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Abstract. In cold and arid climate, small glaciers with calccumulation zone are often thought to be enticelg based.
However, Ground Penetrating Radar (GPR) measursnm@nRikha Samba Glacier in the Nepal Himalaya akeelarge
amount of temperate ice that seems to be influetgethe presence of crevassed areas. We used dedotiygrmo-
mechanical model forced by a firn model accounfordirn heating to interpret the observed thermegime. We show that
20 the addition of water percolation and refreezingiievassed areas using a simple energy consenaijw®ach is able to
explain the observations. Model experiment showas bloth steady and transient thermal regimes gréfisiantly affected
by latent heat release in crevassed areas. It ntadéf the glacier base temperate, resultinghi@ dynamics mainly
controlled by basal friction instead of ice defotima. Timescale of thermal regime change in respdasvarming climate
is also greatly diminished with a potential swifcbhm cold to temperate basal ice in 50-60 yeartheupper part of the
25 glacier while it would take 100-150 years withohe tcrevasses effect. This study highlights the iatuole of water
percolation through the crevasses on the therngiinee of glaciers and validates a simple methodike ft into account in

glacier thermo-mechanical models.
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1. Introduction

The thermal regime of a mountain glacier contrédshydrology, flow rheology, and basal conditiorffeeting glacier
dynamics and, consequently, its behavior in respdasclimate change. It influences erosion ratesn(itt and Glasser,

35 2009), potential glacier hazards (Faillettaz et2011; Gilbert et al., 2015) and water resouroethé glaciated catchments
(Miller et al., 2012). It is thus essential to urstand the processes causing and maintaining tetepbasal conditions, as
well as the mechanisms leading to changes in #mentél regime of glaciers.

Very little is known about thermal regime of thentdilayan glaciers due to the harsh conditions agistioal difficulties
making direct observations challenging in the remdiigh altitudes areas. Borehole temperature mesmnts, such as

40 carried out on Khumbu, Yala and Gyabrag GlaciethénHimalayas (Miles et al., 2018; Mae, 1976; \Wat® et al., 1984;
Liu et al., 2009), provide direct observations lo¢ glaciers thermal condition. However, a restdatember of boreholes
give only very limited information about the spéititstribution of the ice temperatures within tHadajer and need in that
case to be extrapolate from numerical modelingstomate the thermal structure of the glacier (Wangl., 2018, Zhang et
al., 2013).

45 Scattering of the electromagnetic signal in gladder is commonly interpreted as diagnostic of terageice in ground
penetrating radar (GPR) data, and continuous GPRIge can thus provide information about the spadistribution of
thermal ice zones within a glacier (e.g. Wilsomlet2013; Gusmeroli et al., 2012; Irvine-Fynrakt 2006; Pettersson et al.,
2007). Wilson et al. (2013) showed that the intefdetween cold and temperate ice matching withidbalization of
temperatures reaching pressure melting point inbthreholes could be identified with a 10 MHz GPRtaw sub-Arctic

50 polythermal glaciers. In the Himalaya, such GPRadae rarer while Sugiyama et al. (2013) showett @WiPR data that
Yala Glacier in Nepal is polythermal, which wasagreement with previous two borehole measuremarttsei ablation and
accumulation areas of the glacier (Watanabe e1284).

In this study, we reveal the polythermal structanel ice thickness of a high altitude glacier in Mepal Himalaya using
GPR. We combine GPR data from 2010 and 2015 witbrdteld data to determine ice thickness and tionese the amount

55 of temperate versus cold ice in the glacier. Meamants are interpreted using a 3D thermo-mechamiodkl for which we
developed new methods to; (i) determine the thesmdhce boundary condition, and (ii) take intoaot water percolation
and refreezing in the crevassed areas. The modi®rdéed by a surface mass balance model calibraitd the field
measurements, and run to determine steady statéramslent thermal regimes of the glacier. We campaur modeling
results with the GPR data to conclude about presestefining the thermal regime of the glacier, aadprovide

60 recommendation on how to take them into accountuidher modeling studies.
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2. Observations and data
2.1. Study area

Rikha Samba Glacier is a south-east orientatedjumedized glacier (5.5 kfji located in the Hidden Valley in western
Nepal (Fig. 1a). The glacier is about 5.5 km lorithvan elevation ranging from 5420 to 6440 m ais.R014. The glacier

65 melt water contributes to the Kali Gandaki BasinGznges River. The Hidden valley falls under a stiadow climate
receiving the least precipitation in Nepal with amual precipitation of 370 mm (Fujita and Nuimw2@11). The annual
mean temperature measured with an automatic westgon (AWS) in vicinity of the glacier (Fig. lajas -5 °C in 2014.
The glacier was first visited in 1974, and it ha®i losing mass at a mean rate of -0.5 m w:ébgtween 1974 and 2010
(Fujita et al., 1997; Fujita and Nuimura, 2011).

