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Abstract

The prognostic experiments for fdkiwing ice streams on the soetim side ofthe Academy of
Sciences Ice Cap in the Komsomolets Is|&@&lvernaya Zemlya archipelagoeimplementedn
this study These experiments are based mversionsof basal friction coefficientsisinga two-
dimensionalflow-line thermacoupled model and th&ikhonows regularization methodrhe
modeled ice temperature distributions in the cressionswere obtained using the ice surface
temperature histories that were inverted previously fioenbibrehole temperature profderived
at the summit of the Academy of Sciences Ice Camd employing elevational gradient of ice
surface temperature changes, whgkqual to about 6.5 km™. Input data included INSAR ice
surface velocities, ice surface elevatiorend ice thicknesseobtained from airborne
measurementand the surface mass balanaere adoptedfrom previousinvestigationsfor the
implementatiorof both the forward and inverse probleribe prognostic experimentsvealthat

both ice mass and ice stream extents decline for the referencendependensurfacemass
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balance Specifically, the grounding line retreats (aJong the BBj flow line from ~40 km to~30
km (the distance from the summigp) along the CC;j flow line from ~43 km to~37 km and(c)
alongthe D Dj flow line from ~41 km to~32 km considering a&ime period of 500 years and
assumingime-independensurfacemass balancdce flow velocities in the ice streantecrease
with time and this trendesults inthe overalldecline of theoutgoingice flux. Generally the
modeled evolution is in agreement with observations deglaciationof Severnaya Zemlya

archipelago

1l ntroducti on

There are relevant diagnostic observations of glaciers sudatigdal Landsat imagery and
satellite synthetic aperture radar interferometry (InSAdR}orne measurements, borehole ice
temperature and icsurface mass balance measurements. These observations provide data for
prognostic experiments that allow prediction of future glacier conditfon different climatic
scenarios in the future. These experiments can be perfoemgdioying the mathematical
modeling and in this study a twdmensional ice flow model is applied for prediction of the
future conditions of fasiowing ice streams on the southern side ofAlsademy of Sciences Ice
Cap in the Komsomolets Island, Severnaya Zenakghipelago (Figure 1Dowdeswell et al.,
2002.

The observationsvere based on digital Landsat imagery and satellite synthetic aperture radar
interferometry (INSAR)andreveaéd four drainage basins and four fdlstwing ice streams on

the southern sidef the Academy of Sciences Ice Capthe Komsomolets Islandevernaya
Zemlya archipelago (Fige2; Dowdeswell et al., 2002The four ice streams areil¥7 km long

and 4 8 km wide(Dowdeswell et al., 2002Bedrock elevations of these areas are belmgea

level, andthe ice flow velocitiesattain a value of 70i 140 m/a (Figure 2). Such fast flowline
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features are typical for outlet glaciers and ice streams in both the Arctic and the Antarctic. These
ice streams are the major locations of icebmalying from the Academy of Sciences Ice Cap
(Dowdeswell et al., 2002

The flow-line profiles of the three ice streams on the seutiside of the Academy of Sciences

Ice Cap are shown in Figure 3. Ice flow in these ice streasiswulated with dawo-dimensional
flow-line higherorder finite-difference model(e.g., Colinge and Blatter, 1998; Pattyn, 2000
2002) This model describes an ice flow along a flow lfRattyn, 20002002) The results of the
diagnostic experimentsbtainedin (Konovalov, 2012) for instance,for the Ci Cj flow-line

profile show that the ice surface velocity along the flow &ftainsa value of 100 m/a assuming

that iceis sliding. Howeverthe observed surface velocity distribution alotig Ci Ci flow-line

profile (Dowdeswell et al., 2002% not similar to that obtainedy the model experiments for
constant values of friction coefficient and for both linear and nonlinear friction(kersovalov,

2012. Similadly, the diagnostic experimentarried out for thdi Bj andDi Dj profile datashow

the sameesultsfor the ice flowvelocities The deviationbetweenthe observed and modeled
surface velocities suggests that the friction coefficient should be a spatially variable parameter.
Therefore, to achieve a better egment betweethe observed and simulated velocities, the
spatial distribution of the friction coefficientequiresto be optimized and an inverse problem
needs to be solvefk.g, MacAyeal, 1992;Sergienko et al., 2008Arthern and Gudmundsson,
2010;Gagliardini et al., 2010; Habermann et al., 2080ylighem et al., 2010JayAllemand et

al., 2011; Larour et al., 2013ergienkcand Hindmarsh2013.

