.

Four of these ice caps are studied for their volume loss: Langjokulen + Kvitisen, Blaisen, Bergfonna
and Raundalsfonna. All are flat lying ice caps, witthaximum altitude of 560m, havirlgw ice
movement and more than one glgr tongue. Only one surge $ibeen reported from one of these
glaciers, near Kvitisen in 19@®Dowdeswell and Bamber, 199%)ut all glaciers show terminus
retreat since the little ice age. The ELA is consideredetat approximately 300n{Hagen et al.,

2003b) and moving upwards with increasiag temperatures. The meltwater from these icaps

runs into 11different valleys
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Figure 1; Svalbard and its Edgegya, glacier volume research areas are located in the red box in the map on the right side



The sample points for OM research are taken at different locations around SpitsbergentsBgeen

and Edgegya. The distance from sampling point to the glacier front differs per location, as does the
discharge Three river valleys have been sampled: Rosenbergdalen, Plurdalen and Kvalpyntfonna. At
Rosenbergdalen, more than one sample has been tékémvestigate the variability downstream.

Temperatures are on average belowCOwith summer temperatures reachingcasionallyl5'C and
winter temperatures can be as low a40'C. Precipitation is around 200 mm/yr. Both temperature
and precipitation déa has been taken from the weather station at Longyearbyen airport. At Edgegya
only temperature has been measured for a few years, which show slightly colder temperatures then
at Longyearbyen Aport. Thereisno precipitationrecordavailablefrom Edgegya
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Figure 2; Sample locations for OM research with on the left the sample location as taken in Rosendalen



3. Methods

3.1Volume determination
To estimate the volume loss of the glacietsEalgegya, different methods have beeampared
(1) The mathematicalmethod of the VoluméArea scalindge.g.Bahr et al., 1997)applied by several
researchers and used worldvadwhich determines the glacier and ice cap volume (V) based on its
surface area (S).

(2) The GISmethod uses Weertmans sliding lg#eertman, 1957with a full DEMin a GlS$ased
environment,in which the initial thicknes (H) dhe ice bodieds calculateased on the equilibrium
shear stressBy multiplying the average thickness of a polygon with the surface area, the volume is
calculated. Both methods are uséd calculate the volume of the ice bodiéar the years 1971,
20032004 and 2014.

(3) The Hussnethod (Huss and Farinotti, 20123 a physically based amach basedn ice flow
dynamics inverted from theurface geometryVolume and ice thickness dateas been received
personally to compare with the other ismlume deriving methods.

VolumeArea scaling
The surfacesolume ratio as described iBahr et al.(1997), Grinsted (2013, Jiyang Chen and
Ohmura (1990, Macheret and Zhuravley1982, Martin-Espafiol et al(2015, wlk RA 86 'y R | 2O
(2010, Van De Wal and Wil(2001F | dadzySa | NBflF A2y aKALl 6SG6SSy
its volume. The ratio between surface afgand volume(V)is defined as:

w0 @Y (1)

with constant values fothe proportionalty constantc, and exponent! based on glacier type.

Different studies finddifferent values for parameters andr . Bahr etal. (1997) describes the

physical background @xponent’ which is based ofour variables that determine the volume and

surface area of a glacier: width (q), slope (r), side dragrH, & oF f I yOS o6Y0 G(G23SirF
flow law constant (n). Thesatiables determine the¢ as:

re — ()

Bahr et al.(1997) uses previougylacier volume measwements to findthe best valuesfor the
variablesand finds] p& x for glaciers and [ p& ufor ice caps. Oters (seetable 1) find
slightly different valuedor often a specific regioras they are based on volume measurements by
GPR, sea level flucttians andfield-based measurement$Vith the formulas as listed itable 1, the
volumes of all ice caps and glaciers of northwestern Edgegya are calculated.