70 2.2. Ground penetrating radar (GPR)

We used a Mald GeoScience ProEx ground penetraditigr (GPR) with a 30 MHz Rough Terrain Antenna ARTo
measure the ice thickness and thermal regime ofieREamba Glacier in 2015 (Fig. 1b). The continupdiles were
filtered and some of them migrated, and the GPRgatfrs were manually picked from the data. Picked-way travel
times of the radar signal were converted to icektéss using a wave velocity of 1.68 » 10 s (Robin, 1975). Strong
75 scattering of the radar signal within the ice waterpreted as temperate ice whereas ice withoatriat reflectors was
classified as cold ice. In addition, we have alsedupoint data collected in 2010 with an impulseRGRinsmitter (Ohio
State University) with a set of half-wavelength 3H¥ dipole antennas (Fig. 1b). These data were asdyl for ice
thickness. The time increment of five years betw#EnGPR measurements was corrected by projedim@®10 data to
2015. This was done by assuming that the glacierthianing with the same rate between 2010 and 281the long-term
80 thinning rate for 100-m elevation bands obtainedf@2-year period between 1998 and 2010 (FujiteNuwimura, 2011).

2.3. Glacier geometry and crevasse localization

A digital elevation model (DEM) was generated faki& Samba Glacier from Pleiades tri-stereo s&teilhagery for
November 7, 2014. Crevassed areas on the glacierwisually identified from the imagery and refinesing Google Earth
image (WorldView, September 21, 2012) in which ¢thevasses were more visible. The ice volume andobkdopography
85 were initially estimated by defining ice thicknesses zero at the margins of the glacier and intatipg the ice thickness
data measured with the GPR. For interpolation, s&imed a spherical semi-variogram and appliedrigigigorithm. This
method is widely used to interpolate ice thicknesseasured with a GPR to estimate volumes of mougtaciers (e.g.
Fischer, 2009). Since the GPR data do not coveetiiee glacier, it results in high uncertaintinghe interpolated bedrock
topography in some part of the glacier. The inibaldrock topography is thus corrected using theflme model (Sect.
90 3.4.2).
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2.4. Glacier mass balance, surface velocities, and ioemperature

We constrained the surface mass balance modeldtakes network measurements in 2012 and 2013 (Gwual., 2016)
and from the total volume change estimated by géodarvey (Fujita and Nuimura, 2011) over the perl974-1994 (—
0.57 m w.e. &) and 1998-2010 (-0.48 m w.e%)a Stakes displacement monitored in the 1998-139®¢@ shows horizontal

95 surface velocities between 9 and 24 which is greater than what could support the deédion of ice and thus revealing
the existence of basal sliding (Fujita et al., 200de temperature at 10 m depth was measuredanttlermistor chain in the
lower ablation area (5600 m a.s.l., Fig. 1b) fot262015. Air temperature and precipitation wereeolesd with an AWS in
vicinity of the glacier at 5320 m a.s.l. (Fig. 1a).

2.5. Meteorological parameters

100 We used the ERA-Interim reanalysis data (Dee eR@lL1) at daily timescale over the period 19806284 an input data for
the mass balance model. We only used air temperdata and assumed constant precipitation ratee (no precipitation
seasonality) to avoid complexity in the simulatiocfemperature and precipitation are then distribubedthe glacier
according to altitudinal gradients to reproduce ¢fhserved mass balances. Bias in the ERA-Interimieanperature are
calibrated using the local AWS data (Fig. 1b) aberperiod 2011-2015 by linear regression method.

105 3. Modeling methods

The modeling study aims to identify which physiqaiocesses lead to the thermal structure observedh&yGPR
measurements. First, we focus on steady state aimlfor which, ice flow and thermal regime areeiguilibrium with
constant surface boundary conditions (surface tespe and mass balance). We then use the steafdysstnulation as

initial condition of the transient model experiment

110 3.1. Surface mass balance model

Mass balance is modelled using a degree-day mdtilodving Gilbert et al. (2016). Net annual surfacess balance is
determined by:

B=C+R-M (1)

115 whereB is the net annual surface mass balance (m w)eCas the annual snow accumulation (m w.8) aR is the rate of

refreezing (m w. e. 4 andM is the annual melting (m w. e*p
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In this study, we updated a degree-day model de=strin Gilbert et al. (2016) by including the irdhce of the spatial
variability of the shortwave radiation to constrdinth ice dynamics and thermal regime of the gtadideltwater is
computed from the sum of two components (Pelliticétal., 2005):

m= max[(Ta - Tth) X fm + Spot X frad; O] (2)

wherem is the daily melt (m w.e. ), T, is the air temperature (KJ,, is a temperature threshold for melting (%), is the
melting factor (m w.e. K d%), S,,,, is the potential solar radiation (W-#handf, 4 is the radiative melting factor (m w.e.
W-1 n? d%). Following a similar approach as used in Gilbetrtal. (2016)f,, is computed from the radiative melting

factors for snow and icef,{¥" andf,c¢) and the ratio of the melting season during whtuh surface is snow covered

(rs/m):
f _ { rsandow if (rs/m = 1) (3)
rad rlzis - (frlgg - rSJldaW) X Ts/m if (rs/m < 1)
The annual ratia;,, is computed assuming that:
C
Ts/m = M 4