The inversion offriction coefficients is based ahe minimization of the deviation betweehe
observed and modeled surface velocities. A series of test experi(@@msvalov, 2012 in

which modeled surface velocities are used as observations in the inverse problem, have shown

that the inverse problem for tHall 2D ice flow-line modelis ill posed. More preciselythe
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surface velocity is weakly sensitive to small perturbations in friction coeffigiantkas a result

the perturbations appear in the inverted friction coefficigftsmovalov, 2012)

Heran, in the prognostic experimentse use the friction coefficients inversions obtainey
applying theTi khonovds regularization method, i n
added to the main discrepancy functioflakhonov and Arsenin, 1977)

Theinversiors of friction coefficientare usedn the prognostic experiments for the félstving

ice streams. The considered 2D prognostic experiments are the numerical simulatidmsieeth
thickness distribution changes performed thg 2D flow-line thermecoupled model, which
includes diagnostic equations as the hemisfer equation and the mdssance equation
(Pattyn, 2000 2002) In this study, we presentthe results of the prognostic experiments
performed forthe BiBj, CiCj, and DiD;j profiles (Figire 3). Speifically, the prognostic
experimentsare carried out for the three ice streams (Fay2) that are the main sources of the

ice flux from the ice cap to the ocean. The results of the prognostic experiments include future
modeled histories of ice thickness distributions along the flow lines of grounding line locations
and outgoing ice fluxed he surface mass balance in the performed experiments is considered as
time-independentso the prognostic experiments shdiae assessment tfie minimalice mass

lossin the ice streamis the future because the obtained forecasts nn@ltidefor future global
warming Neverthelessthe results of the prognostic experiments are in agreement with the

observations ofce mass losen the Severnaya Zemlya archipeldlytmholdt et al., 201p

2Fi edgdati ons

2.1. Forward problem: Diagnostic equations



97 The 2D flowline higherorder model includes the continuity equation for incompressible
98 medium, the mechanical equilibrium equation in terms of stress deviator comp(fPaitys,

99 2000 2002) and the rheological Glen lai€uffey andPaterson, 2090

100
e d |+1@ﬁ1dz|+w-v\4) =0,
m x  bd
L usi, My, 12" psj ph,
o0 120 +ux2 [ﬂzdﬁ nz 9 x @)
i
T ln
Lsi=2ne; h=Limam) 6
}O<x< L; ho(x)<z<hs(x),
102

103  where §,2) is a rectangular coordinate system with xkexis along the flow line and treaxis
104  pointing vertically upwardy, w arethe horizontal and vertical ice flow velocities, respectively:
105 is the width along the flovine, S is the stress deviator#, is the strainrate tensor;é is the
106  second invariant of the strarate tensor;/ is the ice densityg is the gravitational acceleration;
107 h istheice effective viscosityA(T) is the flow-law rate factorT is theice temperatureh, (X),
108  h,(x) aretheice bed and ice surface elevations, respectieglgl is the glacier length.

109  The boundary conditions and some complementary experimente&eéhatarried outapplying
110 this mode| were considered in (Konovalov, 2012y particular, the techniguewhen the
111  boundary conditionareincluded in the momentum equatiof®Aovalov, 2012, was applied in
112  the considered here prognostic experiments.

113

114  2.2. Inverse problem for the friction coefficient

115



116  The inversion of friction coefficient has beencarried outusing the gradient minimization

117  procedure for thé&smoothing functional (Tikhonov and Arsenin, 1977):

118
a adK, 60
F = Zdx+ b K2 + ra od
119 F{uobs Upnog)” dX @ q(x)égmg 59X 2)
120

121 whereugpsarethe observed velocities along the flow line amghy arethe modeled velocitieghe

122  first integral 0 is the discrepancyand the second integraj i s t h e(Tikhdnevhandl i z e r
123 Arsenin, 1977) is the regularization parametandq(x) is considered equal to 1. The nonzero

124  value off implies that the inverse probleirg., the problenthatis based on the mimization of

125 t he discrepancy 0, s il posed and the ori
126 replaced with the problem of tisenoothingfunctional minimization.