The surface aredS)for the years 1971, 2004 and 2014 is derived by GIS software based on the
GLIMS dataset provided by the Norsk Polar Institute (N®Ww.npolar.ng cryoclimmap) and a
Landsat 8 satellite imageespectivelyThe chosen glacier outlines by the NPI do not separate the ice
caps from its outlet glaciersyhich is needed for some ¥/saling methodstéble 1). Therefoe an
arbitrary distinction based on the slope of the polygon and the goedameter ratio has been made:
assumed is that glaciers have a steeper slope and a largejparegaeter ratio compared to ice caps.
The area outling, and the distinction between glaciers (regular characters) and ice caps (bold
characters) are shown ifigure 3. The derived surface areas are then used to calculate the ice
volume

10



Table 1; Volumévrea scaling formulas as found in literature. Most methods are based on an inventory of glaciers as the
Randalf Glacier Inventory (RGI) and the World Glacier Inventory (W& De Wal and Wil(2001) based their constant
(c) on an expected sea level rise of 0.5m if all glagieuld melt.

Source Ice body Formula Comments and specific
locations
A  Bahretal(1997 Glaciers 0 TWi¢Yd Based on 144 glaciers
B Glaciers w T8ICYG Based on physics
Cl Grinsted(2013 Glaciers w T8t ®E Based on RGI glaciers
Cc2 Ice caps w Tt ®dé Based on RGI ice caps
D 0 ¢ca ® mtTdd Based on WGI
E  Martin-Espariol et al2015 Glaciers ®w ™iové Method a
F Glaciers w T8t WP Method b
based on 60 Svalbard ¢
Gl wl RAS 30B) | 2 O Glaciers w T8ro @@ Based on WGI
G2 Ice caps w T8tL ® P
H  Macheret and Zhuravlefd 982 ' Glaciers w TBIL ®F Based on Svalbard gl.
I Van De Wal and Wil2001) Glaciers w m8icmé Based on sea level*
J Chen and Ohmurél990 Glaciers w T8rg Hé Based on alpine gl.

Figure3; Glacier outlines in yellow (1971), red (2004) and blue (2014)dsiged by the NPI andithstudy Bold numbes
correspond to icecaps, regular numbers to glaciers, distinction based on perimetddtaréaA 2 | YR G KS Ll2f &3z

Numbers 114 Langjokulen and Kvitisernscafrom Bergfonna andlV from Blaisen, *** fo r raundalsfjella. The map is a
landsat 8 satellite false color image with bands in 4, 5, 1 combination.
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GISmethod
The volume loss of glaciers hasen modelled in GiSoftware6  a SR 2y 2 SSNI Yl yQa
(Weerman 1957, Fowler 1957)his law is basedn the relation between basal sliding and basal
shear stress: when the basal ice is abo%e, @& film of water between the ice and the bed allows slip.
A thicker ice package increaste pressureof the ice on the bed, allowing the pressure melting
point to increase causing a water film which causes the basal shear stress to overcome the friction
at the bed Thisresults in a faster flow of ice and thinning of the ice. The reverse is true as well,
thinning of the ice decreases the ice pressure, decreaiagoressure melting point and the ice
freezes to the bed and starts moving slower. So, on a certain slope only a maximum thickness of ice
can occur, in other words it will move to lower areas when the thickness and therefore the basal
shear stress, is ereded.This interconnection between pressure, stress and thickness results in the
following formula(lImmerzeel et b, 2012)

0 — 3)

with the ice thickness (Hjhe basalshear stressf() in Pa the slopef() in ', the ice density(") in

kg/m3, and gravity('Q in m/s’. Togetherwith a DEM (Norsk Polar Instigyt 2014) and the gtier

2dzif AySa Fta dzaSR Ay LINB@A2dza YSGK2RX (KS @2f dzyS
sliding law.

Beforehand, preprocessing is needl to make the data appropriate for volume modellintn

2 SSNI Y y (e, thie fSIApR Asgddis the Heock slope. Here the surface slope is used as a
proxy and sincéhe DEM is based on the topography map withamtour interval of 100m height.
9mnoothing isnecessary of 240m per grid gedince this is the average distance between the contour
intervals The slope isninimum set at 17, this to prevent the thickness to be unlimite@he ice
density is916.7 kg/ni. Theequilibrium shear stress is equaltite average basal shear stress along a
central flow line and is calculated as(Haeberli, 2005py the formula:

T OO ™M pudVQ 1T @ YQ (4)

With ¥Qas the difference in altitude in km.
At last the volume of the glaciers and ice caps is calculated combining the surface agridaead
calculated ¢ethickness as:

w o (5)
These alterations have beatone for every polygomo determine the volume and rate of volume
changefor the years 1971, 2004 and 2014.

