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Abstract. Water entrapped in glacier accumulation zones1991; Aschwanden and BlatteR005 have been few rela-
represents a significant latent heat contribution to the develtive to those addressing the thermal structure of ice sheets
opment of thermal structure. It also provides a direct link be-(e.g.Robin 1955 Dahl-Jensenl989 Greve 1997h Breuer
tween glacier environments and thermal regimes. We applhet al, 2006 Aschwanden et 812012. Thermal structure is

a two-dimensional mechanically-coupled model of heat flowrelevant to glacier hydrologyohlleben et a].2009 Irvine-

to synthetic glacier geometries in order to explore the en-Fynn et al, 2011), rheology Duval, 1977 and mass bal-
vironmental controls on flowband thermal structure. We useance (e.gDelcourt et al.2008. An understanding of thermal
this model to test the sensitivity of thermal structure to phys-structure in smaller ice masses is important for predicting
ical and environmental variables and to explore glacier thertheir responses to changing environmental conditions (e.g.
mal response to environmental changes. In different condiRadt and Hock20117).

tions consistent with a warming climate, mean glacier tem- The impacts of previous glacier states on the thermal struc-
perature and the volume of temperate ice may either increastires of Arctic glaciers have been explored using numeri-
or decrease, depending on the competing effects of elevatechl methods byDelcourt et al. (2008 and Wohlleben et al.
meltwater production, reduced accumulation zone extent an@2009. In some cases (e.Rippin et al, 2011), thermal dise-
thinning firn. For two model reference states that exhibit quilibrium has been proposed as an explanation for observed
commonly-observed thermal structures, the fraction of tem-thermal structure. These results lead to questions about the
perate ice is shown to decline with warming air temperaturesnature of transient thermal states and how thermal structure
Mass balance and aquifer sensitivities play an important rolewill evolve in the future.

in determining how the englacial thermal regimes of alpine Models of glacier flow often neglect the presence of wa-
glaciers will adjust in the future. ter in temperate ice, despite the distinct rheological and hy-
drological implications Greve 19973. We refer to these as
temperature-based models. True polythermal models account
) for latent heat storage, for example, by tracking water con-
1 Introduction tent and freezing fronts. When applied to the Greenland Ice
SheetGreve(1997H finds that a polythermal model predicts

& thinner layer of ice at the pressure melting point than a
temperature-dependent model. Accounting for the water con-
tent of temperate ice, therefore, changes the simulated ther-
mal structure.

Glacier ice can be cold or temperate, as defined relative to th
pressure melting point. Numerous studies employing bore
hole thermometry (e.Ratersonl1971; Blatter and Kappen-
berger 1988 and ice-penetrating radar surveys (é4gplm-
lund and Eriksson1989 Gusmeroli et gl.201Q have doc- Furthermore, it has not been clearly established how ther-
umented the thermal structure of glaciers. Observed therm%

. f tirel d t tirely t al structure evolves in a changing climate. In the future,
regimes span a range from entirély cold to entirely lempers,; some glaciers become colder as suggestedRippin

?tg, wgh dlff?relntz(;:)lo Iytr_ll_irmal fstrt:ctu(;es n bgtV\(e?n d.(seeet al. (2012, or will the cold ice regions in these polyther-
rvine-Fynn €t a, ). Theoretical and numerical studies al glaciers shrink as appears to be occurring elsewhere

foc_used on understanding the controls on and evolution o e.g. Pettersson et al2007 Gusmeroli et al.2012? Some
alpine glacier polythermal structure (eRjatter and Hutter
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168 N. J. Wilson and G. E. Flowers: Controls on glacier thermal structure

controls on thermal structure such as surface temperature and wherek is thermal conductivity an& T denotes a tem-
accumulation area extent may change quickly, over years operature gradient. Followingschwanden et a2012, we
decades. Basal heat fluxes and the rate of strain heating magplace the temperature gradient by a material enthalpy gra-
adjust more slowly. Geothermal fluxes are not likely to be af-dientVH (Jkg1) given by
fected. Predictions of future glacier behaviour depend on the
contributions made by multiple heat sources which may beV# =¢pVT, @)
affgcted bylc!|mtated|n d'lss'm'labr vtvtays. derstandi ‘ h with specific heat capacity,. Energy conservation results in
ur goal 1s 1o develop a beller understanding ot NoWyy,q 4qyection-diffusion equation
changes in environmental conditions and ice dynamics shape
the thermal structure of mountain glaciers. We use models dH
applied to synthetic glacier profiles to isolate the direct influ- Por =
ences of environmental variables in the absence of irregular . . : . o .
. . where p is material density (either firn, ice or a combina-
or complex geometry. In the following, glacier thermal struc- _. . ) . . .
e . tion), u is material velocity and is a heating rate. All terms
ture refers to the spatial distribution of englacial heat. Where, . 31 e D o
T S S in Eg. 3) have Sl units of Jm° s™*. The diffusivity,«, is dif-
ice is cold, this influences temperature, and where ice is tem; ; .
) . L ferent for cold ice £c) and temperate ice{) and depends on
perate (at the melting point), this influences water content. . . e
" . densityp. We parameterise the thermal diffusivity in the cold
The addition and removal of heat may also change the distri-
; : e o orous near-surface layer based on resultsShym et al.
bution of cold and temperate ice. The specific objectives of?lggn as
this study are (1) to evaluate the relative contributions of in-
dividual heat sources to glacier-wide thermal structure, (2) to 1 5 6 0
relate the sensitivity of steady-state thermal regimes to in¢ = a (0‘138_ 1.01x 107 +3.233x 10 ) )
ternal and environmental variables and interpret these sensi-
tivities with respect to observed thermal structure in alpinein units of WnT 1 K~1. Snow and firn are better thermal in-
glaciers, and (3) to simulate the transient evolution of glaciersulators than ice.
thermal structure in response to prescribed changes in cli- In temperate ice, temperature gradients arise only from
mate. the small pressure dependence of the melting point, so dif-
fusive heat transfer (the first term on the right-hand side of
) Eqg. 3) becomes negligibleAschwanden et gl2012. This
2 Modelling approach vanishing term can be represented by setting zero, how-
ever, we followAschwanden et a2012 in prescribing;

as a small positive constant as a means of regularisation. We

V.(«kVH)—V-(ouH)+ 0, (3)

