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Abstract. En-glacial thermal conditions are very important for cofiing ice rheology. By combiningn situ measurements
and a two-dimensional thermo-mechanically coupled ice flowdel, we investigate the present thermal status of thesarg
valley glacier (Laohugou No.12; LHG12) in Mt. Qilian Shartlre arid region of western China. Our model results suggast t
LHG12, previously considered as fully cold, is probablyygbérmal, with a lower temperate ice layer (approximatedylsn
long) overlain by an upper layer of cold ice over a large ragibthe ablation area. Generally, modelled ice surfacecits
matchin situ observations in the east branch (mainstream) well but lgleaderestimate the ice surface velocities near the
glacier terminus because the convergent flow of the westhrsrignored. The modelled ice temperatures agree closéty w
thein situ measurements (with biases less than 0.5 K) from a deep Herétid m) in the upper ablation area. The model
results were highly sensitive to surface thermal boundanditions, for example, surface air temperature and nediace
ice temperature. In this study, we suggest using a combimatfi surface air temperatures and near-surface ice temopesa
(following the work of Wohlleben et al., 2009) as Dirichletrface thermal conditions to include the contributionshef fatent
heat released during refreezing of surface melt-waterdratttumulation zone. Like many other alpine glaciers,rstiaating

is the most important parameter controlling the en-glati@tmal structure in LHG12.

1 Introduction

The storage of water in glaciers is an important componeth@hydrological cycle at different time scales (Janssai.get
2003; Huss et al., 2010), especially in arid and semi-agobres such as northwestern China, where many glaciers enently
retreating and disappearing (Yao et al., 2012; Neckel gp@lL4; Tian et al., 2014). As a very important water sourcelfe
inhabitants of northwestern China, Mt. Qilian Shan (MQS)jah is located on the northeastern edge of the Tibetandlate
(36 — 39°N, 94 — 104°E), develops approximately 2051 glaciers that cover an a@fepproximately 1057 kifand have a
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total ice volume of approximately 50.5 KntGuo et al., 2014, 2015). Thus, the changes in the MQS gkthiet occur as the
climate becomes warmer in the near future are of concern.

Due to logistic difficulties, few MQS glaciers have been stigated in previous decades. However, Lachugou Glaciet2No
(hereafter referred to as LHG12), the largest valley glaafeVMQS, has been investigated. Comprised of two branchest (e
and west), LHG12 is located on the north slope of western M&I&2(7’ N, 96°32’ E; Fig. 1), with a length of approximately
9.8 km, an area of approximately 20.4 knand an elevation range of 4260 — 5481 m a.s.l. (Liu et al.1pAIHG12 was
first studied by a Chinese expedition from 1958 — 1962 and wasidered again in short-term field campaigns in the 1970s
and 1980s that were aimed at monitoring glacier changes {8, 008). Since 2008, the Chinese Academy of Sciences has
operated a field station for obtaining meteorological araiglogical measurements of LHG12.

The temperature distribution of a glacier primarily cotgrthe ice flow rheology, en-glacial hydrology, and basalistj
conditions of the glacier (Blatter and Hutter, 1991; Irvifgnn et al., 2011; Schéfer et al., 2014). For example, tlistence
of basal temperate ice was responsible for modelled vgldé#ses in a first-order model when compared with the “full”
Stokes modelling approach (Zhang et al., 2015). In additioethermal regime of a glacier can be strongly influencethby
surface thermal boundary conditions. For example, nedacewarming from refreezing melt-water and cooling fréva told
air of crevasses influence the thermal regimes of glacieits¢Wand Flowers, 2013; Wilson et al., 2013; Meierbachtealle
2015). Using bothn situ measurements and numerical models, Meierbachtol et @l5j28rgued that shallow borehole ice
temperatures served as better boundary constraints thfaceair temperatures in Greenland. However, for the easgBuk
glacier on Mt. Everest, which is considered polythermakizdnet al. (2013) found that the modelled ice temperaturnesedg
well with the in situ shallow borehole observations when using surface air testyes as the surface thermal boundary
condition. Therefore, careful investigation of the uperimal boundary condition is highly necessary for gladiedifferent
regions under different climate conditions.