Husg&Farinottimethod
The Huss&Farinotti method is used in this thesis to compaselt® with the V/Ascaling and GiS
method. Their data hae been received personally and vebeen used irHuss and Farinot{?012)
Shortly, as explained in their paper, thietinod is a physically based approach for calculating the
3t OASNAEQ (KA O.TheseatkicknesgsRieriked @i in@&irig day Surface topography
oraSR 2y GKS TFt2¢ ReYyHKR !z) Thisicombifes lhd BagsQualandet 2 ¢
distribution with the ice flux and accounts f@t  OA SNBE Q OKF NI OGSNRaGAOA | ;
climate and the distribution of the ice thicknessrrected for basal sliding and the thermal regime of
the glader. This method holds the assumption of a minimal slope bfahd all parameters
encompass some uncertainty. The ice thickness output is handled in grid cellbeandlime is
RSNAGSR o0& VYdz AL @Ay3d (KS 3INFagea®sSt tf Qa OF f Odz | { €
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3.2Modellingglacier extent, volumand its meltwater flux

3.2.1 General approach

The ice volume and meltwater flux of thedgeoy® a

A0S Ol L&

KIdS -liase8y Y2RS

dynamic model (PcRastéfarssenberg et al., PQ)) as previously done ilmmerzeel et al(2012)

9PSNE RI&Qa A0S

(KAOlYySas

A @) artd précipitition (PBaRasets e (1 K S

and ice flow (F) in each cell on a DEM. The climate data have been taken from meteorological
stations located at Svalbard, and ice flowige of the key processes aadsumed to be basal sliding

onlyl & o0¢é

2§ &Ngilan: Th&iaitialick thickness and extent as from satellite images from

1971 is the basis for modelling the vola and extent of 2014, giving48 year simulation period,
which is calibrated by trial and erroAfter the volume of glacier loss hasdnm calculatedbased on

the keyprocesses of ablation, mass balance and ice fltixedydrology of NVEdgegyas modelled,
similar as in(Immerzeel et al., 2012; Shea et al., 20IH)e total discharge is the sum of the glacier
meltwater discharge, snow melt, precipitation and groundwater fluxes minus the water stored in the
ground and evaporation. The discharges are visualized in hydrograph&déttea understanding of
daily, seasonal and decadal variation of the hydrology mahgea.

3.2.2 Datasets used
Precipitation

No precipitation data is available froredgegya and therefore taken from Svalbard Airport.
Precipitation is low during the year, and is made visible in figurgor the first four years of the
dataset, the precipitatin data is from Longyearbyen city. Here the precipitation is similar to the
Airport location with an offset of 0.2 mm in two years. Assumed is that only snow contributes to

glacier growth, and precipitation fat a

a

Ay 26

I {C. Nb $redipfatich dodedi®ris XX n

used with altitude, the precipitation form (snow, rain) is corrected with the temperature lapse rate.
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Figure4; Precipitation data at Longyearbyen, we assume it is similar at Edgegya.
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Temperature

There is no longerm weather monitoring orEdgegyabut there are several weather station on
Svalbard. There is one at Kapp Heuglin working from 2005 to 2007. For this study the weather data
from Longyearbyen Airport is taken from 1975 tol20 The overlapping years with the weather
station atEdgegyare compaed with a scatterplot (figure)s Since temperatures are usually colder

at Edgegyathe temperature at Longyearbyen Airport has been correctedEfigegydemperatures.

Since we need @oing back to 1971, the weather station data of Longyearbyen has been used for
the first 4 years, and the same method as above described has been use&d§esyatwo
approaches are taken: linear and polynomial correction, the latter causes highenofioseolder
temperatures, therefor the linear fit has been chosen. Temperature decreases with 5.5 degrees per
km height for saturated air and up to 10 degrees for dry air as it depends on adiabatic process. Since
temperatures at Svalbard are mostly vdow, the air has often high relative humidity but low
specific humidity, resulting in low temperature lapse rate values. Temperature profile of Edgegya is
shown in figureb.