127 The details of the gradient minimization procedamed the problem of theegularization

128  parameter choicarediscussedn (Nagornov et al., 2008onovaloy, 2012).In this manuscript

129  the inversions have been obtained for the linear (viscous) friction law, implying the experiments
130 implemented in (Konovalov, 201®yith the invergons forthe @C6 pr of i | e, t hat
131 good agreement between the obserugg)(andthe calculatedun.q surface velocitiesor the

132 linear friction law

133

134 2.3. Prognostic equations

135

136  The thermecoupled prognostic experiments imply that the 2D flove model includes the heat

137  transfer equation (Pattyn, 2000, 2002)

138
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where ¢ and 4 are the thermal diffusivity and the specific heat capacity, respectiValy

terms in the firstand in the second loleets respectively define the heat transfer due to heat

diffusion and due to ice advection. The last term is associated with strain heating.

In this modelit is suggested that the ice surface temperature aidhdemy of Sciences Iceap
varies with an elevational gradient of temperature changes, which is equal to6aibutkm.
Hence, the ice surface temperature distribution along the flow line is defined by the temperature

history at the summiT, (t) and by the elevational changesdit is expressed as

T.(x =T +g: (h(0)- h(X), (4)

where g; is the elevational gradieritherefore Equation(4) provides the boundary conditiom

the ice surface-However, it should be noted that Eq. (4) does not account firn warming through
refreezing meltwater.

The boundarygondition at the ice base is definedthg geothermal heat flux and by the heating

due tothebasal friction andit is expressed g®attyn, 2000, 2002)
T 1 :
B2 = Qe+ (si)w). )

wherek is thethermal conductivity.
The boundary conditions at the ice (&leelf) terminus and at the ishelf base are defined by

sea water temperature, whishconsidered as 2 C in thisstudy



160 The ice thickness temporal changes along the flow line are described by thébatasse

161  equation(Pattyn, 2000, 2002)

162

H 1 p(@bH
163 Lil—t:Ms-Mb-B%, ©6)
164

165 whereU is the deptkaveraged horizontal velocityM  is the annual surface mass balgrared
166 M, is the melting rate at the ice base.

167 The masshalance equation requires two boundary conditions at the summit and at the ice

168  terminus. The first condition at the ice cap summit implies &%& =0. The second condition
X

169  applied in the ice terminusriginatesfrom thefact that the icehliicknesses in the icghelf along
170  the flow lineattaina constanvalueat the terminus

171

172  2.3. Grounding line evolution

173

174 In the model the grounding line position is defined from the hydrostatic equilib@amo6f,
175  2007; Pattyn et al., 2012; Seroussal., 2014 That is,since sea water flow under ice shelf is not
176  considered in the modand, hence, the pressure in Eqg. {{1)) from Pattyn et al. (2012) is
177  equal to hydrostatic pressutbe grounding line position is at the location where

178 Q0" (7)

179 and’Q is the bedrock elevatiofi, isthewater deniy.

180
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3. Resul hismeorfi cd¢ahle experi ment s

3.1 Inversions for the friction coefficient

For the first run of the friction coefficient inversignthe linear ice temperature profile
approximationis applied Specifically, it is assumed that the ice temperature linearly increases
from -15AC at th®2AGuat at ke tdvisienardasreasesftom2 A t o
-1 AC agtoundirty éne Figure4(a) shows the inverted friction coefficient distribution along
the Ci Cj flow line. The retrieved friction coefficient gradually decreases fr@1b 3 10° Pa a

m * to a mean value of 5 10 Pa a m" within a distance ofround 25m < x <40 km (Figure
4(a)). Thedifferencebetweenthe simulated andbservedsurface velocities is relatively small
(Figure4(b)) (Konovalov, 2012)

The inverted friction coefficient distributions along tig¥ Bj and DiDj flow lines show
qualitativelythe same trends,e., they graduallydecreasealong the flow line from a high to a
lower level.

After the first run of the inversionshe ice temperature simulatioase performed for inverted
friction coefficients and boundary conditions (4) and @&jundary condition4) includes the

temperature historyl, (t). In particular, if the history is the past temperat{dagornov et al.,

2005,2006) whichwasinverted previously from the borehole temperature profile derived at the
summit of the Academy ofSciences Ice CagpZagorodnov, 1988Arkhipov, 1999, i.e. the
temperature history over the pd€00 years to present déiagornov et al., 2005, 2006 then

we would expect the simulateditputtemperature close to the real present temperature in the ice
stream along the flow line. In other words, the modeled temperature will betaltse present

temperature(in the yearwhen borehole measurementsere performelj assuminga good



205 agreement between the model results and the real physical prottegsesur in the glacier
206  which are in general described by the model. The past surface temperature history, which was
207  applied in the simulations of the present ice temperatvas,adoped from Nagornov et al.
208 (2005,2006) The modeled present temperature distributialemg the Bi Bj, Ci Cj and Di Dj

209  crosssections are shown in Rige5.