LHG12 is widely considered as an extremely continentaktfgold) glacier and is characterized by low temperatures an
precipitation (Huang, 1990; Shi and Liu, 2000). Howevendnent years, we have observed extensive and widespre&d mel
water at the ice surfaces and glacier terminus. In addigergolation of snow melt-water consistently occurs in tbeuanula-
tion basin during the summer. Therefore, we address thewolh two pressing questions in this study: (i) What is thesgint
thermal status of LHG12? and (ii) How do different surfacerthal boundary conditions impact the modelled ice tempegat
and flow fields? Because warm ice can assist basal slip anteeatesglacier retreat, understanding the current thestaslls
of LHG12 is very important for predicting its future dynanfiehaviour.

To answer these questions, we conduct diagnostic simnfafmr LHG12 by using a thermo-mechanically coupled first-
order flow-band ice flow model. This paper is organized asWat First, we provide a detailed description of the glamiidal
dataset of LHG12. Then, we briefly review the numerical icevflnodel used in this study. After performing a set of model
sensitivity experiments, we compare the model results thithmeasured ice surface velocities and the ice tempenatofiee
obtained from a deep borehole. Next, we investigate the ¢tspa different thermal surface boundary conditions arsss
the contributions of heat advection, strain heating, arshbsliding to the temperature field of LHG12. Finally, weadiss the
limitations of our model and present the important concosithat resulted from this study.
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2 Field data

Mostin situ observations, e.g., borehole ice temperatures, surfaEngderatures and ice surface velocities, have been made on
the east branch (mainstream) of LHG12 (Fig. 1). Measuresra@nthe west branch are dispersed and temporally discantiu
Thus, we only consider tha situ data from the east tributary when building our numericafioce model.

2.1 Glacier geometry

In July — August 2009 and 2014, two ground-penetrating ré@@RR) surveys were conducted on LHG12 using a pulseEKKO
PRO system with center frequencies of 100 MHz (2009) and 5& N#914) (Fig. 1). Wang et al. (in press) have presented
details regarding the GPR data collection and post-praugss

As shown in Fig. 2a, the east branch of LHG12 has a mean ickertbss of approximately 190 m. We observed the thickest
ice layer (approximately 261 m) at 4864 m a.s.l. Generdily,ite surface of LHG12 is gently undulating, with a meanealop
of 0.08, and the bed of LHG12 shows significant over-deepgimrthe middle of the center flow-line (CL) (Fig. 2a). The
transverse profiles of the glacier can be described by theptaw functiond = «L®, whered and L are the vertical and
horizontal distances from the lowest point of the profiled arandb are constants that represent the flathess and steepness
of the glacier valley, respectively (Svensson, 1959). Tkalues for LHG12 range from 0.8 to 1.6, indicating that thieya
containing LHG12 is approximately “V”-shaped (Wang et al.press). As an input for the flow-band ice flow model, the
glacier width,IW, was also calculated by ignoring all tributaries (incluglthe west branch) (Fig. 1 and 2b).

2.2 lce surface velocities

The surface velocities of the ice in LHG12 were determinedifrepeated surveys of stakes drilled into the ice surfatie. A
stakes were located in an elevation span of 4355 — 4990 n(&ig. 1). We measured the stake positions using a rea-tim
kinematic (RTK) method by a South Lingrui S82 GPS system ftial., 2011). Because it is difficult to conduct fieldwork on
LHG12 (due to, e.g., crevasses and supra-glacial streémes nearly impossible to measure all stakes each obgamaat
year. Thus, the current dataset includes annual ice swégeities from 2008 — 2009 and 2009 — 2010, summer measumtsme
from June 17 — August 30, 2008, and winter measurements fedgrury 1 — May 28, 2010.

Thein situ ice surface velocities shown in Fig. 3 are all from stakeg tlea CL (Fig. 1). Small ice surface velocities (
17 m a!) are clearly visible in the upper accumulation (km 0 — 1.2) kmwver ablation areas (km 6.5 — 9.0) (Fig. 3). Fast ice
flow (> 30 m a!) can be observed between elevations of 4700 — 4775 m ars.k (&— 5.0), where the ice surface velocities
during the summer are approximately 6 m'ayreater than the annual mean velocity40 m a'). Measurements of winter
ice surface velocities{ 10 m a!) are only available near the glacier terminus showing arcétear-annual variation of ice
speed.