Dailiy avergage Temperature ('06-'08)
10 _

-25 -20 15
% jx’- :
. . vl' .u'. - ID —_
v ’v'.: .-i.%'~. A . (é.-)
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-' . . . . _20 %’0
,!-. ..»,v5’m1zx2+0?9x 2.23 2
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Figureb; Scatterplot from temperature measurements at Airport (Longygamh and Kapp Heuglin (Edgegya). Dotted lines
are linear and polynomial trend lines to show the correlation between the two sites.
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Figure6; Annual average temperature at Longyearbyen airport and corrected by the linear approach to get the
temperature profile as it is at Egegya. Trendline is the average of 5 year of average temperature.
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Key processes

Mass balance
The glacier dynamics are based on the mass balance per grid cell and changes are calculated at daily
time steps. The mass balanceagded to the ice thickness of the previous day, and is the sum of the
net flux (Fn-Fout) Of ice by basal sliding, the accumulation by precipitatiorthe form of snow(P),
and the ablation (A) based on daily temperature:

6 O 0 O 0 (6)
Therefore this is a simple positive degree day model that assumes all precipitation fallen &t < 0
accumulates as ice and every day with t € Qesults in glacier melt. Below, the variables are
specified includig their role in the model.

Ablation

Ablation is the loss of ice due to melting (including evaporation, sublimation) and calving. In the
research area, calving is not occurring and therefore neglected. Melt occurs when energy received
by the glacier exceedss energy loss. Glaciers receive energy from stamt longwave radiation,
aSyaarotsS FyR t+FdiSyid KSFHG FtdzESasz It OASNDaA AOS
factors have not been measured in the research area, therefore ablatios &sumed to be based

on the temperature of the atmosphere whél 1t 6 and corrected with a degree day factor (DDF).

6 Y 2000 @)

The degree day factor is dependent on albedo and the energy balance components and is therefore
different per sgcific region and varies with time. For example, snow hagyhalbedo, reflecting
shortwave radiation strongly and has therefore lower DDF values than ice; and in cases of a low
sensible heat flux, the DDF is high. For Svalbard not many studies havddeeto estimate the

DDF. The most referred one is {&chytt, 1964) who calculated a DDF of 13r8m/"C for
Nordaustlandedwhich isvery high compred to values in other parts of the world. The DDF is also
corrected for the aspect with:

000 00Q@ 6zAT® (8)
with a being the aspect an@a correction factor (Konz, 200@mmerzeel et al., 2012)
Ice fluxes
Movement of ice from one cell to another in the model is based on basal sliding as described by
Weertman (1957) and neglects deformatarilow. In the model a more extensive sliding law is used
as in a previous methodBasal sliding dependent on the ice thickness and therefore the pressure
melting point at the glaciers bets combined with basal ice creep called regelation. Basal sliding
occurs when the basal shear stre$s)(is larger than the equilibrium shear stre$s)(Of which the

equilibrium shear stresss calculated in GIS in the previous methisdused in the model anthé
basal shear stresdependent on ice thickess 9), is combined with regelation (L0

T " "QOi Q¢ 9

T 7Yoo (10)

15



WithT as bedrock roughness, R material roughness both influence how smooth the surface is over
which the glacier slide. Thelocity iso YR Yy A & Df Y@l€hal956)C@biningdzy 6 S NJ

two results in: i Y6  ""QOi Qg (12)

Sliding occurs wheh T, therefore the velocityd) is:

) _ (12)
Glens numbet is assumed to be 3, resulting in:
6 —F—F (13)

So, glacier movement in each cell is modelled as function of slope, ice thickness and assumed bed
rock roughnessThe outgoing ice flux at each time step is determined by glacier velocity and
estimated ice thickness ardistributed to lower positioned cells based on the slope. Besides the in
and out flux from ice between cells, input from external cells is possible by avalanches as well. Due
to the low snowfall, and low slope profiles of the ice caps, avalanches wéllrhanor influence on

the ice thickness.

Hydrology
When the glacier part is calibrated, the hydrology part is added in the mdthe total discharge

(Qtot) is the sum of surface runoff (Qsurf), snow meltwater (Qsnow), glacier meltwater (Qglac) and
groundwder fluxes (Qgw)Water is received byrecipitation andthe melt of ice and snow by
ablation and lost by evaporatioiVith the help of GIS, outlet points at the rivers are drawn and used
in the model as locations from whiche discharge is presented. THeainage areas connected to
each outlet point is derived from pcRastercalc, and its area together with its glaciated area is
calculated. The discharge is made visible idrbgraphs to show potential rwif changes with
increased glacier melt.