We use a simple two-dimensional mechanically-coupled

thermal model to both calculate steady states and to eVOIV%hoose a value two-orders of magnitude lower thgrsmall
therme_ll structure forward |n_t_|me._An aIt(_arnatlve way of rep- enough that the numerical solution is insensitive to further
resenting polythermal conditions in glacier models is the eN-yocreases i, We represent the transition betwagrand
thalpy gradient method, proposed Agchwanden and Blat- as a smooth function over a small enthalpy r. - This
ter (2009. Representing thermal evolution within ice using be

; . is done to improve numerical consistency, but also crudel
only a single state variable (enthalpy) rather than both tem- b Y y

L . represents a finite boundary layer of the type suggested b
perature and water content simplifies energy conservatio P ylay yp 99 y

and the model representation: separate grids for temperaturrgye (1999

and water content and explicit jump conditions between colds 1 2  Heat sources

and temperate ice domains are not requirddchiwanden

and Blatter 2009. The capability to model a wide variety The source termQ in Eq. (3) is modelled as the sum of an
of thermal structures is also more simply implemented. Theinternal heat source and a surface heat source:

theory behind the model has been outlined in deptiAby

chwanden et a2012. We briefly describe the model below € = Qstr+ Om, (5)

and then present details of its implementation. where Qg is strain heating an@, is the heat associated

2.1 Model theory with meltwater entra_pment and possil_ale refre«_azing. An addi-
tional heat flux Qp) is present at the ice-bed interface, and
2.1.1 Heatflow is the sum of the geothermal flux)geq) and the frictional

heat flux from basal sliding and water flow. The geother-
The flow of heatg within cold ice can be described by mal flux (Qge) cOomponent ofQy is poorly constrained

Fourier’s law, in many mountainous regions as well as below the ma-
jor ice sheets. We tak@geo= 55 mW m2 as a reference
q=—kVT, (1) value broadly representative of continental heat fBla¢k-

well and Richards2004 and set the minimum value @y
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N. J. Wilson and G. E. Flowers: Controls on glacier thermal structure 169

to this value of Qgeo The maximum value tested faPy Table 1.Physical constants and model parameters.
(1000 mW nt2) is larger than recent estimates of maximum

continental heat fluxes by a factor of about fiagies and Symbol  Description Value Units
D_avigs 2010. Heat de_rived f_rom frictional her_;lting or dis-_ K Cold ice diffusivity 9.92¢104 kgmls!
sipation from subglacial drainage has been inferred to in- Temperate ice diffusivity ~ 1.6 107>  kgm1s-1
crease the basal heating term by a factor of ten, to roughly p; Ice density 910 kgm3
540 mW nT2 (Clarke et al. 1984. For the purposes of this of Surface firn density 350 kgm?
study, we prescrib@y, directly and assume it is constant in AW Water density 1000 kg P
space and time. We later justify this choice with results from Density profile constant 0.05 B
pace a - Welater) . N Specific heat of ice 2097  JkgK-1
sensitivity tests |nd|cat|_ng that basal heating has a I!m|ted in- Latent heat of fusion 3.335 10 Jkg !
fluence on temperate ice volume. We do not consider basal jr1,,/9p Pressure-melting slope 98108 K Pal
ablation because we expect it to be relatively small in most Hyans  Diffusivity transition 110 J
settings compared to surface ablation @&fexander et al. width
201]) o Annual air temperature 9.38 K
o . amplitude
Fqllowmg Cu_ffgy and _Paterso(Q_OlQ Ch. 9), the strain Tma Mean air temperature 1.0 K
heating term within a unit volume is atz=0
aT/3z  Atmospheric lapse rate —0.0065 Kl
Qstr = 21€, (6) w Glacier half-width 800 m
n Glen'’s flow-law exponent 3 -
with deviatoric stresst and strain rateé. Our two- Oc Creep activation 115 103 Jmor1
dimensional model does not represent the flowband- energy
R Ideal gas constant 8.314 Jkmol~!

orthogonal ¢) components of stress and deformation rates
directly, so we parameterise these followiRgnentel et al.
(2010 assuming no slip at the valley wall:

oy A _* 7) range chosen (Tab® spans the commonly reported values
2w tabulated byHock (2003.
Ty = A_%é;gly 8) The run-off fractionr allows the removal of a portion

of the annual surface melt. The firn captures the remaining
for flow-law coefficientA, longitudinal velocityu, flow-law meltwater and stores it in a near surface aquifer Reeh
exponentz, and valley-half widthWw. By assuming a rectan- 1991 for a similar method). Run-off fractions provide a con-
gular glacier cross-sectiof/ is a constant. The strain heat- venient means of estimating internal accumulation, although
ing component calculated using this approximation is addetcomparisons with more developed methods find that this ap-
to Qs In the subsequent experiments, the approximate proach has limited skill in predicting the thickness of su-
strain heating term is small compared to tfxeterm. perimposed iceWright et al, 2007 Reijmer et al, 2012.

The surface heating ter@n, is calculated by assuming Our purpose is to test the influence of a surface heating term
that meltwater generation is related only to the difference bethat allows for meltwater capture rather than to model melt
tween the surface air temperatuigand the ice melting tem-  quantities accurately. The value= 0.4 has been reported for
peratureTm by means of a constant degree-day facf@ed.  Greenland near the run-off limiBgaithwaite et al. 1994,

The rate of heat capture, per unit height, is but this should vary depending on firn thickness, firn tem-
ow . perature, and summer mass balarRabus and Echelmeyer
m= (1—r)h—wfdde[mln(Ts— Tm, 0], (9 (1999 give estimates of internal accumulation on McCall

Glacier that imply high inter-annual variability, although this
wherep,, andLs are the density and latent heat of fusion for may be exaggerated by the mercurial accumulation zone con-
water, respectively, andis a run-off fraction. ditions on McCall Glacier. The run-off fraction is, therefore,

The degree-day factofyq provides a convenient method poorly constrained, so with a reference value ef 0.5, we
by which to estimate the summer mass balance based on suaidter the run-off fraction between 0.2—0.8 in order to evaluate
face air temperature. The value of the degree-day factor dea range of contributions to water entrapment.
pends to a large extent on the way in which incoming en- The near-surface aquifer is restricted to the accumula-
ergy is partitioned between different energy balance compotion zone and its thickness,q does not vary annually in
nents Hock, 2003. Hock (2003 compiled degree-day fac- the model. This parameter physically represents the thick-
tors derived for snow at glacierised sites ranging from 2.7 toness of the permeable surface layer through which water
11.6 mmd 1K1, Values for ice are typically larger, but are can percolate. Due to refreezing and the formation of ice
not used here; in our model the degree-day factor is only usetenses, the near-surface aquifer thickness may be less than
to calculate meltwater entrapment (E3).in the accumula-  the total firn thickness. A suitable choice for the near-surface
tion zone, where snow cover is assumed to be perennial. Thaquifer thickness depends on climatoloByaithwaite et al.
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170 N. J. Wilson and G. E. Flowers: Controls on glacier thermal structure