10

15

20

25

30

The Cryosphere Discuss., doi:10.5194/tc-2016-38, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 4 March 2016 Discussions
(© Author(s) 2016. CC-BY 3.0 License.

2.3 Surface air temperature

Two automatic weather stations (AWS) were deployed on LH®h2 in the ablation area at 4550 m a.s.l. (site 1, see Fig. 1),
and one in the accumulation area at 5040 m a.s.|. (site 3)nPthe period of 2010 — 2013, the mean annual air tempemature
(2 m above the ice surface) at sites 1 and 3 we9e2°C and—12.2°C, respectively, suggesting a lapse rate-@.0061 K
m~!. These results were used to calculate the distributioneo$tinface air temperatures at all elevations on LHG12.

2.4 Borehole ice temperature

In August 2009 and 2010, we drilled three 25m deep shallowhles (Fig. 1). One borehole was drilled in the upper aitati
area (site 2, approximately 4900 m a.s.l.) and two borehetse drilled at the AWS locations (sites 1 and 3). The snav/ic
temperatures were measured at the boreholes during thedpafriOctober 1, 2010 — September 30, 2011. The seasonal
variations of the snow/ice temperatures in the shallow lhaless are presented in Figs. 4a, b and ¢. Our measurememts sho
very little fluctuation (-0.4 K) in the ice temperatures over the depth range of 20 — Befow the 3 m depth, the annual mean
temperature profiles for sites 1 and 2 show a linearly inaé&asemperature with depth, while the annual mean temperatu
profile for site 3 is convex upward. The mean annual ice teatpegs at a depth of 20 nifpy,) at sites 1, 2, and 3 are 5.5 K,
3.0 K and 9.5 K higher than the mean annual air temperatikgy espectively. Despite its higher elevation, the neafase
snowl/ice temperatures below a depth of 5 m at site 3 are gribate the near-surface snowl/ice temperatures in the ablati
area (sites 1 and 2), largely due to the latent heat releastd anelt-water entrapped in the surface snow layers mdseas
observed in many previous field expeditions.

To determine the en-glacial thermal conditions of LHG12 dried a deep ice core (167 m) in the lower accumulation area
of LHG12 (approximately 4971 m a.s.l.,, Fig. 1). Ice tempearatdata were obtained to a depth of approximately 110 m, as
shown in Fig. 4d. We can clearly see that the ice temperatugelly increases from -X@ at the surface to -8C at the depth
of 4 m. At the depth of 9 m, the ice temperature lowers to a mimmnvalue of -6.6C. In the range of 9 m — 30 m depth,
the temperature profile is close to linear with a temperaguaeient of about +0.1 K m'. Below the depth of 30 m, the ice
temperature also demonstrates a linear relationship wjpthdout with a smaller temperature gradient of about +0k0B% !

3 Model description

In this study, we used the same two-dimensional (2D), themmeachanically coupled, first-order, flow-band ice flow moakel
Zhang et al. (2013). Therefore, we only address a very beigéw of the model here.

3.1 Ice flow model

We definez, y andz as the horizontal along-flow, horizontal across-flow andiwalr coordinates, respectively. The glacier
force balance equation is given as follows:

oo’ oo’ 0s
Ty rz __ e

!
vy

0
—(20),.+0o

ox )+
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whereagj is the deviatoric stress tenspiis the ice densityy is the gravitational acceleration ards the ice surface elevation.
The parameters used in this study are given in Table 1.
The constitutive relationship of ice dynamics is describgdhe Glen’s flow law as follows (Cuffey and Paterson, 2010):

1
ol =2méi;, n= 514*1/"(6e + &)1/, )

wheren is the ice viscosityg;; is the strain rater, is the flow law exponent is the flow rate factor. is the effective strain
rate, andt, is a small number used to avoid singularity. The flow ratedisist parameterized using the Arrhenius relationship

as follows:

A(T) =A0exp(—%), (3

where A, is the pre-exponential constanl,is the activation energy for creef, is the universal gas constant afds the ice
temperature. The effective strain rate is related to thecii gradient as follows:

2~ a_u 2+ % 2+@@+1 @ 2_|_1 @ ’ (4)
=\ bz Oy Ox 0y 4\ 9y 4\0z) "’

whereu andv are the velocity components along thandy direction, respectively. By assumidg /0y = (u/W)(0W/0x),
we parameterize the lateral drag,,, as a function of the flow-band half widtl/, as follows (Flowers et al., 2011):

u
Oxy = _nW~ (5)

3.2 Ice temperature model

The 2D temperature model, where the horizontal diffusiqreismeterized by glacier width, is given by

) 2
o°T 1 owor o°T — pc, ua_T_HUa—T +4ne.* =0, ©
Ox 0z

ox? + W 0z Oz + 022
wherek andc,, are the thermal conductivity and heat capacity of the icapeetively.
The pressure melting point of the icB,mp, is described by the Clausius-Clapeyron relationship bse:

Tpmp:TO_ﬁ(s_Z)v (7)

whereTj is the triple-point temperature of water afids the Clausius-Clapeyron constant. Following Zhang gP8l13), we
determined the position of the cold-temperate ice tramsiurface (CTS) by considering the following two casesn@lting
condition, i.e., cold ice flows downward into the temperagezone, and (ii) freezing condition, i.e., temperate ice@s$lapward
into the cold ice zone (Blatter and Hutter, 1991; Blatter @neve, 2015). For the melting case, the ice temperaturdeatfi
the CTS simply follows a Clausius-Clapeyron gradigfjt However, for the freezing case, the latent héit, that is released
when the water contained in the temperate refreezes iswieted as follows (Funk et al., 1994):

Qr = wwprv (8)
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(OMOM

wherew is the fractional water content of the temperate jgejs the water density and is the latent heat of freezing. In this
case, the ice temperature gradient at the CTS can be debeaskellows (Funk et al., 1994):

or _ _Qr
0z k
3.3 Boundary conditions

+5. (9)

In the ice flow model, we assume a stress-free condition fogtacier surface, and use the Coulomb friction law to dbscri
the ice-bedrock interface where the ice slips (Schoof, 2005

Up )1/7”\[7 A= )\maxA7

NnNN—m-— — — 10
(Ub +I"N"A Mmax ( )

Ty =

wherer, andu, are the basal drag and velocity, respectivalyis the basal effective pressupgsax is the dominant wavelength
of the bed bumpsymax is the maximum slope of the bed bumps, dhdnd A are geometrical parameters (Gagliardini et al.,
2007). The basal effective pressuié, is defined as follows:

N = ng —P,= ¢ng7 (11)

whereH andP,, are the ice thickness and basal water pressure, respgcéimdly implies the ratio of basal effective pressure
to the ice overburden pressure. The basal drag is define@ asith of all resistive forces (Van der Veen, 1989; Pattyn2200

We apply a Dirichlet temperature constraifity) on the ice surface in the temperature model. In some stufligs= Thir
is used (e.g. Zhang et al., 2013), which, as suggested bgtretelies, could result in lower velocity values (Sugiyaehal.,
2014) and cold bias in ice temperature simulations (Meigtt@ et al., 2015). By contrast, Meierbachtol et al. (20Eg)pom-
mended using the snow/ice temperature at the depth wheneantual variations of air temperatures are damped (15 — 20
m, Tuep (@ proxy for the annual mean ice surface temperature). Guardgage of usindyep is that the effects of refreezing
melt-water and the thermal insulation of winter snow canrteduided in the model (Huang et al., 1982; Cuffey and Paterson
2010). In fact, the conditiofiyep= T4ir IS acceptable only in dry and cold snow zones (Cuffey andr&ate 2010); however,
T4ep> Tair is often observed in zones where melt-water is refreezirglaniers, such as the LHG12 glacier (Fig. 4). When
including the impacts of ice advection, Wohlleben et al 0@0suggested using a mean valué/gf, and 7 for the ablation
surface. In this study, we adopt the method presented byleémn et al. (2009) by setting

T20m, in the accumulation zone
Tsbe= (12)
(Toom+ Tair) /2, inthe ablation zone

which is denoted as a reference experiment (E-ref) afteipanimg the other two numerical experiments by setfihg = Txir
(E-air) andTspc= Toom (E-20m) (see Sect. 4.3 for details). Thg, values in the ablation area are parameterized as a linear
function of elevation and the environmental lapse rategudiie measurements from sites 1 and 2, and' @ll values in the
accumulation basin are setToon, for site 3.