The glacieand snow melteads to surface runoff and groundwater flo@lacier and snow runoff is
calculated as a fraction of the ablation modelled in previous section, and is corrected for refreezing
and glacier water storagf.ogether with the precipitation, theneltwater nfiltrates the soil, limited

by the retention parameter (S) which is based on the curve number (SCS USDA, 1972). The maximum
soil moisture content is set at 0.0375m and baseddsterkamp and Burrf2003) assumed is a silty

soil with an active lar depth of 25cm and a water content of 158%/hen the maximum soil
moisture content is reached it is recharged ttee groundwaterand excess is drained as surface
runoff.

The calculated runoff is corrected by a recession coefficient to correct for any ¥iate which is
added to the next time step. The recession coefficient for surface runoff (kx) is calculated as and
based orKane et al(1998)

NN 20w (13)
Qo Q7 (14)
 o@z08 (15)
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Withr) andny as runoff at timestep and initial runoff, respectively, and A the basin area3kior
an area of 20 k) this results ifQd T80 Y ¢ ,7uped as the initial value in the model. The modelled
groundwaterand surface runoff, together with snow and glacier nfefins the total métwater flux

(Qm).

In the drainage area, part of the water at the surface is lost due to evapotranspirdtienpotential
evapotranspiration is derived by the Hargreaves equation:

oY it ¢aod mayz Y PRz Y Y (16)
Yo o ® Yy 27 z2i Qg QEIDE (20E 2] QET (17)
With 'Q the distance from earth to sun given per day at location of intefiesthe sunset

hour angle] is the solar declination and the latitude (78N or 1.36rad) (www.civil.uwaterloo.ca).
Since the calculate® "¥ an overestimation, it needs to be corrected by the temperature reduction
coefficient (C):

6 MrovpnnQ AIEOuvTP (18)
6 TPCU AIEO vt b (19)

The relative humidity (h) is taken from the Kapp Heuglin station Edgegya
(www.weatherandclimate.info) and is on average 85%, this results in a temperature reduction
coefficient of 0.086. The evapotranspiration is influenced by the vegetatidrtizerefore corrected

by the crop factor (Kc) to calculate the actual evapotranspiration (Eta) (www.fao.org). Chosen is a
low factor (0.2), since vegetation on Edgegya is comparable to young seedlings in size and not
continuously wet. The Eta is used flaulate the loss of ice, snow and discharge to the atmosphere.

3.30rganic matterpreparation and measurements
Samples of 20 meltwater streams and englacial ice were collected during fieldwork atyBdge
(Svalbard) and was part of thaut@h Scientific ressrch Expedition Edgya Svalbard (SEES) carried
out onboard theOrtelius, aformer Russiarscientific ice breakerin August 2015The samples have
been analyzed for total suspended matter (TSM), dissolved and particulate OC (DOC, POC), stable
carbon and \ater isotopes @*GPOC?H, d*®0), bioavailability, and molecular composition. Water
was collected in preinsed 1L bottles and was filtered within 24 hours ormdm precombusted
(450'C , 4h) glass microfiber filters (0.7um). Filtered waters were sublsahinto 5, 40 and 250 mL
vials for water isotopes, DOC and molecular composition analysis respectively. After filtering, the
samples were frozen (filters, molecular composition analysis), kept'@t(#ater isotopes) or at
room temperature of 20C (DOCANd all kept in the dark and returned to the lab in the USA and NL.

TSM, POC3GPOC
Filters were weighed prior and after filtering, with the change being the total suspended matter
amount filtered and then standardized to mg per liter. Prior to meaguthe percentage organic
carbon (%0OC) and it¥C composition, the filters have been in a desiccator for at least 24h for acid
fumigation which removes the potential inorganic carbon on the filter. The OC on the filter is
combusted and the mass of the cbuostion products are collected, using an elemental analyzer
(Fisons Instruments NA1500), resulting in a percentage loss of the filtered m@¥&@aralSoelen et
al.,, 2014) This is multiplied by the TSM mass tocaldte the absolute mass of OC aiien it is
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standardized to mg/L. The mass ratio §C/?C of burned carbon is measured by a mass
spectrometer (an EARMS, Thermos Deltaplus) at the geochemistry labltoécht University, the
bSGKSNI ' yRaE&D ¢KS NB&adzZ i Y with EesphidB td & RenrdayPeed8 t Gy
.SESYYAGS 6+t5.0 adFYyRIENR® ¢KS adlyRFNR RSQOAL (A
guartzite standard NAXOS) and intak(Nicotinamide) reference sampl¢¥an Soelen et al., 2014)