(1999 report a percolation depth of 2-4m on Greenland, Table 2.Environmental parameters varied in model sensitivity tests.
while Fountain (1989 estimates the aquifer thickness on

South Cascade Glacier in Washington to be 1.25m. Firn wa- Symbol  Description Reference  Testrange Units
ter in Storglacaren resides in a layer up to 5m thick, while value

on Aletschgletscher in Switzerland the firn aquifer is 7m <o gasf' heda”'lt‘xt r i’% 01‘303% mn$<\/<\1r—nj
thick (Jansson et al2003. It is reasonable to expect that /@~ Pedreedayfacto 05  02.08 _
the aquifer thickness varies spatially, perhaps being thicker weng ~ Max ice water content 1 0-5 %
at high elevations resulting in a tapered shape. Alternatively, “aa (“:Aoanﬁearg””e’ water 10 1-15 %
colder temperatures at higher elevations may cause faster r€ Aquifer thickness 3.0 0.5-6.0 m
freezing and decrease the thickness of the permeable layer. InaT Air temperature 0.0 0.0-7.0 K
light of uncertainties in how to best represent variable near- _ ‘E’f(;i?ltibrium line altitude 650 450-800 "
surface aquifer thickness, we make the minimal assumption Ei Advection multiplier 1.0 0.2-2.0 _

that the near-surface aquifer thickness is invariant in space. 95/3z  Mass balance gradient 4103  1-7x1073 myr*m-?
We chooséiaq=3m as a reference value, and test over the (ice-equivalent)

) i ) R bmax Maximum mass balance 1.5 0.5-2.5 rﬁ}r
range 0.5-6.0 m. If this assumption is violated, areas where (ice-equivalent)
the aquifer is thicker would tend to preserve more liquid wa-
ter through the winter, while areas where it is thinner would

preserve less. This might either reinforce or oppose the grape acceptably smalk(0.35 K equivalent) for the present pur-
dient in water entrapment implied by melt volumes that de-poses. Tablé lists the model parameters held constant in all
crease with altitude. simulations.

In the model, water captured in the near-surface aquifer is
stored until it either freezes or exceeds a prescribed drainage.1.3 Ice dynamics
thresholdwaq. Above this threshold all water is assumed
to contribute to runoff and is removed. The correspond-The rheology of ice is described by Glen’s flow law
ing drainage threshold in the englacial aquiteqg (Greve . o
19973 is set to a much lower value to account for a lower €/ = ATE " Tijs

porosity in ice compared to the surface layer. In the ablation , . . - o '
zone, Om = 0, as all meltwater is assumed to be removedWh'Ch relates strain raig; to the deviatoric stress; tensor.

; The effective stresse is the second deviatoric stress invari-
by the end of the melt season and, therefore, unavailable for : .
: ant. In cold ice, the temperature-dependent flow-law coeffi-

entrapment or refreezing. L . X

. : . cient is computed following the recommendationiffey

Englacial water content is poorly constrained by obser-arld Paterso201Q Ch. 3) as

vation, and recent results range from under 1Pgt{ersson '
et al, 2009 up to several perceniMacheret and Glazovsky ( Oc < 1 1 )) 12)

2000. Although our reference model enforces immediate 4 =A0€Xp "R \T(H)+ AT, 263+ ATn

(11)

drainage for water contenigng) above of 1%, it is likely

- ; . . 0Tm
that the permeability and drainage properties of ice vary spa- ATjp=—P
tially, for example as suggested hyiboutry (1976. Firn af]
porosity has been reported Bguntain(1989 for South Cas- T(HY=—+Tp
cade Glacier to be 0.15 with 61 % saturation. We assume that pCp

the properties of the near-surface aquifgr are similar to tha(Nherch is the creep activation energy in cold idjs the

of the f|r2 and use a near-surface maximum water Con_t?nfdeal gas constantA Ty, represents the pressure correction

waq=10%as a reference value. To qu;’;mtlfy quel Sensitiv-g,r he melting temperature arft H) is the temperature of

Ity 10 waq, We t?St Over arange of 1_1.5 /° ' Plgusmle phyS|_c alcold ice as a function of enthalp¥p is an arbitrary reference

reasons for this variation include variations in accumulauontemperature below which enthalpy takes on negative values

rate? a_nd temperature-erendent densn‘|cat|or1 rgtes. Additional softening associated with non-zero water con-
Within the accumulation zone, surface density is assumeqeg may be important in temperate ice. Where there is tem-

constant in time, and varies with depth according to perate ice, we multiply the flow-law coefficient by an en-

o = pi — (pi — pt) exp(—Cz), (10) hancement factoe,, that depends on water content(cf.

Greve 19973,
whereps is firn density and” is a constant (cfSchytt 1958. ¢ 3

The ablation zone experiences seasonal snow cover, which ig, — ¢, (w)A. (13)
represented in the model by changing the density of the upper

model layer. We have found the enthalpy difference between We choose the slope @f,(w) based on results bpuval
an ice column treated in this way and a column with the ac-(1977) that indicate that\¢ is roughly tripled with 1 % water
cumulation and ablation of snow explicitly accounted for to content. The tripling ofA approximately spans the range of
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observed strain-rate enhancement in temperate glaclafs (  (z) and regularly-spaced on the horizontal axis (The grid

fey and Patersqr2010), so we do not extrapolate further. The spacing irx is finely resolved at the surface and basal bound-

applicability of the water-dependent strain-rate enhancemendries and coarser in the glacier interior. We solve the first term

measured in laboratory experiments to glaciers remains aon the right-hand side of Eg3) using an energy-conserving

open question that we do not consider here. Crank-Nicolson finite-difference scheme. Because of the
Velocities are obtained through vertical integration of the small thickness-to-length ratio of glaciers, we omit horizon-

shear strain rate component. We have compared the stress tal diffusion by substituting into the first term on the right-

and velocity fields obtained using a “Blatter-type” first-order hand side

approximation (FOA) of the momentum balance described oH

by Pimentel et al(2010 and the zeroth-order shallow ice VH =~ 9z (17)

approximation (SIA). In brief, the SIA reduces the momen-

. . . This “shallow enthalpy” approximation is identical to that
tum balance in the-direction to Py”app

made byAschwanden et al2012 in the Parallel Ice-Sheet
90%: _ _ B_ZS 14 Model (PISM). We solve the second term on the right-hand
g (14) : : ; . . S
0z 0x side of Eq. 8) in two-dimensions using a flux-limited linear
for vertical shear stress,, and ice surface elevatiar. The upwind differencing schemé_é¢Veque 1992 Ch. 16). This
SIA is most applicable to ice masses with low aspect ratiosmethod is less diffusive than first-order upwind differencing,
and small bedrock gradients (elge Meur et al, 2004. The  yet preserves monotonicity in the neighbourhood of large

implications of using the SIA versus the FOA for the presentderivatives such as near the ice surface. The model timestep

purposes are discussed below. is chosen in the range 30-60 days based on what is empir-
- ically found to permit convergence. The timestep in the up-
2.1.4 Boundary conditions wind differencing scheme is permitted to decrease adaptively

in order to maintain numerical stability.