At the ice-bedrock interface, we apply the following Neumdype boundary condition in the temperature model:
oT G

5k )
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whereG is the geothermal heat flux . We here use a constant geothkeatflux, 40 mW m?2, anin situ measurement from
the Dunde ice cap in the western MQS (Huang, 1999), over ttieeenodel domain.

4 Model results and discussions

To understand the present thermal status of LHG12, we assuthermal steady-state condition and perform a series of
thermo-mechanically coupled diagnostic simulations gisirD first-order flow-band model (described in above). Finst
simulate the ice velocity and temperature fields for LHG12rwestigating the sensitivities of the model to geometriead
parametersXmax andmmax), Water contenty), geothermal heat fluxX) and the valley shape indek)( Then, we inspect
three different surface thermal boundary conditions (EEeair and E-20m) by comparing their model outputs virtlsitu ice
temperature observations in the deep borehole at site 8lditi@n, we perform four experiments (E-advZ, E-advX, East,
E-slip) to investigate the impacts of heat advection, stn@iating and basal sliding on the thermal field and flow chieristics

of LHG12.

4.1 Parameter sensitivity

As shown in Figs. 5 and 6, we conduct a series of sensitivipegrents to investigate the relative importance of défer
model parameters on ice flow speeds and temperate ice zafesiZés by varying the value of one parameter while holding
the other parameters fixed.

The friction law parameters\max andmmax, Which describe the geometries of bedrock obstacles (&alfii et al., 2007,
Flowers et al., 2011), have non-negligible impacts on thedehoesults. As shown in Figs. 5a and b, the modelled vekxiti
and TIZ sizes increase agax increases anehmax decreases, similar to in the results observed by Flowels @@11) and
Zhang et al. (2013). A large increase in the modelled vejariturs whennmax < 0.2. The ratio, is an insensitive parameter
in our model when it is larger than 0.3 (Fig. 5¢). Although thater contentw, in the ice does not directly impact the ice
velocity simulations (the flow rate factot is assumed independent of the water content in ice), therwatgent can affect
the temperature field and, consequently, influedcand the ice velocities (Fig. 5d). From Fig. 6d, we can cleadg that
increasing the water content may result in larger TIZ siEes.example, changing the water content from 1% to 3% nearly
doubles the TIZ thickness over a horizontal distance of K5+-3.8. In addition, we test the sensitivity of the model tifedlent
geothermal heat flux values. A larger geothermal heat fluxeanlt in larger TIZs but has a limited impact on modelling ic
velocity (Figs. 5e and 6e). As shown by Zhang et al. (2013)noadel results are mainly controlled by the shape of theigllac
valley, specifically thé index (see Sect. 2.1). A large valuelahdicates a flat glacial valley and suggests that a smalidhte
drag was exerted on the ice flow (Figs. 5f and 6f).

Based on the sensitivity experiments described above, wgtadparameter set 0fnax = 4 M, mmax = 0.3, » = 1 (no basal
water pressure)y = 3%, G = 40 mW m~2 andb = 1.2 as a diagnostic reference in our modelling experiment ¢g-re
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4.2 Comparison within situ observations

In the reference experiment (E-ref), we simulate the diistions of horizontal ice velocities and temperaturesgFig and

c). Next, the model results are compared with the measueeslidace velocities and the ice temperature profile in tlep de
borehole (Figs. 7b and d). Generally, the modelled ice sarf@locities agree well witm situ observations from the glacier
head to km 5.3 along the CL (Fig. 7b). However, from 5.3 km ®dlacier terminus, our model generally underestimates the
ice surface velocity because the convergent flow from the rasich is ignored (Fig. 1), as shown in all of the simulagion

Fig. 5. The basal sliding velocities are less than 4thand contribute less than 10% to the mean annual ice surfémeities.