The annual snow accumulatio@)(and the annual amount of meltingf)( are computed witlfi.., equal tof;". Snow

T

accumulation is calculated as a function of eleraft, m a.s.l.):

365 dpP 1 .
C= 3 Frerx (=) G100 ¥ Tl < Tonon ®)
d=1 0 if Ta(d’z) 2 Tsnow

where,P,, is the daily precipitation rate (m w. elaat the elevation, . (m a.s.l.)dP/dz is the precipitation lapse rate

Dref
(% nT?), z is the elevation (m a.s.l.) affy,,, is a temperature threshold that distinguishes éstmsnow and rain (K).
Assuming that refreezing in the previous year @ganpermeable layers and thus occurs only to thdepal to the annual

accumulation rate, we write:

R = min[M; f, x C] (6)
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wheref, is a refreezing factor.

3.2. Thermo-mechanical model

The ice flow model is based on the Stokes equafenimcompressible flow adopting Glen’s flow laarfviscous isotropic
ice (Cuffey and Paterson, 2010) and coupled to mergy conservation equation using the enthalpy @bation
(Aschwanden et al., 2012; Gilbert et al., 2014a):

.

p (‘;—i[ +7- V’H) = V(kPH) + tr(6€) + Qua )

wherep is the firnfice density (kg ™), t is the time (s)H is the enthalpy (J k8, v is the ice velocity vectok is the
enthalpy diffusivity (kg m*s™), Q,,; is the source term coming from meltwater refregZW n1°), andtr(o¢) is the strain
heating (W ) with o andé respectively the stress and strain rate tensokmsal heat flux of 4.0 x 1OW nT2is assumed
for basal boundary condition. This value is notlwehstrain ranging from 2.0 x 10W nT? (observed at Rongbuk Glacier
in the Everest region (Zhang et al., 2013)) to>8102 W n12as predicted by large scale model (Tao and Sh&8)2The

enthalpy is defined from ice temperatdrgK) and water conter:

(M .
C,(T)dr if T;<Tn(p)
To

H(T;, w) = ®

Tm(p)
f C(M)AT + ol if Ty = Ty (p)
T,

0

whereC, is the heat capacity of ice (2.05°1DK™ kg™), T, is the reference temperature for enthalpy (s@0® K), T, is
the melting point temperature (K),is the latent heat of fusion (3.34°1Dkg™) andp is the pressure (Pa).

Changes in the glacier surface elevation are cosaploy solving a free surface equation (Gilbert et2814a). The model is
solved using the finite-element software Elmer{iGagliardini et al., 2013) on a 3D mesh with a 5Gnizontal resolution
and 15 vertical layers. We adopt a linear frictiaw as a basal boundary condition for the Stokesgon:

T = B 9)

wherer, is the basal shear stress (MRg)is the sliding velocity (m3) andg is the friction coefficient (MPa aT¥).
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3.3. Modeling crevasse influence via water percolation

In order to determine the areas where the crevassekely to form on the glacier, we compute thaximal principal
Cauchy stress; (MPa) at the glacier surface from the stress tenate compare it with a threshold valag (MPa) to
identify where damage production occurs (Pralorg) Bmnk, 2005; Krug et al., 2014) and define thevassed areas where
170 oy > oy

In the crevassed areas, we make an assumptioee¥/értical percolation of the meltwater down te Hedrock, in which
local surface meltwater is the only source of kihuiater percolating into the crevasses. This méaamsany water coming
from the surface runoff and draining to the creedsarea is neglected. Assuming that water refreiezé first cold layer
we compute a latent heat volumetric fl2y,. (see eq. 7) from the available annual meltwaterthe ice temperature of the

175 current iteration. At each vertical layer i of tm@del,Q,,, is computed from the amount of refreezing watékg nT?).

Ti

Quat = dt xdz; X L

(10

wheredz; is the thickness of the layefm) anddt is the timestep (s). The amount of refreezing watis distributed from
top to bottom with the condition that the enthalpya certain layer has first reached the valuessponding to the fusion of

180 water before the water access the next layer dowdswv&tarting from the surface mejt= m, the amount of liquid water
available for refreezing in the next layer, is computed following:

Hs — H
L0 (11)

Tiyq = Max|r; —

Using the estimate@,,; flux, a new steady state enthalpy field is comguéadQ,,; can be updated from the new
185 temperature field. The procedure is repeated tedithing a steady state. With this approach, tkeggrused to melt ice at
the surface in crevassed area is released in #gedé&e body. It can be seen as an energy cotisgregoproach rather than

modeling of water routing through crevasses.
3.4. Strategy for steady state glacier