210 For the second runof the basal friction coefficient inversionshe modeled temperature
211  distributionsare applied(the modeled temperature is defined from Eq..(&). The inverted
212 friction coefficients (i) for the linearly approximated ice temperature and (ii) for the modeled ice
213 temperature are shown in Eig 6. Generally the distinctions in the friction coefficients are
214 insignificant and therefore the ice temperature approximatioocan be appliedn the inverse
215  problemas the first iteration of the ice temperature distribution in the glacier

216

217 3.2. Prognostic experiments

218

219  The main input data along with fleline profiles for the prognostic experiments, namely, the
220 surface mass balance, are adopted from Bassford et al. (Zd§@é)e 7 shows theelevational
221  massbalance distribution along thei Cj flow line, i.e, it shows how the surface mass balance
222  changes with elevation in ti&& Cj direction(Bassford et al., 2006)-or theBi Bj andDi Dj flow

223 lines theelevationaimassbalance distributions are qualitatively the sgBassford et al., 2006)
224  In the prognostiexperimentghat have been carried otite mass balande considered as time
225 independentThat is, the elevational mabslance distributionsre kept unchangedfor the
226  considered time period in the futufiéghus, we intend to assett®e maxinum ice thicknessn the

227 ice streamsn the future because the forecastaplemented with the timendependent surface

228 massbalangelon 6t I mpl y a f andsojgtheyd @ I'sdgyest futiweaacredsingg



229  of the surfacenass balancé in Eq.(6) Similarly, the ice surface temperatusesuggestedo
230 betime-independent but dependent on elevation, aecording to Eq(4), it is changedwith

231 elevation with a constant value dt,(t). From the borehole temperatumeasurementshe

232 present ice surface temperature at the summit is ab@® C. The initial ice temperatures

233  applied in the prognostiexperiments are shown in feige 5.

234  Despite that future warming scenarios are not includéal time prognostic experimentdhet
235 modekd ice capresponse to the present environmental impact, which is reflected in the
236  elevational masbalance distributionBassford et al., 2006)evealsthat the ice thicknesses
237  graduallydiminish along althethreeflow lines. Figures 8(&)10(a) show the modeled successive
238 ice surfaces divided into 5@ear time intervals for théBiBj, CiCj, and DiDj profiles,
239  respectively.Figures8(b)i 10(b) showthe same resultas Figures8(a)i 10(a), respectively, but
240 these complementary figures show the evolutions of the three ice shelweze detail The
241  prognostic experimentgare performed by applying a rectangular iceshelf geometry.The
242  cumulative impact of sea water, surface maaksnce and ice flow changes in the glacieas
243  produced thduture modeled ice shelvgeometriesThe ancillary black circles in Fig. 8(aib)
244  10(a,b)arealigned with the grid nodes and, thus, they show spatialresolution, atvhich the
245  prognostic experiments have been implementgte spatial resolution is irregular ant
246  decreases frombout¢ Jp Ttm at the summit to about 46 in the grounding line vicinitynd in
247  the ice shelfThe spatial grid is considered unchange#teughout thgeriod ofthe modeling.

248  The grounding line history,.e., grounding line retreat or advancspecifically reflects the
249  growing or diminishingice massi.e, the history isan indicator of the glacier evolution. The
250 grounding line retreatéa) along the BBj flow line from ~40 km to~30 km (Fig. 11(a)), (b)

251  along the CCj flow line from ~43 km to~37 km(Fig. 11 (b)) and(c) along theDi Dj flow line

252  from ~41 km to~32 km(Fig. 11 (c))considering dime period of 500 years.
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Furthermore, the results of the prognostic experiments can be likewise treated suggesting a
changes in the friction coefficienthe glacierterminus, currently fast flowing and therefore at
pressure melting, becomes eventually frozen to the groueel thickness insufficient to insulate

from cold athmosphere and reduced driving stress and strain heating. So basal friction
coefficients could change drastically, given the simulated changes in glacier geometry

The ice flow velocities in the ice streams dmme with time and this trend diminishes the
outgoing ice fluesin the future Figure 2 shows the modeled outgoing ice flux histories, ite.

shows how the valuelHb, which is defined at the ieghelf terminus, changes with time.