DOC and bioavailability
For the degradability of the organic carbon measurements, an incubation hassstaip witho
richxfp . ydays directly (within 5h) after water sampling and filteriffeellman et al., 2010)
Samples were acidified with concentrated HCI to pH 2 at each timestep to stop degrad=Dan.
was measured by a Shimadzu TOCSH at Florida State University as describedStubbins and
Dittmar, 2012) The DOC datare reported as the mean of three replicate injections, for which the
standard deviation is <2% and standardized to mgHeinitial DOC value is measuredat 7T, and
the rate of carbon degradation is determined by the change feoommto 6 p tdays.

Molecular composition analysis
The DOM in ice and river water is measurday fluorescence spectroscopy and a Fourier
Transform lonCyclotron Resonance Mass Spectrometer (FMGR Fluorescence spectroscopy
measures the fluorescence occurring when an excited electron emits its excess energy when
returning to its ground state, here with dobin Horiba AqualogThe excitation and emissi
wavelengtts differ for molecules with differentbiogeochemical characteristics. The wavelength
specific characterizatiois visualized in excitatioemission plots (EEMS) and together witAl ERMS
data visualized in a principle compound analysis (RC#)d covariance. The FTIBFS detects the
Y2GA2y 2F Lty A2y Ay | adlotS YFr3aySiAO FAStRI 4
radius, velocity and energy (mass). Different kind of atoms in the organic molecules can be
identified, as well aghe ratios between the atomic compounds investigated (O/H, Githrshall et
al., 1998) Samples have been rasured at Florida State University with the method described in
(Mosher et al., 2015; ®ncer et al., 2014b)

Water isotopes
2 SNJ al YL Sa KIF@S 06SSy Fyl el SRO ThNtesgedtdo A &2 (2
VSMOW at NIOZ, the Netherlands, with a Liquid Water Isotope Analyzer (0B¥ER). This is an off
axis mass spectrometer, standardized by internal (LGR 3, 5) x@edh& (GISP, 8P) derived
reference samples. During cold periods, the ice is formed from precipitation with lo\#@wvalues,
compared to present day. This is the effect of decline in evaporation and an earlier rain out of
heavier isotopes, since th@éraosphere can hold less water vapor at lower temperatuiidserefoe
the isotopic composition in meltwater river samplesyealsthe source (old) glacier ice or (young)
rain. Sevenend membersamples have been taken in the field: five from glacier ice/otfrom
precipitation. With the isotopic signature of thesend members than the %glaciederived water
can be calculated for thever samples.

The samples are plotted together with the Global Meteorological Water Line (GMWL) and the Local
Meteorologicd 2 I GSNJ [ AYS 6[a2[ 0 (2 St dzOYORdrrél&ioniaksi® &f 2 LIS
Kendall and McDonell, 1998 The slope is dependent on evaporation and refreezing, basin
morphology, source changes and mixiigufner et al., 2010; Yde et al., 20 et al., 2012) To

reveal if water phase transitions have fractionated the isotopic composition in the water samples,
theDSEOSaa Aa LI 2GGSR | 3FAyad (Y8eelmP2B1R)i KSNJ gAGK (K
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4. Results

4.1Volume changes
Volumes for all four ice bodigtangjokulen & Kvitisen, Blaisen, Raundalsfaiid Bergfonnahave
been calculated for the years 1972004 and 2014 by Volume/Arsaaling and by using the
2 SSNIYFyaQ af atudey Moddl ih 81S. e resultsNthese different approaches are
described below and are compared with a third methtiak Hus:Farinottimethod.

4.1.1 Volume/Areascaling
The volume of the fouice bodies, as ifigure 3, hasbeen derived by volume areaaing for 1971,
2004, 2014. Since all methods are based on different assumptions, andagptydor glaciers and
others for ice caps, the average wole (Vavg) isatculatedas the average ahethodsC2, D and G2
for icecaps and as the averagenoéthodsB, C1, E, F, G1, H, | arffdrIlaciers Two research groups
have a method for both glaciers and icecaps: metho@bnsted, 2013and method @ wl RA 6 | Y R
Hock, 2010have been calculated for this area separately asabd \& respectively. All volumes
derived by volume/area scaling are shoimrtable 2

0 125 25 5 7.5 Kilometers

5 ‘ﬁé 3 ~ i PN e ’-’.\; i NI 4
Figure7; Surface outline of the icecapadaglacier in northwestern Edgga for1971 (yellow), 2004 (red) and 2014 (blue).
The map is a landsat 8 satellite natural color image with bands in 1, 2, 3 combination.