3.4.1.Enthalpy surface boundary condition including firn/snow influence

190 For this study we develop a new method in ordedetermine surface boundary conditions for enthalfyg. use the 1D
semi-parameterized approach developed in Gilbeat. 2014b) and distribute it over the entire gtacThe method takes
into account water percolation and refreezing ithifen and seasonal snow to determine the adecuuatace boundary

condition of the 3D model (Gilbert et al., 2012heT1D model is solved on a one-dimensional 10-nikdegrtical profile at
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each surface node of the 3D model. It allows a heghporal and vertical spatial resolution in orterexplicitly solve
195 percolation and refreezing processes.
Starting from an initial uniform temperature prefilfirn/ice temperature is solved at daily timepstalong the vertical
profile with a 0.06 m resolution. The 1D model @sded by air temperature and by the surface massideamodel that
provides snow accumulation and surface meltingHercorresponding surface node. To compute steatly sondition, the
model is driven by a mean annual cycle of air terajpee which is determined at daily time scale frilve meteorological
200 data. A Gaussian random noise is added to the dmmhpuean annual temperature cycle to plausiblyessmt the daily
temperature variability. The standard deviationthef Gaussian function is adjusted to match the murobpositive degree-
days in our mean annual cycle to the mean oneeimiéita. The 1D model run during several years thithsame cycle until
the 10m-depth temperature (approximate limit ofttiermally active layer) reach a mean annual duuilin value that will
be used as boundary condition of the thermo-mechhniodel.
205 At each surface node, the initial density profsecalculated from the steady state firn thicknéss(m w.e.) which is

computed from the steady state mass balance asgumin

B
ifB>0
Frep = Y tyr X df / (12)
0 ifB<0

whered, is a firn densification rate parameter'{sndty (s) is one year in second. The density is theoutatied assuming
210 a linear evolution of density with depth betweer #urface density, (kg nT°) and the ice density,. (kg nT%) at the

firn/ice interface. It gives:

(pice - Po)

p(z) = po + . —7) (zs — 2) (13)

where z is the vertical coordinate (m a.s)is the elevation of the surface (m a.s.l.), apdis the elevation of the firn/ice
215 transition (m a.s.l.). From mass conservatiahas to satisfy:
j-Z

Zice

(pice B Po)
po
< 0 (Zs - Zice)

(zg — z)) dzp = p, F (14)

wherep,, is the water density (1000 kg#) andF is the firn thickness (m). Combining the equati@and 14 gives:
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(picez - pOZ)

2p, F (Zs - Z): Pice (15)

p(zf) = min |p, +

220
In order to take into account the snow seasonalbidity due to snow/rain threshold (Table 1), tensity profile is updated
at each time step by computing the evolutio of

F (t+dt) = max[F(t) + (c(t) — d;F) x dt; 0] (16)

225 wherec(t) is the daily net surface accumulation (m w:8).drhe density profile and the surface elevation gpdated only

if F > F,.; by adding the corresponding amount of snow atitleps. The initial value of is set toF,..

3.4.2.Bedrock Topography and basal sliding condition

The main challenge in determining the glacier themrechanical equilibrium is that: (i) the bedrodpagraphy is not
resolved everywhere underneath the glacier, apdhg@i glacier is sliding, which means that a fdoticoefficient has to be
230 quantified. In order to resolve these issues, sezluhe following approach.
Step 1: Starting from the measured surface topbgrape run the coupled thermo-mechanical model Withinterpolated
bedrock topography and a uniform basal frictionfficient during a 10-year period forced by the stgatate surface mass
balance and enthalpy. In order to obtain a stetatg snass balance, we shifted our temperaturenfpitci obtain balanced
mean conditions during the simulation period. Here,assume a friction coefficierg)that allows the best match with the
235 measured surface horizontal velocities t1dPa a m?).
Step 2: The computed changes in the free surfaBéejm 1 are reported to the bedrock topography.
Step 3: After a few iterations between Steps 1 andve obtain a corrected bedrock topography wheagomiflux
divergences are avoided. Using this bedrock togigraand the measured surface topography we ineerthe friction
coefficientf by constraining the surface velocity on emergergecities, which are taken opposite to surfacesnatance.
240 This is done by using a controlled inverse metlwothinimize a cost function defined from the misfith measured surface
velocities and a regularization term (Gillet-Chaw¢ al., 2012; Gagliardini et al., 2013). FollogiGilbert et al. (2016,
2018) we define the cost function from the misétween modelled and measured emergence velocities.
Step 4: We finally run the model using correctedirbek topography and inverted friction coefficianttil the surface
topography reaches a steady state.
245 This method allows reaching a thermo-mechanicailibgum in which surface topography and velocite® in reasonable
accordance with the observation which allows astealstudy of the glacier thermal regime.
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3.5. Transient evolution

Transient simulations are performed at yearly tieyesusing the steady state glacier as initial dinli Surface mass
250 balance and enthalpy are updated each year frorauttiece model described previously and forced dily demperature
reanalysis. We assume constant basal friction petearthrough time.