Accordingly, figure 13 shows the future history of the overall outgoing ice flux,it.is.the sum
of the three future modeled historical tretioist are shown in Fig. 12

There are small peaks that periodically disturb main historical trends dtirése outgoing ice
fluxes. Every peak reflects ice calving at the-sbelf terminus.Similarly, the ice calving

provides asuddernchange in the value of the outgoing ice flikH b) due toa sudden change in

the ice thicknessH ) at the terminusConsideringa complex environmental impach ice
shelveqBassis et al., 2008rom the mathematical point of vietvcanbe suggested that long

time scaleghe calving processesedescribed by a stochastic modehich considers the size of

the anticipated ice debris as a random valles value satisfies a probability distribution law, for
instance, likewise the Gaussian distribution. In the magetonsidered the simplest probability
distribution, i.e. when theebris of equal length occur at each calving. Thus, the length of ice
debris is the parameter, which, in particular, corresponds the average length in a probability
distribution law for instancein the Gaussian distribution).

In this model the both ieshelf length and ieshelf thickness at the terminus are considered as

the variables that should satisfy a certain conditions. If theshelf length exceeds a valae
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(the parameter of the model) or the-gleelf thickness dside the terminusecomesmaller than

a value'O , thenthe calving of the appropriate part of ice occurs in the model.

To investigate the impact of the parameters on the results of the modeling, the panramreters
variedin a series of the experimis. However, he simulationreveas thatat longtime scaleghe
mass balancdriction coefficient, ice temperatuteave the main impact to the assesnt of the

grounding lineretreatderivedby the modeling.

4 Di scussi on

Numerical experimentgarried outin the 2D modelusing the randomly perturbed friction
coefficient have revealed that the horizontal surface velocity is weakly sensitive to the
perturbationgFig. 4 of Konovalov(2012). Thus, the perturbations appear on xhdistribuied
inverted friction coefficient. Therefore, the inverse problem should be considered as ill posed
because the weak sensitivity of the surface velocity to the perturbations in the friction coefficient
justifies the instability inthe inverse problemln othe words the instability in the inverse
problem means that small deviations time observed surface velocities allogignificant
perturbations in the friction coefficient. Hence, the application of the regularization method is
justified.

The Ti kh dodthat Glsasedhentthapplicationof the stabilizing functionareduces the
effects of perturbations proportionally to the regularization pararme(é€ikhonov and Arsenin,
1977) A further increase in the parameter leads to a reduction in thepega| variability of the
friction coefficients.

The reduction in the existent friction coefficient variability associated witha growing

discrepancy betweethe observed and modeled surface velocities. Thus, the regularization
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parameter is chosen dsetvalue at which nonexistent perturbati@me reduced, buthe real
variability of the friction coefficient is notompletelyreducedby the stabilizing functionalThe
optimal value of the regularization parameter can be defined approximately in\tegwtich is

the deviation betweethe observed and modeled surface velocitvessusthe regularization
parameterl{eonov,1994;Konovalov, 2012

Evidently, the stabilizing functionaharrowsdown the range of possible inverteddistributions

of the friction coefficients. Thus, it is supposadgriori that the real spatial distribution othe
friction coefficient with respect to the -axis is a smooth functionMoreover, the friction
coefficient inthe friction laws is consideredas aconstant(e.g.,Van der Veen, 198MacAyeal,
1989 Pattyn, 2000Gudmundssor2011). Hence, the friction coefficient inversion performed for
the three crossections can be interpreted follows

The two evidenty distinguished levels in the inverted friction coefficient distributions can be
explained bychangingthe physical properties of the bedrock along the flow liGasilarly, the
large values of the friction coefficient akfh < x < 20 kmjustify the rocktype bottom where ice

is frozen to the bed (the ice temperature latnG< x < 20 km is lower than the melting point)he
lower values of the friction coefficient at 2&6n < x <40 km presumably indicate the existence of
watersaturatedill layer at the bottom(e.g., Engelhardt et al., 1978; Engelhardt et al., 1979;
Boulton, 1979; Boulton and Jones, 19%cAyeal, 1989FEngelhardt and Kamb, 199Berson

et al., 1998;Tulaczyk et al., 200D. Specifically, the till layer (deformable basal sediments)
provides the basal ice sliding.