The basal boundary for EcB)is treated as a Neumann-type o coupling scheme synchronously steps forward in time

boundary with an enthalpy gradient consistent iiisuch i, tha flow mechanics model and the thermal model. The flow

that mechanics model computes velocity and stress fields, while
aH| Cr (15)  the thermal model solves for the enthalpy field. When glacier
0z |._o k- geometry is permitted to evolve, the ice surface changes
based on the mass continuity equation and the prescribed
where the ice enthalpy is pinned to match either the air tem Mass balance. Timesteps for the thermal model are limited by

perature or the ice melting point, whichever is lower. We rep-th? requirﬁmeﬂt that seas_?nal 9h§ngeQm(I|Eq.I9) bi refI
resent annual air temperatures as a sinusoid. A scalar of°lved rather than by stability criteria. We calculate the flow-

setAT accounts for changes in temperature between modellaw coeff|C|en_t at every flow-mechanics timestep based on
runs. As a function of Julian day air temperaturd is pa- e enthalpy field.
rameterised as

The upper boundary condition for E®) s Dirichlet-type

2.3 Experimental design and reference models

. [ 2mt oT
T :asm<ﬁ) +Tma+za_z +Tar (18) |1 order to address the goals discussed above, this study

for mean annual temperatufn, at a reference elevation, is organised into three experiments. These experiments in-

and vertical lapse rat&7 /dz. We ignore shorter period tem- vestigate (1) the primary controls on glacier thermal struc-
perature fluctuations because they have a shallower depth dyre. (2) the sensitivity of thermal structure to environmen-
penetration into the ice than the annual cycle. tal and model parameters, and (3) changes in thermal struc-

For the ice dynamics, the surface boundary is a zero-stres%:re accompanying rising air temperatures. As a control for
boundary, whilew = up ,at the basal boundary and =0 the above experiments, we create two reference models (de-

in most experiments (cLe Meur et al, 2004. By impos- scribed below) representing different thermal regimes. In the
ing u, =0 at the bed, heat near the’bed is advected moréollowing sgction, we outline the methodology behind the
slowly and rates of englacial strain heating are slightly el_three experiments.

evated compared to experiments in which basal sliding is fWg u_ze 6} 5|m_ple gIaC|ter| gegr_“f”y th> |so_la;|e the T:}Iuenerz
permitted. A more in-depth investigation of sliding and ther- ofindividual environmental and internal variables on therma

mal structure is part of a separate studjiléon et al, 2013 structure. Simple glacier geometries also help preserve gen-

2012) erality by avoiding effects introduced by irregularities in the
' prescribed surface and bed topography that might be unique
2.2 Implementation to individual glaciers. We represent the bed as a low-order

polynomial function (Figl).
Equation B) steps forward in time on a two-dimensional  Net balance is approximated as a linear function of ice
structured grid that is irregularly-spaced on the vertical axissurface elevation with a prescribed equilibrium line altitude

www.the-cryosphere.net/7/167/2013/ The Cryosphere, 7, 1682, 2013
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Fig. 1. Distribution of cold and temperate ice in reference models REFT and REFC with the shallow ice approx{mdijand the first-
order approximatiofc, d) for ice dynamics. Prescribed mean air temperafiigis lowered by 1.5K in REFT to obtain REFC. For REFC,

the glacier ice surface is held fixed at the REFT geometry.

ZELA and balance gradiem}/az. We cap the maximum an-
nual accumulation abmay, giving the annual balance func-
tion a piecewise-linear shape:

b(o) = Qb/z‘)z(z —2zELA) I 2 < Zmax (18)

bmax |f z= Zmax

where zmax = bmax(9b/3z) "1+ zeLa. Accumulation is not

The thermal structure of this reference model is heavily in-
fluenced by meltwater entrapment in the accumulation zone.
By comparison, meltwater entrapment plays a more limited
role in the REFC model (Figlb). Lower surface tempera-
tures decrease the quantity of meltwater production in the
accumulation zone, thus, reducing the amount of heat gen-
erated at the surface. The REFC model exhibits a type “D”
thermal structure as identified IBlatter and Hutte{1997),

addressed directly, but rather is implicitly assumed to com-With & temperate zone in the lower ice column. As in REFT,

pensate for the melt calculated in E) (such that the

REFC is frozen to the bed at the terminus.

with changing the balance gradiedt(dz) and the balance

which is understood to be problematic in mountainous areas

threshold bmay) to simulate glaciers with higher and lower Where bedrock slopes are lardee(Meur et al, 2004). In re-

rates of mass turnover.

gions with steep slopes, this omission leads to unrealistically

The steady-state reference models are based on the SIigh deformation gradients and large strain rates. The simple
and incorporate all of the heat sources discussed above. TH#acier geometry used in this study (Fig.has small{= 0.1)

first reference model (REFT) contains a large volume of tem-bedrock slopes throughout most of the domain, including
perate ice and arises from the parameter values given in TeRVer the region where modelled ice thickness becomes great-
ble 1. The second (REFC) is a colder version of the first pro-€st. This reduces the discrepancy between the SIA and the
duced by shifting the air temperaturB) down by—1.5K. more correct FOA. Bedrock gradients are steeper than 0.3
The REFT model glacier is polythermal (Fitp), with a dis- ~ Over the first 1km of the model domain, which causes the
tribution of temperate ice that is similar to the type “C” con- SlA to deviate more from the FOA in this area. Modelled ice
figuration illustrated byBlatter and Huttet1991). Ice within  thickness is small in the first 1 km, so the effect of velocity
the accumulation zone of the glacier is temperate, while overestimates on strain heating is small.