4. Results
4.1. Thermal regime and ice thickness measured with th&PR

GPR data show that Rikha Samba Glacier is a patytheglacier consisting mainly of cold ice (Figs.agd 3). The
255 measured maximum thickness was 178 + 2 m in thellmidart of the glacier where the surface slopelatively gentle. In
contrast to the ice of Yala Glacier, another paythal glacier in the Nepal Himalaya (Sugiyama gt20113), temperate ice
is also found in the ablation area of Rikha Samkziér and only the lowermost part of the glacidreve ice thickness is
less than 25 m is completely cold in this area. termperature measurements by the thermistor chgipost the GPR
interpretation of an upper cold ice layer with sagdve temperatures at the depth of 10 m (annual mB&R) in the ablation
260 area of the glacier (Fig. 1). A notable charactierisf the GPR based thermal regime is that tenipeca localization seems

to be associated with the presence of surface ssesgFigs. 2 and 3).

4.2. Surface mass balance

We run the mass balance model using the 2014 sutépography over the period 1980-2016 using catidtat temperature
reanalysis data (ERA-Interim) and assuming a comngieecipitation rate. The parameters were comstthiby the stake
265 measurements in 2012/2013 (Gurung et al., 2016)¢onelogical observations (Gurung et al., 2016) geddetic mass
balance over the periods 1974-1994 and 1998-20djitgfand Nuimura, 2011) (Fig. 4). The parameteessummarized in
Table 2.
Balanced conditions for the 2014 geometry are recdbr a climate that is 0.7°C colder than the 12806 climate with an
Equilibrium Line Altitude (ELA) of 5770 m a.s.l. §80-2016 ELA is 5880 m a.s.l.; Fujita and Nuimu2811). This
270 provides a mean surface mass balance and a medtantp force the steady state glacier simulatitg. 4a).
The model provides a good agreement with the obsiens but is not able to reproduce the same melaside distribution
as observed in 2013 (Figs. 4b-d). Interannual bditya of the mass balance produced with our massrire model is
probably not very well represented since we assarnenstant precipitation rate. Furthermore, Rikaanlga Glacier is a
summer accumulation type of glacier in which préaipn events in summer can significantly affeee tmass balance
275 through albedo feedback (Fujita and Ageta, 200(ite&52008). However, the long-term trend and thessibalance gradient
agree with the observations, which is satisfactoryhe purpose of this study focusing on the tranmagime.

10
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4.3. Enthalpy surface boundary condition

The modeled upper boundary condition field (Figré)ealed mainly cold surface condition with a tenape band between
5800 and 5900 m a.s.l. where both melting andtfirckness are sufficient to maintain temperate dar. In the higher
280 part of the accumulation area, the water percalaticcurs only in the first two meters due to lirdi@mount of meltwater
resulting in cold temperature at 10 m-depth (s¢e Biin Fig. 5), whereas lower down at Site 2 mater percolates deep
enough to keep temperate conditions all year rairkd m-depth. In the ablation zone (Site 3), wp&colation is limited

to the seasonal snow thickness resulting in colchbary condition.

4.4. Modeled steady state glacier

285 The modeled steady state glacier is in good acoorlaith measured ice thickness (Fig. 6), meashoedontal velocities
(Fig. 7a), and observed crevassed areas (Fig.The).correction made on the bedrock topography viotlg the method
described in section 3.4.2 greatly improved thdityuaf the modeling in the parts where radar measents are inexistent
(Fig. 6). A simple interpolation (Fig. 6a) leads rion-physical ice thickness with unrealistic fluwetgence, which are
avoided by our method. The inversion of the basetidn coefficient (Fig. 7b) provides a final sthestate where ice flow is

290 in accordance with steady state emergence velscifiege good agreement with horizontal velocitiessoeed at stakes (Fig

7a) shows that our estimated emergence velocfties (surface mass balance) are consistent witbliserved ice flow.

4.5. Thermal regime: influence of melt water percolation

Modeling results show that water percolation invesses strongly affects the steady state thermadtste of the Rikha
Samba Glacier leading to large temperate zones avéhe glacier bed (Figs. 8b and 9b). It sigaifity extends the
295 temperate based parts, which cover almost theeeabtation area. Although we adopted a simple agabr for water
percolation through crevasses, modeled temperatthickness is in fairly good agreement with theRGRata (Fig. 8b). If
water percolation through crevasses is neglectedfitermal regime of the glacier forced by maindydcupper boundary
conditions (Fig. 5) would result in a mainly coldded glacier (Fig. 9a). In this case, cold iceeation from the higher part
of the glacier is able to compensate for the teatpesurface conditions of the lower accumulationez(Fig. 5), and only
300 two bands of temperate ice are able to reach tbeobeboth sides of the flow line of the glacierg(Fda). Such thermal
regime is in large disagreement with observed amo@itemperate ice from the GPR data (Fig. 8a)sTihdicates a
significant role of deep water percolation throwgacks in cold ice as suggested by the GPR obsengatVe show that the
use of observed (8b and 9b) or modeled (8c andrévpssed area lead to similar result and validateapproach to model

the localization of crevasses.