Every ice body has lost a large part of their area and volume, as made vidigleré7. The areas
area taken from the WG and report a loss of 69Knin 43 years, this is a 40% ice area loss. The
surface area declines decreases with time, with 1.7%nfrom 19712004 and 1.4kriyr for 2004

2014 and with more loss for smaller ice caps (76% for Raundalsfonna) than largaepsc3% for
Langjokulen&Kvitisen)n 43 yearslangjokulen & Kvitisen, the largest ice cap in the study, &r@s

lost 37.6+£0.6 % of its volumaergfonna, Blaisen and Raundalsfjella, all smaller in size, have
decreased by respectively 48.1+0.2 %, 48.8 and 68.0£0.2 % in volunffegure §. Moreover, this
area has lost 43.4+0.6% of its volume (5.8khoriginal 12.7ky in (just) 43years.The rate of
average volume decline in Bfy decreases slightly from 0.14 for the period 19004 to 0.11 for
2004-2014.
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Figure8; Ice body volumes for 1971, 2004 and 2014 as calculated by volumesfzaiiag. The average volume is used, in

which glacier and ice caps are distinguished by slope and perimeteiatiesas in figure 4.

Table 2; Surface areas (S) in2kand ice body volumes (Vx) in knfor the years 1971, 2004 and 20pér ice body as
calculated by V/scaling All V/A methods are described in table 1: for ice caps methods C2, D, G2 are used aniérf®r glac
the methods B, C1, E, F, G1, H, |, J. Thés\the cumulative average volume per ice body with the distinction between
glacier and ice cap as in figure 3.

Glaciers Ice caps Glacier & Ice cap fﬁ
1971 Va | VB | Veu| VE| VP | Ver| Vi | Vi | Vo |Ve2| W | Ve2| Vo | Ve |Vave| Vsp g
Langjokulen & Kvitiser] 6.6 | 6.8 | 88| 76 | 86 |9.0(81|53|71(76|76|99|94|84| 78| 06 |103
Blaisen 14(15|20|1719|20(219|11|15(17|217|22|20|19| 17| 02| 26
Bergfonna 14(14|119|16|19|19(17|11|15(16|217|21|20|18| 17| 02| 24
Raundalsfonna 12(12|16|14|16|16(15|{09|13(14|14|218|17|16| 14| 02|21
total volume (kn¥) 10.6(11.0|14.2|12.3|14.0/14.5|13.3| 8.5 |11.3|12.4|12.5|16.1|15.0|13.6|12.7| 0.7 {173
2004
Langjokulen & Kvitiser| 4.6 | 47 | 6.1 | 53| 6.1 63 |59|37|47|54|54|70|65|59|55|0.45| 76
Blaisen 09(09|12|11|13|12|13|07|09|11|11|215(23|12]1.1/|0.13| 18
Bergfonna 09(09|12|10|12|12|12|07|09|11|11|24(22]|11]11]|0.13| 17
Raundalsfonna 03/03[{04/03/{04/04(05/02|/03[04(04/05(04|04|0.4/|0.05( 7
total volume (km3) 66|68|90|77|90|90|88|53|68|8.0|80/|10.3] 95| 8.6 | 8.0|0.48(118
Reduction since 1971
(%) 37.5|37.7|36.6|37.1| 36.2| 37.7| 33.6|37.7| 39.9(35.7| 35.7| 36.0| 37.0| 36.5/ 36.4| 0.8 | 32
Annual reduction
(km?/yr) 0.12/0.13|0.16/0.14{0.15/0.17|{0.14/ 0.10| 0.14| 0.13| 0.13|0.18{ 0.17| 0.15| 0.14 1.7
2014
langjokulen & Kvitisen| 40 | 42| 55| 47|54 |(55|53|32|42|48|48|6.2|58|52|49| 04 | 69
Blaisen 07,07|10(09|10|10|211|06|07(09|09|12]|10|10|09]| 01] 15
Bergfonna 07,07|10(09|10|10|210|06|07(09|09|212]|11|10|09]| 01] 15
Raundalsfonna 02|102/03/02(03/03(03/02/02[03(03{04(03|03(03|0.0]{ 5
total volume (km3) 5715978 |66 |77|77|77|45|58|69|70|89|82|75|70)| 04 (104
Reduction since 1971
(%) 46.3|46.5(45.2145.8|44.8|46.5|141.8|46.5|48.4|44.2|44.2|144.5|45.7| 45.2145.0| 0.6 | 40
Annual reduction
(km?fyr) 0.09(0.10{0.12|0.11{0.12|0.13{0.11| 0.07| 0.10( 0.11| 0.11| 0.14| 0.13| 0.12| 0.11 14