surface layer of cold ice develops in the ablation area. The When the FOA is used to reproduce the REFT and REFC
bed at the terminus is cold. Similar thermal structure has beefodels above (Figlc—d), a similar set of polythermal struc-

observed in SvalbardDpwdeswell et al. 1984, in Scan-  tures is obtained. Heat content is lower over most of the
dinavia Holmlund and Eriksson1989, in the Alps {in- domain for the FOA model because axial stresses reduce

cent et al. 2012 Gilbert et al, 2012, and on the continen- the magnitude of the deviatoric stress tensor. For the REFT
tal side of the Saint Elias Mountains in Yukon, Canada (un-model, the FOA ice thickness (Fidc) is greater and the
published data, Simon Fraser University Glaciology Group).ice extent is shorter by 800 m, consistent with the results of
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Le Meur et al.(2004. The FOA model exhibits a cold layer 2.4.2 Experiment 2: parameter sensitivity

that is up to 10 m thicker. The temperate ice fraction in the

SIA model is 71 %, while in the FOA model, it is 76 %. The Starting from the REFT model, we vary selected parame-
higher temperate ice content in the FOA model owes to the€rs in order to explore the sensitivity of steady-state ther-
shorter length of the glacier below the equilibrium line alti- mal structure to environmental conditions (Objective 2). The
tude and the correspondingly smaller cold ice layer. For theParameter ranges given in Taldepan the spectrum of inter-
REFC model, the thermal structure is again similar betweeresting and physically-meaningful model behaviour. Each pa-
the SIA and FOA models. The temperate ice fraction in therameter is first adjusted independently. To maintain simplic-
SIA model is 11 %, while for the FOA model it is 12 %. The ity, we do not consider seasonal perturbations, which may
length, ice thickness, and heat distribution predicted by thehevertheless be relevant to parameters such as air tempera-
SIA and FOA models, while not identical, are similar enough ture. We perform tests using both the temperature-dependent
for the chosen bed geometry that we rely on the SIA modelsflow-law coefficientA (Eq. 12) and the enhanced flow-law
henceforth. coefficientAe (Eq. 13). In reality, the parameters in Tabke

Although we choose to neglect sliding in this study for the are not independent, but considering them as such yields in-
reasons given in Sec2.1.4 it is desirable to qualify what formation about the environmental variables controlling ther-
this omission might imply for our results. To do this, we have mal structure without complicating the results with multi-
added a Weertman-style sliding law (eQuffey and Pater- Pleé causes. Furthermore, considering independent parame-
son 2010 to the REFT and REFC models, with a sliding ters here avoids assumptions about how parameters may be
coefficient chosen to admit basal velocities in the vicinity of coupled.
~10myr-1. When the ice surface is held fixed, we find that Heat flow within glaciers has been described as advection-
the increase in advection rates caused by sliding thins thélominated (characterised by highedfet numbers) As-
cold ablation zone layer in REFT, and causes the basal temchwanden and Blatte2009, but due to the wide range
perate layer in REFC to be thicker near the terminus. Wherin worldwide glacier velocities, the relative importance of
the surface is permitted to evolve in response to the changheat transfer by advection compared to diffusion varies. We
ing viscosity and material advection rates, the glacier elon-explore the role played by advection in governing thermal
gates with sliding permitted. The REFC results are similar tostructure by adjusting an additional parameter that is a multi-
above, with the temperate zone thickening near the terminugplicative factor C,) on advection rate in Eq. 3). We adjust
In the REFT model, the fraction of temperate ice is lower the advection rate directly rather than by changing the mass
because rapid sliding rates in the steep upper glacier advectg@lance function (EdL8) or the flow-law coefficient (EcL2)
more cold ice. This is not very significant because the actuain order to more clearly isolate experimental variables. Sen-
change in enthalpy is smaller than the large change in temsitivity tests onC, illustrate the extent to which heat flow
perate fraction would suggest, and the upper glacier remain# the reference glacier is advection-dominated. They can
near the melting temperature. At the broad scales relevanlso be used to investigate the implications of changing flow
for this study, modest sliding rates would not alter the con-Velocities that result from dynamic behaviour not explicitly

clusions presented. considered in the fixed-geometry experiments.
We recognise that some of the variables from Tabéee
2.4 Description of experiments correlated. Therefore, we vary air temperaturg, quilib-
rium line altitude £g ), and near-surface aquifer thickness
2.4.1 Experiment 1: heat source contributions (hag) together in order to explore the effects of more realistic

) ) o . forcing regimes. To simplify the interpretation of the results,
In order to investigate the relative importance of different .o geometry is held fixed.

heat sources (Objective 1), we begin with the REFT model \ye yse the results of the sensitivity tests to draw prelim-

gnd individually remove the contributions from strf_alin heat- inary conclusions about how glacier thermal structure may
ing Qstr, meltwater entrapmen®m, and basal heatin@s  eyolve in a changing environment. To estimate how near-

before recomputing steady-state thermal structure. We tes{,itace aquifer thickness and equilibrium line altitude might
the effect of allowing glacier geometry to evolve in response,_eyglve with air temperature, we make use of balance sen-
to changes in ice viscosity governed by Ede2)(and (@3), sitivities:

and compare the results to simulations with a fixed glacier .
geometry. The appropriateness of holding the surface geomy ; a—bnAT (19)
etry fixed depends on the degree to which thermal structure " ar ’

alters ice fluidity in Eqgs.12) and (L3). Because of the large where by is the net balance andi,/3T can be esti-

differences in tem'perate ice volume in the REFT and REFCmated from field data (e.gle Woul and Hock2005 Oer-
models, we examine the effect that flow-coefficient parame- ) ) o
o lemans et a).2005. Equation 19) defines how equilib-
terisation has on both. ; . ; . . A
rium line altitude varies with changes in air temperature.