The modeled present ice temperatures @) are qualitatively the same in the three cross
sections. There are resembling zones of relatively cold ice that can be distinguished in the
modela temperatureapproximatelyin the middle(in vertical dimensiopof each crossection.
These cold ice zones refledithe surface temperature minimwabhout 150200 years ago in the

inverted past temperature historfdagornov et al., 2005, 20R6This surface temperature
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minimum corresponds tan eventthat is known as Little Ice Age. Thus, surface boundary
conditions(4), anddiffusive and advective heat transfers provide the basal ice tempetaitire

mainly variesin the range- 4 to- 9 C at 25km < x < 40 km Therefore the modeled basal ice

temperaturdbecomedower than the melting pointience, the modeled ice temperaturesify

the sliding due to thexistence ofill layer at the bottom(Engelhardt et al., 1978; Engelhasdt
al., 1979; Boulton, 1979; Boulton and Jones, 19v8cAyeal, 1989;Engelhardt and Kamb,
1998 Iverson et al., 1998 ulaczyket al., 200).

However,notethat the heatransfer model considered here doesaccountfor the melt water
refreezing in the subsurfaden layer (Paterson and Clarke, 1978Jhe numerical experiments
carried out inPaterson and Clark€l978) have shownthat the heat source&lemonstrated
significant impacidue to melt water refreezirg the icetemperature profiles depending on the
melt water percolation deptfihus, the notion that the basal ice temperaisif@igher tha the
modeledempratureandcouldreach the melting point cannot be fully excluded.

General formulations of the friction lansssumethat the appropriate equations include the
effectivebasal pressurée.g.,Budd et al., 1979; Ikerl981;Bindschadler, 1983; Jansson, 1995;
Vieli et al., 2001;Pattyn, 200Q) Introduction of thesffective pressuren Equation(2) doesnot
provide a constant value of the inverted friction coefficientxat 25 km. The inversion
performed for the nonlinear Weertmgype friction law reveals similar variations in the inverted
friction coefficient atx > 25 km Konovalov, 2012 The similar variability in the inverted
friction coefficients obtained for both the linear and nonlinear friction l@g¢enovalov, 2012)
implies thatthe physical properties of théedrock layer changeaccording tothe friction
coefficiert distribution along the flowine. In particular, the presence of water in the bedrock
layer can be explained by the low bed elevations in the areas -dlofastg ice streams (e.g.,
Knight, 1999; Vieli et al., 2001) or by a hydrological processes ®.6.t h|l i s b eNyg er ,

1976 Hewitt, 2011;Hoffman and Price, 2014Therefore the water content in theedroklayer
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can vary in agreement with the bed elevation chgrayjesthe enhancement of water content at
lower elevations provides a decrease in the friction coefficiethieicorresponding areas.

Finally, two areas can be distinguished in Ibleelrock where basal ice is frozen to the bedi®

< x <20 km) and where there masal sliding (2%m < x < 40 km) due tothe till layer The
boundary of transition from the area of the frozen basal ice to the area of the basal sliding is
diluted due to smoothing of the inverted friction coefficient by the stabilizer. The lineaoriricti
law providesa good agreement betweéme observed and modeled surface velocity distributions
along the flow lineThus,it can be convenientlgppliedin the applications (in particular, in the
prognostic experiments).

The prognostic experimentgveal that both ice mass and ice stream extents decline for the
reference timendependent mass balan@assford et al., 2006T heseexperimentslemonstrate
that the grounding lines have retreated at about 10 km for the three ice sipeardsringatime
period of 500 years araisteadystate environmental impaethich is meant a constant elevation
dependent surface mass balaridee iceflow velocities in the icestreamslecreasevith time due

to (a)diminishingof ice thicknesss(and thusdecreasing driving stresand (b)retreating ofthe
grounding line from the sliding zones toward the zones where ice is frozen to th@nveded
friction coefficient distributions are considered as tim#ependent)Thus, the maxima of the ice
flow velocities in the ice streantkecreasérom ~80i 120 m/a to~20i 30 m/a. These trends in the
ice flow velocitiesdiminishthe outgoing ice fluxegFig. 12 andas a resultdiminishthe overall

ice flux (Fig. 13)