Modellingice bodwolumes in GIS
The initial thickness is dependent on the basal shear &trekat_the flow line, cleulated for every
polygon (figure B Since ice thickness decreases over time, the basal shear stress andiglope
10)needs to be calculated for all time steps. Together with the gravity and ice density constants, the
initial thicknesseand the change in ice thickness from 1971 to 2014 (figurelinodelled. The
volume per ice body per time step is calculated by multiplying the initial thickness with the surface
area, results are shown in figur@ and table 3.

Decreas inarea and volume is in theme order as with the V/&caling method: Langjokulen &

Kvitisen has lost 39.7+3.5 % of its volume. Bergfonna, Blaisen and Raundalsfjella, have decreased by
respectively 41.4+1.0 %, 47.9£0.6 % and 73.8+0.3 % in volume. Wor#ze NE ice caps of Edgaya

has lost 42.6+£3.1% of its volume. The rate of decline of ice volume is frori20941in the same

range as for V/Acaling: 0.13 kifyr; but the present day decline rate is larger: 0.22km

Modelling ice body volumesbydHa 9 CIF NAy 2 G G0A Qa YSGK2R
Ice body volumes for the year 2004 have been calculated by the Huss&Farinotti method (done by M.
Huss) and are shown in table 4. The volumes are smaller than volumes derived by the GIS method
and most V/Ascaling methods. The volumase comparable to the ones calculated (jartin-
Espafol et al., 201%)hich based his V/Acaling formula on 60 Svalbard gjkxs.

Table3; Surface areas (S) in kand ice body volumes (Vx in kiior the years 1971, 2004 and 2014 j& body as
calculated by GIS.

1971 S V SD
(kn?) | (k)
Langjokulen & kvitisen | 101.4|10.89|2.97
Blaisen 23.8| 1.88|0.85
Bergfonna 22.5| 152|0.53
Raundalsfonna 12.0] ez Ba2 Table4; Volume and surface area as calculated by Hsthod.
Total 160|15.10|3.15
2004 S [V |sD

LarTg]okuIen&Kvmsen 74.3| 8.14|2.30 2004 km?) | () | (x12%
zlezzarl;eor:ma 12(1) iiz 82; Langjokulen & Kvitisey 76.1 | 5.55 | 0.67
Raundalsfonna e [ | S2isen 1r7) 1.03 | 012
Total 114] 10.82| 2.41 Bergfonna 16.7 | 095 | 0.11
Reduction since 1971 (§ 29.1| 28.4/3.96| |Raundalsfonna 7.0 | 0.34] 0.04
Annual reduction total volume (km3) 117.4| 787 | 0.69
(km?/yr) 1.41| 0.13

2014
Langjokulen & Kvitisen | 67.1| 6.56|1.80
Blaisen 14.2| 1.10|0.46
Bergfonna 14.0| 0.79|0.26
Raundalsfonna 5.2| 0.21]|0.09
Total 100| 8.67|1.88
Reduction since 1971 (9 37.4| 42.6|3.05
Annual reduction
(km?fyr) 1.33] 0.22
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Figure 9 Map of the basal shear stress at the flowline as calculatédaeberli, 2005)depending on the altitude range of
each glacier. False color satellite image from landsat 8, band colord 4, 5,

Figure 10 Slope map as for 2014 ice bodies. The slope derived from the DEM and surface area of the glaciers. The

minimum slope is set at one, to prevent unlimited ice thickness. False color satellite image from landsat 8, band colors 4, 5
1.
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