For Experiments 2 and 3, we introduce the assumption that
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the near-surface aquifer thickness is related to net balanc@able 3. Results of heat source removal (Experiment 1) with fixed
closely enough that net balance sensitivity estimates are apglacier geometry and flow-law coefficient(Eq. 12).
plicable and equivalent to aquifer thickness sensitivities:

) Test meam\ K’  Temperate ice

0haq _ % (20) (K) fraction

oT 9T Control (REFT) - 070

We recognise that this simple parameterisation is an im- N° strain heating@str = 0) —0.75 059

portant assumption, but it qualitatively captures the be- mo Entralpr:nen_tggm =_Og) __51'120 géé
haviour that we hypothesise. Namely, we expect that as tem- 0 basal heating@ = 0) ’

peratures rise the near-surface aquifer will grow thinner and
this rate of change will to a first approximation be propor-
tional to the change in accumulation rates. The percolation

pathways within the aquifer also involve ice lenses formed AH

by seasonal refreezing of meltwatddafisson et al2003.  AK' = o (21)

We do not consider lateral transport within the near-surface
aquifer, but we speculate that the presence of ice lenses will This is useful for comparing experiments in which the
have a limiting effect on aquifer thickness that brings the glacier geometries are identical. The second metric is a sim-
aquifer sensitivity into closer agreement with the annual bal-ple area fraction of temperate ice along the modelled flow-
ance sensitivity (e.g. EQQ). band. Where applicable, both metrics are used.

Where glacier geometry is held fixed in Experiment 2, the
results of the sensitivity tests do not represent physically con-
sistent thermal regimes and are not directly representative 03 Results and discussion
future thermal structures. All sensitivity tests are, therefore,

repeated with a freely evolving ice surface. 3.1 Experiment 1: heat source contributions

With the temperature-dependent flow-law coefficiet
(Eq. 12), the modelled enthalpy without strain heating

Transient feedbacks between variables such as mean annu#str = 0) is smaller relative to the reference run (Fag).

air temperature and accumulation zone extent can be exWith the enhanced flow-law coefficieAt (Eq. 13), this dif-
pected, but are not represented in the experiments abovéerence is slightly larger. The temperate fraction and mean
In order to capture such feedbacks and make realistic proequivalent temperature difference over the entire flowband
jections of thermal structure (Objective 3), glacier geometrydomain are presented in Tat3e

must be permitted to evolve. We perform prognostic simu- Even in the upper half of the ice column where stresses
lations with a range of transient climate forcing scenarios.and deformation rates are low, equivalent temperatures are
These scenarios are distinguished by the extent to which thower in general when strain heating is neglected (2@.
winter balance offsets increasing summer ablation. The ini-Lower deformation rates at depth lead to lower flow veloci-
tial conditions are the REFT and REFC models. We pre-ties in the upper ice column. Lower velocities reduce heat ad-
scribe an average annual air temperature that increases liyection from the accumulation zone sou@g derived from
early by 2.5 K over 100 yr and then stabilises. For each modemeltwater entrapment. This effect exists whether using flow-
timestep, the near-surface aquifer thickness and equilibrium@w coefficientA or Ae, but is greater with the latter because
line altitude are adjusted to track the prescribed temperatur¥iscosity becomes a function of water content as well as tem-
according to Egs.19) and @0). A fraction of the ablation ~ perature.

response to changing temperature is assumed to be offset by The omission of meltwater entrapmei = 0) causes a
changing winter balance. We text 19 possible winter balancdarge change in the modelled thermal structure (Big. The
responses to warming that offset ablation by fractions spantesulting distribution of temperate ice is similar to the REFC

2.4.3 Experiment 3: prognostic modelling

ning 5 %—95 %. model, in which meltwater entrapment has been physically
reduced by lowering surface temperatures. The large mass
2.4.4 Evaluation metric of temperate ice in Figla becomes limited to the deepest

parts of the glacier ablation zone, and the bulk of the ice
To make quantitative comparisons between different simulayemains cold. The temperate ice distribution is most simi-
tions, we use two metrics to describe the modelled glaciefar to the type “D” structure iBlatter and Huttef1991). In
thermal structure: (1) equivalent temperature difference relthe accumulation zone, the near-surface equivalent tempera-
ative to a given reference model and (2) temperate ice fracture is much lower than in the reference run (Rd). The
tion. The former converts the enthalpy difference betweenequivalent temperature differences are again slightly larger
two models into an equivalent temperature field (in Kelvin): ysing the enhanced flow coefficieat. Because of the small
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REFT with no strain heating (Qst- =0) REFT with no meltwater entrapment (Qm, =0)

a b
(@) 8oo Lo% S (b) 800 Lo% S
7001 07% & 700r 0.7% @
600 03% g 600} 03% g
500t 00°c = 500t o.0°C =
£ 200l 10CcS  E 200l 10C 3
N 20Ccy Y 2.0°C 3
300r 3.0c g 300r 3.0c 3
200} 40cg 200} 40:cg
100} 50 g 00 5.0°C &
6.0°C § 6.0°C S
. I : o

0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
x (m) x (m)

(c) 800 0 (d) 800 g 0
700 g 700} g
2 € S 2 €
600} s 600F N s
500} 48 500} \ 48
- 3 - 3
E 400} - E 400 6 2
N z N z
300} s 8 300} s 8
200} 2 200} 2
100} 10~ 100} 10 ~

ol ‘ ‘ ‘ ‘ ‘ ‘ o, ol ‘ ‘ ‘ ‘ ‘ ‘ o,

1000 2000 3000 4000 5000 6000 7000 8000 1000 2000 3000 4000 5000 6000 7000 8000
X (m) X (m)

Fig. 2. Distributions of enthalpy and equivalent temperature differemck’j for REFT with and without strain heatin@st (a, ¢) and
meltwater entrapmer®m (b, d). Model runs use flow-law coefficient as in Eq. 12). The dashed lines ifa, b) denote the cold-temperate
transition. Darker areas f, d) indicate the largest differences in ice enthalpy relative to the REFT reference model. Enthalpy difference in
(c, d) in equivalent temperature according to E2{L)(

amount of temperate ice, the enhancement factor in B). (
plays a small role.

Relative to strain heating and meltwater entrapment, basa'a) ;4
heat sources (not shown) play only a small role. Sufficient
basal heating causes the bed to reach the melting point. Ternr
perate conditions do not extend to the glacier interior because¢ ©
of the negligible thermal diffusivityk;. The insensitivity of
the thermal structure to basal heat sources partially justifies
our choice not to explicitly include frictional heating from
basal sliding. Our simplified model does not capture changes

. e—e REFC with A o—e REFT with A
o o REFC with A, o o REFT with A,

o
)

o
)