11
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305 4.6. Transient evolution

Despite the good agreement between the GPR datthargleady state model, a significant differendste at the highest
crevasse field. A temperate area is clearly visihlthe GPR data (Fig. 3a) whereas steady statenie@egime model
predicts cold ice (Fig. 8). Mass balance measurérghow that Rikha Samba Glacier has not beenulitetqum state for
at least 40 years with an almost constantly negatite of —0.5 m w.ea(Fig. 4c). This temperate area could be therefore
310 the signature of a transient response to the afinchange. In order to investigate the potentialaichppf 40 years of
unbalanced state on the glacier thermal regimeperéormed a transient simulation starting in 197&nf the modeled
steady state (experiment with observed crevasseksjoaced by the reanalysis time-series. This shitnas upper boundary
conditions changed significantly with a coolingthe former accumulation zone in response to fisapipearance and a
warming of the highest elevation due to meltingéase (Fig. 10b). After a 40-years run, a temperate that did not exist
315 at the steady state, developed in the highest ssedaarea (Figs. 10c-d) as observed on the 2015nBRRurements (Fig.
10d). This result strongly suggests that the presai temperate ice in this zone is a result afaasient response to the
climate change and increasing surface melting athilgher elevations. Results also agree better thithobservations,
including the thermistor data (Figs. 10a).
To assess the sensitivity of the thermal reginfeitiare temperature change, we performed a futumelsttion of the glacier
320 retreat and thermal change until 2100 with (Fig) 44d without (Fig. 12) water percolation througkvasse for a linear
temperature trend increase of +1 °C between 2014 2400 (+1.7 °C in comparison with the steady stdimatic
condition). This shows a much faster developméiat mew temperate area when water percolationdrctavasses is taken
into account. In this case, the glacier become®ostrantirely temperate based by 2050 (Fig. 11) ed®it would remain
almost entirely cold if water percolation througie tcrevasses would be neglected (Fig. 12). Thisligigts the crucial role
325 of deep water percolation through cracks in thentia¢ regime of the polythermal glaciers. A phenoarethat should be
taken into account together with firn heating whmadeling past and future responses of thermal regjiand retreat of

glaciers.

5. Discussion
5.1. Uncertainty

330 The modeled thermal regime is sensitive to the Ibheat flux and the firn thickness, which are pgocbnstrained.
Sensitivity experiment on those two parameters sigady state simulation shows that the amount odeted basal
temperate ice can vary significantly but the thiess of the modeled temperate ice always remain# ifegs than indicated
by the GPR observations if the crevasse influesg®t taken into account. This means that unceytain those parameters
cannot explain the disagreement between data amlnaen the role of crevasses is neglected. Thss ibalance model

335 we used is simplified since seasonality and timgatian in precipitation are not taken into accoutidwever, the purpose
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of the study is not an accurate simulation of Ri#anba glacier past and future evolution, but dysabout its thermal
regime. Our study relies on long-term mean valusuoface mass balance. This should be adequatetyred by our simple
model which is calibrated on data.

Since density of ice is well constrained and theas no snow or firn on the glacier at the timehaf field measurement in
2015, the main uncertainties of the GPR measuresraite from the GPS positioning of the GPR measents, the radar
wavelength and scattering of the radar signal.tRerpoint measurements and those parts of the G&fiep along which
the bedrock reflection was clearly identified, #hecuracy of the horizontal coordinates is about xP@specially on the
steepest surface slopes. In addition, verticallugiso of the GPR signal is usually considered & dpproximately one
quarter of the radar signal wavelength, which isuls.6 m and 33.6 m for the 30 MHz and 5 MHz an&n respectively.
In other words, the vertical resolution of the ewifl scattering interpreted as temperate ice aedhickness along the
continuous GPR profiles is about 1.4 m, whereassttmae for the ice thickness obtained from the pwieasurements is
about 8.4 m. In addition, limited coverage of thelar profiles on the glacier introduce uncertaiitythe bedrock
topography inferred from the GPR data even afterection using the model. Our interpretation of thermal regime based
on the englacial radar scattering of the GPR 30 Mkddiles is supported by previously found closeeagnent between the
observed scattering and borehole temperatures wtifignificant difference in observed englacialtsring relative to the
expected measurement error at 10, 35 and 50 MHnaatfrequencies (Wilson et al., 2013).

In the modeled bedrock topography, the difficultises from the fact that friction coefficient iskmown and we had to
assume a uniform value of basal friction coeffitiencorrect the bedrock topography from flux diyemce anomalies. The
friction coefficient we inferred in a second stepfdrce the steady emergence velocity to matctbtienced surface mass
balance is therefore affected by ice thicknesserithe resulting velocity field is consistent wittass flux conservation but
contains uncertainty in the respective contributtbthe basal sliding and ice deformation. It ma#tebcate to interpret the
modeled basal friction (Fig. 7b), which has to bersmore as a tuning parameter rather than a psmaregealing physical
processes. However, these uncertainties haveilifiigence on the modeled thermal regime since etilve processes will

be still correctly represented as long as the sarfelocities match with the observations (Fig. 7a)