The observations in the Russian High Arcti¢opoldt et al., 2012jhave revealed that over the
period between October 2003 and October 2009 the archipdiagedost ice at a rateu
¢81'0Ody . Other this period the ice loss from Severnaya Zemlya is evaluatedp@s

T@o'Oad  (Moholdt et al., 2012 The modeling shows that other this period Awademy of



374  Sciences Ice Cafthe largest of the ten glaciers located on Severnaya Zedyéd loseabout
375 B Oan (Fig. 13)

376

377 5.Concl usi ons

378

379 The modeled present ice temperatufieigure 5) are qualitatively the same in the three cross
380 sections. There are resembling zones of relatively cold ice that can be distinguished in the
381 modeled temperatures in the middle of the cgegions. These cold ice zones refiecthe

382 surface tempature minimum about 15@00 years ago in the inverted past temperature history
383 (Nagornov et al., 2005, 2006). This surface temperature minimum corresparsventthatis

384 known as Little Ice Age.

385 Theinversions of thdriction coefficient performed fiothe three crossections can be interpreted

386 as follows The two levels that arevidenty distinguished in the inverted friction coefficient

387 distributions (Figire 6) can be explained bghangingthe physical properties of the bedrock
388 along the flow linesSimilarly, the large values of the friction coefficient akih < x < 20 km

389 justify the rocktype bottom where ice is frozen to the bed (the ice temperaturknat<Ox <20

390 km is lower than the eiting point).The lowervalues of the friction coefficient at 2&n < x <40

391 km presumably indicate the existence of the till layer (or the sandy layer) at the bottom.
392  Specifically the till layer provides the basal ice sliding.

393  The prognostic experimentarried out with the reference mass balaf@assford et al., 2006)

394 show that the grounding line $ideenretreated at about 10 km in the three ice streams
395 considering dime period of 500 yearSimilarly, the grounding line retreats (a) alotige Ci Cj

396 flow line from ~43 km to~37 km (the distance from the summif)) alongthe Bi Bj flow line

397  from ~40 km to~30 km and(c) alongthe Di Dj flow line from ~41 km to~32 kmconsidering a
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421

time period of 500 years arassumingime-independent mass balance.the experimenigshe

ice flow velocities in the ice streamdecreasewith time due to (a)diminishing of the ice
thicknesses and (b)retreating ofthe grounding lines from the sliding zones toward the zones
where ice is frozen to the bed. Thus, thaxima of the icdlow velocities in the ice streams
decreasdérom ~80i 120 m/a to~20i 30 m/a. These trends in the iitew velocitiesdiminishthe
outgoing ice fluxes anés a resultdiminish the overall ice flux(Figure 13). The modeled
evolution of the ice streams in agreement with observations ioé mass los®n Severnaya

Zemlya archipelago (Moholdt et al., 2012)
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Figure 1 (after Dowdeswell et al. (2003) Map of Severnaya Zemlya showing the Academy of
Sciences Ice Cap on Komsomolets Island together with the other ice caps in the archipelago:
Rusanov Ice Cap, Vavilov Ice Cap, Karpinsky Ice Cdpiversity Ice Cap, Pioneer Glacier,
SemenovTyan Shansky Glacier, Kropotkin Glacier, Leningrad Glacier. Inset is the location of
Severnaya Zemlya and the nearby Russian Arctic archipelagos of Franz Josef Land and Novaya
Zemlya within the Eurasian High Atc.
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Figure 2 (after Dowdeswell et al. (2003) Corrected interferometrically derived ice surface
velocities for the Academy of Sciences Ice Cap. The first two contours are at velocities of 5 and
10 m &', with subsequent contours at 10 thiatervals.The wnshaded areas of the ice cap are
regions of norcorrected velocitydata. The tted areagepresentbare land. Thefour fast
flowing ice streamcentral lines are denoted asAd B-B', C-C', D-D', respectively. Velocity

profiles A-A' to D-D' are shown irFigure 11 oDowdeswell et al. (2002)
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Figure 4. (a) The friction coefficient distributiorare obtained in the inverse problem ftire
linear friction lawand for the observed surface velocity distribution along t@ fw line. (b)
The ice surface horizontal velocity distributions along the flow Ihé: the observed surface
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velocity distribution, whictcorresponds to the reconstructed friction coefficient in Fig. 4,a.
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Figure 6. The friction coefficients inverted along)(B-B' flow line, (b) C-C' flow line and €) D-
D' flow line. Curvel is the first inversion, whichs obtained for the linear ice temperature
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