We observed a TIZ overlain by cold ice over a horizontal disteof km 1.1 — 6.5 (Fig. 7c). In addition, we further validite
our numerical model by usinign situ 110m deep ice temperature measurements (Fig. 7d). In thdy,stve use a 2D model
approach that neglects ice flows and heat fluxes along tieection. Consequently, it is very difficult to obtain nurcal
temperature results that agree perfectly with ithaitu observations. However, as shown in Fig. 7d, a close matctbean
found between the model results amdsitu measurements at depths of approximately 20 — 40 m and 80 — 3Benmodel
overestimates the ice temperatures at depths of appradyrz@ — 70 m and underestimates the ice temperatures atdepth
of approximately 100 — 110 m (by less than 0.5 K). Becausgtu ice temperature data from below 110 m have not been
obtained, we were unable to compare the modelled and mekisereemperatures at the ice-bedrock interface.

4.3 Choice of surface thermal boundary condition

We conduct three different numerical experiments (E-ai20Bn, and E-ref) to investigate the impacts of differentface
thermal boundary conditions on the thermo-mechanical 6e8ldHG12. For the E-air and E-20m experiments, we'kgt =
Tair andTspe = Toom, respectively. E-ref was adopted in our “real” LHG12 sintiglias, which uses th&gn, in the accumulation
basin and théT,om+T4ir) /2 in the ablation area, where tiigym, values below the equilibrium line altitude (ELA; approxitaky
4980 m a.s.l.) are linearly interpolated based oritrgétu 7%om measurements at sites 1 and 2 (Fig. 4).

The intercomparison results of E-air, E-20m and E-ref fervelocities and temperatures are presented in Fig. 8. Ehe ic
temperatures along the CL are highly sensitivédQ. From E-air, it is observed that LHG12 becomes fully coldhvein aver-
age field temperature 5.7 K colder than that of E-ref (Fig, @&jch decreases the ice surface velocity by approximately
m a ! (Fig. 8b). Compared with E-ref, E-20m results in lar@es. values in the ablation area, greater mean ice temperatures
(by approximately 1.0 K (Fig. 8a)), greater TIZ thicknes@msapproximately 5 m over a region of km 4.0 — 6.0 (Fig. 8a)d a
faster ice surface velocities (by approximately 2 m &ig. 8b)). Next, we compare the ice temperature modelksglts with
thein situ observations of the deep borehole at site 3 (Fig. 8d). Eesflts in the best simulation results, and E-20m, though
generally similar to E-ref, generates warmer ice above #d&B0 m in the deep borehole. Unsurprisingly, E-air resimtan
unreliable temperature profile that is colder than the a¢tuaperatures at all depths.

As noted in above, the dynamics of LHG12 can be strongly infted by the choices of different surface thermal boundary
conditions. For LHG12, most accumulation and ablation &/ewerlap during the summer season (Sun et al., 2012). Thie me
water entrapped in snow and moulins during the summer seasorelease large amounts of heat due to refreezing when the
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temperature decreases, which may significantly increase¢htemperatures in the near-surface snowl/ice layers4-and
result in the warm bias dlm, (compared with the mean annual surface air temperature@yefére, compared with E-air,
the E-ref and E-20m experiments better incorporate thetsffef melt-water refreezing in the accumulation basin thi®
prescribed surface thermal boundary constraints reguhimore accurate simulations of ice temperature and floddiel

4.4 Roles of heat advection, strain heating and basal slidin

To assess the relative contributions of heat advectiontaaith fieating to the thermo-mechanical field of LHG12, wechoried
three experiments (E-advZ, E-advX and E-strain), in whieh\ertical advection, horizontal along-flow advection atrdin
heating were “removed”, respectively. In addition, to istigate the effects of basal sliding predicted by the Cobldmction
law on the thermal state and flow dynamics of LHG12, we peréatian experiment (E-slip) with, = 0.