Normalize:
temperate layer thickness

©
N

o
N

in sliding that might occur in concert with changing basal er L o-6-6-0-0-0-0-6 S .1
temperatures. ®) 00745 0.6 0.7 0.8 0.9 1.0
Allowing the glacier geometry to evolve does not have a 200kes . e—e REFCwithA  e—e REFT with A

strong influence on the results of this experiment. In the ab- E - @ © REFCwithA. e REFTwith A
sence of strain heating, the cold-temperate transition in the § 5,
REFT model becomes deeper compared to the control nea £
the glacier terminus. In the absence of meltwater entrapment % 100
the glacier grows thicker and longer due to the higher viscos- 2
ity of cold ice. A thin temperate zone forms at depth inthe < 5o
lower half of the glacier. This temperate layer is thicker than S
in the fixed geometry model because of the higher stresses ii 0
. 0.5 0.6 0.7 0.8 0.9 1.0
the larger steady-state glacier (F8g). Normalized length

The effect of water content on ice rheology as represented
by Ae has a large impact on glaciers with a high temper-Fig. 3. Effect of flow-law coefficient parameterisation on glacier
ate ice fraction, and a plausibly small impact on those thatthermal structure. Glacier geometry evolves in these simulations.
are mostly cold. Unlike other sources of strain enhancement he basal temperate layer thickn¢ajis normalised to ice thick-
such as lattice preferred orientation and ice impurity contentn€SS: The cold layer thickness (b) is equivalent to the cold-

water content is directly connected to thermal structure, andSmperate transition depth. Note that haxes begin near the mid-

. . o dle of the glacier in order to focus on the cold ablation zone layer.
by extension, to climate conditions.
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Fig. 4. The results of varying parameters in Tallegiven in terms of mean equivalent temperature difference (solid line, dots) and the
fraction of temperate ice (dashed line, cross@g)Air temperature offse(b) Aquifer thickness(c) Degree-day factofd) Equilibrium line
altitude, recast as accumulation area ratio assuming a rectangular dkeckRun-off fraction.(f) Maximum englacial water contentg)
Maximum aquifer water contenth) Advection multiplier. The values used for the reference model are indicated by the vertical grey bars.

When glacier geometry evolves freely, both REFT and3.2 Experiment 2: parameter sensitivity
REFC models with the enhanced flow-law coefficidatex-
hibit a steady-state that is thinner than that usingecause 321 Independent variables
of the higher fluidity in the large regions of temperate ice.

US|(rjlg|the|§nhan|ceq ﬂ?r\]'\."fw co;f(f)l/meéng with tne I?EFC .thChanges in boundary heat sources/sinks and internal heat
model yields a glacier thickness 3% (8 m) smaller than wi generation require the overall thermal regime to shift in re-

A (not shown). The thickness of the REFC basal temper'?gonse. Thermal structure within the control models also

0
:ﬁetlay_/er, IO?' the otflﬁ;hanc:j,_dtecr?gseks b3t/ 40% (%4 rln), SUShries slightly with the choice oft or Ae. The sensitivities
Ff.i sg:mu%]l_()ntsh_W|_ pr_ffh Ifh a r']c er demperlz_i © A:lyer of the steady-state control models to changing environmental
(Fig. 3a). This thinning wi e enhanced coupling 4% parameters is similar regardless of whetleor Ae is cho-

is consistent with the findings éischwanden et a2012. sen, so in the following section we focus on results based on

The cold layer thickness in the REFT model, which dependsA alone (Figs4, 5 ands).

on both advec'Fion ratgs and strain heating, is slightly greater Shifts in air temperature exert a strong control on ther-
with Ae than withA (Fig. 3b). mal structure (Fig4a). The transition from a fully cold to
a mostly temperate glacier occurs over an air temperature
range of approximately 3K. An intermediate thermal struc-
ture develops between the two end-member models with a
temperate core heated partly by strain (Fig.and b). With
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Fig. 5. The results of varyinga) mass balance gradient afiy maximum mass balance, given in terms of mean equivalent temperature (solid
line, dots) temperate fraction (dashed line, crosses), and flowband area (grey line). The glacier geometry is permitted to change in respons
to the changing net balance profile. The values used for the reference model are indicated by the vertical grey bars.

further warming, meltwater entrapment in the lower accumu-below that. The degree-day factor and run-off fraction are
lation zone produces temperate ice through the full thicknessot independent parameters as implemented in gafd

of the glacier in the central region of the flowband (Fig— together control the amount of meltwater available for en-
e). Cold ice advected from high elevations persists as a coldrapment. Reducing the extent of the accumulation zone by
region upglacier from the temperate zone. raising the equilibrium line (Figdd) has an effect on tem-

The expansion of the temperate ice region with increas{perate ice generation because it diminishes the region over
ing air temperature occurs by two mechanisms. First, in awhich heat can be added.
warmer climate less heat is lost during the winter and the There is a tendency for temperate ice generation in the ac-
cold layer that forms in the ablation zone does not penetrateumulation zone to be greatest at intermediate elevations. In
as deeply into the ice. Secondly, larger amounts of heat dethis region, temperatures are high enough in the summer to
rived from meltwater entrapment are added to the glacier inproduce significant quantities of melt, and burial rates are
the accumulation zone and advected downstream. Within théigh enough to advect large amounts of heat into the glacier
model, this second effect is partially muted when the firnbefore it is lost to cooling in the winter. Nearer the equi-
aquifer becomes saturated, however, the shortening of thébrium line, submergence rates are lower and the ratio of
cold season associated with highef causes incrementally vertical advection to diffusion is smaller. Our assumption
less heat to be lost to the atmosphere over the entire elevatioof a constant near-surface aquifer thickness causes the up-
range. per glacier transition from complete refreezing to producing

In Fig. 4a, there is a sharp transition from high to low tem- temperate ice to be different than it would be in the case of a
perate ice fractions at air temperatures below that used to praapered aquifer. Therefore, different aquifer geometries could
duce the reference model (REFT). In REFT, upstream heateonceivably alter the zone in which heat from meltwater en-
ing from meltwater entrapment is the source of much of thetrapment is pumped into the glacier.
temperate ice in the glacier interior, so eliminating this heat Increasing the maximum permitted water contegig re-
source produces a transition to a glacier with a small tem-sults in higher fractions of temperate ice (Fif). The abla-
perate ice fraction. The transition is not as rapid if definedtion zone cold layer thins due to the higher volume of water
in terms of the metric meanA K’, indicating that englacial available for refreezing at the cold-temperate transition sur-
heat storage is not strongly affected by the transition fromface. The associated higher heat flux requires a steeper ther-
less diffusive temperate ice to more diffusive cold ice. Al- mal gradient such that the cold-temperate transition is nearer
though the Bclet number typically drops as ice cools to sub- the glacier surface. The increase in temperate ice fraction be-
melting temperatures, the effect on total heat storage withirgins to level off with a water content threshalgng of 2—
the glacier is small. 3%. The mean equivalent temperature difference relative to