5.2. Role of surface runoff

Our study shows that the thermal regime of RikhmlSaGlacier can be modeled by taking into accouiting occurring
in crevassed fields and neglecting water input ognfiiom the surface runoff. For a polythermal gdaavith a cold surface
layer, which is a common feature in the ablatioeaarwhere firn heating is nonexistent, surface ffumccurs in well-
marked and persistent streams at the surface (Rysgr, 2013). Those streams bring water intoctiesasse fields through
few localized entry points only. Thus, there i®katively small contact surface between the stremmscold ice, and only a
limited amount of water will refreeze (Fujita et,al996). This is why the influence of surface riirmm the thermal regime
of the glacier is likely to remain limited. Similgy Luthi et al. (2015) conclude that moulins hdit#e influence on the

thermal regime of Greenland Ice Sheet since theybearepresented as line sources that provideelimitarming of the
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surrounding ice. In contrary, surface melting odagr on the crevasses field is well distributed aad release latent heat

on much larger areas, having a stronger impachemal regime.

5.3. Enhanced influence of climate change on glacier thmal regime and dynamics

The influence of deep latent heat release throught miater percolation in crevasses have been afreéderved in
Greenland. Lithi et al. (2015) observed temperaamemalies in borehole measurements that can anlgxplained by
latent heat released down to 400 m-depth in theasee fields. Similar conclusions have been madelily et al. (2017)
although they show that these effects remain Ipedland may not really influence the thermal regifthe Greenland Ice
Sheet at large scale. In the case of mountainyglixiers, crevasse fields can cover a signifiution of the total glacier
area. This is combined with a generally much fasterflow leading to efficient advective processiest transport the heat
produced in the crevassed areas. The results sé tbembined effects are significant and greatuérfce the thermal
regime at the glacier scale as shown in this stédyalready pointed out for ice sheets (Phillipsakt2010, 2013), the
timescale of the glacier thermal regime responséitwate change is also greatly diminished compaoethe case where
only heat diffusion/advection of surface changestaken into account. However, we show here thep deater percolation
is likely restricted to the crevassed areas aneérabsisewhere in order to reproduce the observedntl structure. This
restricts the spatial extent of the process ongtheier as it is dependent on the bedrock topograpiu related crevasse
localization. Nevertheless, it is likely that thesltwater percolation via crevasses has a significapact on the thermal
regime as highlighted here with the Rikha Sambai@taand that it is a common for all polythermajtaltitude glaciers.
Future climate change could also lead to fastemthkregime response than previously thought (Gille¢ al. 2015),

especially in the cold accumulation areas whergtkendustrial melting rates were not sufficiemfarm temperate ice.

6. Conclusion

In this study, we use GPR measurements to showthibahigh elevation Himalayan Rikha Samba Glagepdlythermal.
We interpret the field observations of the tempeeiae thickness using a 3D thermo-mechanical modestrained by a
surface model taking into account water percolatiofirn and seasonal snow. We show that the firoMs heating, heat
deformation and geothermal heat flux alone canrplain the observed amount of temperate ice. Thebaaing evidence
of model and observations reveal that valley-tymaintain glaciers in cold climate are greatly aféeicby water percolation
into crevassed fields releasing latent heat ineitie body. It affects the thermal regime at thalesof the whole glacier
making temperate ice zones much larger than theydame without this effect. This allows slidinglarge areas of the bed
and largely affect the glacier dynamics and icelihéss.

We also show that thermal regime of Rikha Sambai€ias affected by a transient response to thed@syears climate
change extending the temperate area to the highesof the glacier. The thermal changes are orwuat a much smaller

timescale (~50 years) due to the crevasse effenpared to what it would be by advection/diffusiangesses only (>100
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years). Our study reveals the crucial role of degper percolation through cracks in determininghbstieady state and
transient thermal structure of the polythermal iglacWe provide a simple approach easily applicablany glacier for a
more accurate reconstruction of complex thermatsiires as observed on Rikha Samba Glacier.
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Table 1. Parameters of the surface model for enthpy boundary condition.

The Cryosphere

Discussions

Name Symbol Values Units
Residual water saturatién S, 5.00 x 16°

Thermal conductivity of snotv k f(p)® W K1 nrt
Firn densification rate ds 8.20 x 102 at
Surface density Po 350 kg n*
Ice density Dice 917 kg m*
Latent heat of fusion L 3.34 x 16 J kgt
Heat capacity of ice Gy 2050 J kgt K1

2Described in Gilbert et al. (2014B)Formulation proposed by Calonne et al. (2011)
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555 Table 2. Parameters of the surface mass balance n&d

Name Symbol Values Units

Melting factor fin 1.2 x 102* mw.e. d! K-
Radiative melting factor for ice o 9.3 x 10°¢ mw.e. d' W1 n?
Radiative melting factor for snow smow 4.6 x 10°F mw.e. d* Wt n?
Precipitation Lapse Rate dpP/dz 43¢ % knt?