Fig. 9 compares the ice velocity and temperature resultsad\&, E-advX, E-strain and E-slip with those of E-ref. Iéth
vertical advection is “dropped” (E-advZ; cold ice at theaiga surface cannot be transported downwards into theiantef
LHG12), LHG12 becomes warmer (Figs. 9a and c) and flows fastative to other experiments (Fig. 9b). As described for
the discontinuous surface thermal boundary conditionssacthe ELA (a straightforward result from the refreezingneft-
water in the accumulation basin), a discontinuous trasrsitif the mean column ice temperature was observed alond.la¢ C
km 1.3 (the horizontal position of ELA) in E-advX (Fig. 9a)o@pared with E-ref, the E-advX experiment predicted colder
field temperatures (by approximately 2.4 K) and much smalleface ice velocities{ 18 m a!). Because the accumulation
basin of LHG12 is relatively warm, E-advX, which “removebké&thorizontal transport of ice from upstream and downstream
predicted much colder conditions for LHG12, i.e., the mtatbtemperate ice only appears at three discontinuous gitdg
(Fig. 9c). As described by Zhang et al. (2015), we observaitinain heating contributes the most to the thermal cordign
of LHG12. If we “remove” the strain heating (E-strain), LH&hecomes fully cold, with a mean ice temperature field lower
than that of E-ref by approximately 0.85 K. Consequentlg, Bastrain experiment predicts lower ice surface veloxiigg.
9b). Previous studies have suggested that basal slidingigaificantly influence the thermal structures and velofigids
of glaciers (e.g. Wilson et al., 2013; Zhang et al., 2015)wkleer, in this study the removal of basal sliding (E-slipjuis
in a temperature field very similar to that of E-ref. We atitéthis difference to the relatively small basal slidindues for
LHG12. The observed and modelled ice temperature profilesadvZ, E-advX, E-strain, E-slip and E-ref are also comgare
for the deep ice borehole at site 3 in Fig. 9d.

4.5 Model limitations

Although our 2D, higher-order, first-order, flow-band mocih account for part of the three-dimensional nature of LEIG\L
parameterizing the lateral drag with glacier width vagas, it cannot fully include the ice flow and heat advectianglthe

y direction. For example, the convergent flow from the weshbinecould influence the modelled ice velocity from 6.3 km to
the glacier terminus (Figs. 5 and 7b). The shape of the LHG4&ey valley is described using a constant value for intlex
(1.2; approximately “V” type cross-sections), which wasedmined from several traverse GPR profiles (Fig. 1). Howdee
real glaciers, the cross-sectional geometry profiles anergély complex, resulting in an inevitable bias when wealdg® the
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glacier cross-sectional profiles by using power law fumiacross the entire LHG12 area. Although the regularizedddab
friction law provides a physically relationship betweese thasal drag and sliding velocities, several parameteys (&yax,
mmax) Still must be prescribed based on surface velocity obsens

Due to the limitations ofn situ shallow borehole ice temperature measurements, the sutfacmal boundary condition
in our temperature model is determined using a simple iotatipn method based on observations at three elevatiags (F
1). In addition, the method presented by Wohlleben et al092@hat we follow here for determining the surface thermal
boundary condition only provides a rough estimate of theal/eontributions of the heat from refreezing melt-watada
ice flow advection. At this stage, we cannot simulate thealgthysical process involved in the transport of near-sarfeeat
from refreezing, which has been suggested by Gilbert e@lZ); Wilson and Flowers (2013). The assumption of stetatg s
neglects the transient effects of past climate and glab@nges, which may have an impact on the shape of temperatfile p
(Gilbert et al., 2015).

5 Conclusions

For the first time, we investigate the thermo-mechanicalfes of a typical valley glacier, Laohugou No.12 Glacigd®12),

on Mt. Qilian Shan, which is an important fresh water souietlie arid regions in western China. We assess the present
thermal status of LHG12 using a two-dimensional thermo+medally coupled first-order flow-band model using exigiim

situ measurements, e.g., glacier geometries, borehole icestatopes, and surface meteorological and velocity obtiensa

By carefully comparing modelled ice velocities and tempees within situ observations, we conduct a set of numerical
sensitivity experiments that include, for example, babdirgy parameters, geothermal heat fluxes and glacial walepes.

In addition, we investigate the impacts of different sueféftermal conditions (surface air and near-surface ice ¢éeatpres),
heat advection, strain heating and basal sliding on our nigaienodel results.

Similar to other alpine land-terminating glaciers, the maanual horizontal ice flow speeds) (of LHG12 are relatively
low (less than 40 ma). However, we observed large inter-annual variations @itle surface velocity during the summer
and winter seasons. Due to the release of heat from refigezait-water, the observed ice temperatures for the shatlew
borehole in the accumulation basin (site 3; Fig. 1) are highan for the temperatures at sites 1 and 2 at lower eleation
indicating the existence of melt-water refreezing, as olekin our field expeditions. Thus, we constrain the thersnalace
boundary condition by using the 20m deep ice temperatusgseadd of only the surface air temperatures. We observed that
LHG12 has a polythermal structure with a temperate ice zapproximately 5.4 km long) that is overlain by cold ice ndwer t
glacier base throughout a large region of the ablation area.

Horizontal heat advection is important on LHG12 for brirggthe relatively warm ice in the accumulation basin (due & th
heat from refreezing melt-water) to the downstream abfatimne. In addition, vertical heat advection is importamttfans-
porting the near-surface cold ice downwards into the gfawcterior, which “cools down” the ice temperature. Furtinere, we
argue that the strain heating of LHG12 plays the most impbrte in controlling the en-glacial thermal status, asgasied
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by Zhang et al. (2015). However, we also observed that bAgdaigcontributes little to the thermal-mechanical configtion
of LHG12 (very smalli< 4 mat).

The mean annual surface air temperature could serve as aagpooximation for the temperatures of shallow ice, where
seasonal climate variations are damped at cold and dryidmsafCuffey and Paterson, 2010). However, for LHG12, u$ireg
mean annual surface air temperature as the thermal boucaiadjtion at the ice surface would predict an entirely cdé&tgr
with very small ice flow speeds. Because warming is occumim@lpine glaciers in, for example, Mt. Himalayas and Qilian
Shan, further studies of supra-glacial and near-surfaaeth@nsport are very important because they will affectsinéace
thermal conditions and, eventually, the dynamical behagof the glacier.
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Table 1. Parameters used in this study
Symbol Description Value Unit
154 Clausius-Clapeyron constant 8.7 x 1074 Km™*
g Gravitational acceleration 9.81 ms?
p Ice density 910 kg m™3
Pw Water density 1000 kg m™3
n Exponent in Glen’s flow law 3 -
€0 viscosity regularization 10730 al
Ao Flow law parameter
when T< 263.15 K 3.985x107"%  Pads!
when T> 263.15 K 1.916 x 10° Pa’s!
Q Creep activation energy
when T< 263.15 K 60 kJ mof~*
when T> 263.15 K 139 kJ mol~*
R Universal gas constant 8.31 Jmolrt K=t
k Thermal conductivity 2.1 Wm K™t
Cp Heat capacity of ice 2009 Jkg tK?
L Latent heat of fusion of ice 3.35x 1075 Jkg!
To Triple-point temperature of water 273.16 K
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AWS
25 m borehole site
Deep borehole site
Stake

- Center flowline

Contour

Figure 1. Map of LHG12. The solid and thick black lines indicate the GRIRvey lines. The shaded area denotes the mainstream of ZHG1
which only includes the east branch and neglects the westhrand all small tributaries. The dashed black line repitsse center flow-
line. Red stars indicate the locations of the automatic ¥agtations and the 25m deep shallow boreholes (sites 1)aAds8lid red circle
represents the location of the shallow borehole at site @, aablue cross represents the location of the deep ice bereBlzick triangles

show the positions of the stakes used for ice surface vglowasurements. The contours were generated from SRTM DEdAA.
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Figure 7. A comparison of the modelled and measured ice temperataceb@izontal velocities (u). (a) The distribution of the detied
horizontal ice velocity (u). (b) Measured (symbols) and eitetl (solid line) surface and basal (dashed line) horelow¢locities. The
symbols are the same as described in Fig. 3. (¢) The distibof the modelled ice temperature. The blue dashed lineates the CTS

position, and the black bar shows the location of the deepacehole. (d) Modeled (blue line) and measured (dots) icgezature profiles
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Figure 9. Modeled ice temperatures and velocities for experimentsffblue line), E-advZ (red line), E-advX (green line), €aén (purple
line), and E-slip (yellow line). (a) Modeled column meanligdines) and basal (dashed lines) ice temperatures alet.. (b) Modeled
surface (solid lines) and basal (dashed lines) ice veéxciélong the CL. The symbols for the measured ice surfaceitiebare the same as
those shown in Fig. 3. (c) Modeled CTS position. The blackdbaws the location of the deep ice borehole. (d) Measurddyeed lines)

and modelled (dots) ice temperature profiles for the deephude. The dotted line shows the pressure-melting pointfasaion of ice

depth.
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