Annual precipitation Pres 374°¢ mm at
Reference elevation fat,.., Zyef 5310 ma.s.l.
Temperature Lapse Rate dT /dz —6.2 x 106°%¢ Kmt

Snow/rain threshold Tsnow 276.7% K

Melting threshold Ten 272.6%° K

Refreezing factot £ 0.15° -

2Gurung et al. (2016¥:Calibrated in this study;Fujita and Nuimura (2011} Gilbert et al. (2016)
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Figure 1. (a) Location and (b) map of Rikha Samba Gicier in the Hidden Valley catchment in Nepal. Radatracks in 2015 (red
dots), radar point measurements in 2010 (blue cirek), and location a thermistor chain (black circleare shown in (b). Background
image of (a) is of Landsat 5 in 25 May 2010.
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Figure 2. 30 MHz radar profile measured in 2015 alog the black dashed line in Fig. 3a.
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Figure 3. (a) Measured temperate ice thickness (d&tand observed crevassed areas (red lines). (bedtured total ice thickness.
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Figure 4. Modeled mass balance using ERA-interim realysis data. (a) Surface mass balance at equilibmn. Black dots are stakes
localization from Gurung et al. (2016). (b) Mean sdace mass balance during the period 1980-2016. (b)odeled annual surface
mass balance compared to geodetic data (Fujita arflduimura, 2011). (d) Modeled surface mass balance asfunction of elevation
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(Gurung et al., 2016).
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Figure 5. One-dimensional temperature, water contenand density modeled in the first 10m-depth during3 years and at three

different localizations on the glacier. The one-diransional model is forced by a reference temperatukgrecipitation annual cycle

until reaching steady state condition at 10 m-depthMean annual temperature at 10 m-depth is then uskas an upper boundary
590 condition for the thermo-mechanical model (mapped o the right panel).
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Figure 6. (a) Interpolated ice thickness from GPR masurements (dots in the three panels). (b) Ice thkiness after bedrock
topography smoothing and correction using free sudice relaxation. (c) Difference between interpolatechnd corrected ice
thickness and localization of the GPR measurementblack dots).

26



https://doi.org/10.5194/tc-2019-172
Preprint. Discussion started: 14 August 2019 The Cryosphere
(© Author(s) 2019. CC BY 4.0 License. Discussions

r !', 3 1
\
- : O -l
25 5
L E |
203
158
_' ¢ ;} |
@ 103
: 7oA 5 9 -
-~ [ T .
s ® 2
gw b |
=
320 OOO |
2 Y, >
0]
810 5 |
o
= 9 10 2 30

595 Measured Velocity (m yr)

Figure 7. (a) Steady state surface velocities comea with the measurements (colored dots and insetontour lines are surface
topography with 50 m intervals (b) Friction coeffident inferred from emergence velocities (assumed tfoe opposite of surface mass
balance). Contour lines are bedrock topography wittb0 m intervals (c) Modeled crevasse localizationdm maximal Cauchy stress
anomaly (color scale) compared with observations €d lines).

27



https://doi.org/10.5194/tc-2019-172
Preprint. Discussion started: 14 August 2019 The Cryosphere
(© Author(s) 2019. CC BY 4.0 License. Discussions

B 150 150 150
8 RMSE=48.0 RMSE=22.58 RMSE 20.25
£ 100 100 :
@
Q
g
= 50 "l
el
o ..
[
©
o e,
2 Lt S
0 50 100 150 0 50 100 100 150

Measured temperate Ice (m) Measured temperate Ice (m) Measured temperate Ice (m)

| Lo 50 100 150
Temperate ice thickness (m) Temperate ice thickness (m)
5 ! ! 1 1 ) | |

| 0 50 100 150 0 50 100
Temperate ice thickness (m)
) 1 | 1

L 1

600

L 1

Figure 8. Modeled vs. measured temperate ice thicksses (upper panel) and comparison between modebl@r background) and
measurements (dots) (lower panel): (a) without creasse influence, (b) With water percolation in obseed crevassed areas, and (c)
with water percolation in modeled crevassed areas.
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605 Figure 9. Modeled steady state basal temperaturea) Without crevasse influence. (b) With water perciation in observed
crevassed areas. (c) With water percolation in modied crevassed areas. Dashed lines delimit the termpte areas.
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Figure 10. Modeled thermal regime after a 40-yearsransient run forced by mean climatic condition ove the period 1981-2016
(see Fig. 3b). (a) Modeled and measured mean tempaure profile (2014/2015) in ablation zone (blackircle in (b)). Inset is the

610 radar section next to the thermistor (black line in(e)) with the dashed line showing the modeled CT#) Mean surface boundary
condition over the period 1981-2016. (c) Modeled bkal temperature. (d) Distribution of modeled and masured temperate ice
thickness. (e) Modeled temperature along the radasross section presented in Fig. 2.
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Figure 11. Future evolution of Rikha Samba Glaciemssuming linear temperature increase of +1 °C betvea 2014 and 2100 (+1.7
615 °C in comparison with the steady state climatic cadition). Upper panels represent basal temperaturewmlution. Lower panels are
temperature evolution along the middle cross sectio
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Figure 12. Same as Fig. 11 but without water percation in crevasses.
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