The thickness of the near-surface aquifg4 (Fig. 4b), the  the REFT model increases steadily wibhhg because more
degree day factorfyq (Fig. 4c), and the run-off fractionr heat is stored within the glacier as liquid water. In contrast,
(Fig. 4e) are important for similar reasons as surface temperbasal heat flux @y, not shown) does not have a significant
ature. In the case of a thin surface aquifer, less water froneffect. This is consistent with the results from Experiment 1.
the previous melt season is entrapped, and refreezing and Additionally, we explore the effect of altering the rate of
heat loss to the atmosphere occur more efficiently during théneat advection by a constant coefficiéijtacross the glacier.
cold season (Figif—i). A thicker aquifer captures more water In assigningC, # 1, the velocity field used for energy advec-
and preserves more energy at depth because of the insulatiripn is no longer physically consistent with the glacier geom-
properties of the overlying snow and firn (Figk). The ther-  etry. Nevertheless, this experiment is useful for illustrating
mal structure of REFT is insensitive to near-surface aquiferthe effect of varying velocity regimes on thermal structure.
water content thresholds,q> 5 % (Fig. 4g) and declines In the case of transient fluctuations in glacier velocity (as in
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(c)

AT (K) AT (K) haq (M)

Fig. 6. The effect of varying pairs of variables on temperate ice fraction (contour interval is 0.1). Equilibrium line altitude has been recast as
accumulation area ratio. Air temperature offs&ff() and aquifer thickness:§q) are co-varied if{a), air temperature offset\7") and AAR

in (b) and aquifer thicknessifg) and AAR in(c). The simulations shown use the enhanced flow coefficiég) (The circles indicate the
reference parameter combinations. Dashed lines denote hypothetical trajectories through the parameter space based on a linear mass balar
sensitivity and a constant lapse rate. See text for details.
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Fig. 7. Examples of polythermal structure types in the model results. In the uppdiar@y surface air temperatur@\(') is varied. In the

lower row(fj), near-surface aquifer thicknessg) is varied. Each panel represents a steady-state. Dashed line indicates the cold-temperate
transition.

a surge), advection will cause the thermal regime to move totestricting glacier accumulation. At low values, the glacier is
ward the results developed in these simulations. For low adthinner and flows more slowly, which causes the temperate
vection rates, the ablation zone cold layer penetrates deeparea of the flowband to be small relative to the REFT control
into the glacier, restricting the extent of temperate ice derivedmodel (Fig.5b). As the balance threshold rises, the cold ice
from the accumulation zone. With high advection rates, thearea stays nearly constant, but the temperate ice area rises.
resulting thermal structure is similar to that with high allow-  From the combined results of Experiments 1 and 2, we
able water content (Figth). In both cases, the rate of water find that in cold climates and environments where meltwa-
transport to the cold-temperate transition increases, causinggr is not efficiently captured in the accumulation area, strain
the transition to occur nearer the glacier surface. heating represents a primary control on temperate englacial
In a final pair of single-parameter sensitivity tests, we in- zones. This heat source is greatest in the deeper part of the ice
vestigate the effect of adjusting the vertical mass balance graeolumn. If surface ablation rates are high enough, the layer of
dient @h/9z) and the maximum balance thresholgh§y). ice warmed by strain-heating will eventually be near enough
In these experiments, the differences in glacier geometrythe surface to lose much of this heat to the atmosphere. Such
are sometimes large enough that we report results with @ layered structure (Figifa—b and f-g) is similar to ther-
freely-evolving ice surface (Fid). When the balance gra- mal structures observed in SvalbaBjdrnsson et al.1996),
dient @b/dz) is small, mass turnover within the glacier is the Canadian ArcticRlatter and Kappenberget988, and
low. The corresponding lower advection rates cause tempetin ice streams draining large continental ice she€taffer
ate ice to be largely constrained to the upper glacier, and thand Echelmeyer2003. Alternatively, when environmental
area of the modelled flowband that is cold is large (Baj). conditions permit meltwater entrapment at the surface, latent
As the balance gradient rises, the cold ice area drops slighthheat quickly becomes a dominant heat source. This situation
and the temperate ice volume rises steeply. The mass ba(Fig. 7d—e and i—j) is similar to that observed in glaciers with
ance thresholdinay) affects the thermal structure largely by
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(a) 0.91 Slices from the parameter space between surface air tem-
— 20%offset == 50%offset 80% offset perature, near-surface aquifer thickness and accumulation

08 area have been mapped in F&). These slices show how

0.7 steady state glaciers in various parts of the parameter space
S o6l will tend to evolve as conditions change. There are many
:_é 05 plausible trajectories across the parameter space, however,
g a set based on Eqd9) and Q0) has been mapped as dashed
g 04 lines. In drawing these lines in Fi§a, we make the assump-
E 0.3 tions that near-surface aquifer thickness is related to the an-
02 nual net balance (in firn-equivalent) and that changes in net
balance can be represented by a scalar mass balance sensitiv-
0-1 ) SRS ity (Eq. 19). Published mass balance sensitivities over a 1K
0.05 T T T range vary widely, so we choo$é,/d7 = 0.5mK-1yr1
Time (years) (w.e.). For a warming environment, the quasi-steady-state
(b) | T Temmeratre sveloton trajectories through thﬁa_q—AT and AAR—AT parameter
o 1/ spaces are non-monotonic (Fég and b), in Contrgst_to_those
E o REFC temperature evolution through the AAR+4q parameter space. If a glacier is in a re-
< L gion of the AT parameter space where it is insensitive to
o =5 160 50 560 50 changes in air temperature (i&7 < —2.0 for REFT) only
Time (years) the correlated changes in accumulation area and near-surface

. ' . ) _aquifer thickness are important. In this case, increasing air
Fig. 8. Temporal evolution of the fraction of temperate ice with temperature will produce a reduction in the fraction of tem-
chang!ng _enwronmental condltloqs fgr tlm_e-dependent models.perate ice within the glacier (similar to Figc ashaq and
Each line in(a) represents a scenario with a different net accumula—AAR are reduced). Alternatively, in a scenario where the ac-
tion response to a single function for temperat{me Near-surface i L Y, . . o

cumulation area ratio is roughly static, but the firn thinning

aquifer thicknes#aq decreases and equilibrium line altitugig a - . .
rises when net balance is lowered (all scenarios). Models in which2Nd temperature rise occur (as in Fég), a glacier may be-

winter accumulation offsets 20 %, 50 % and 80 % of the increasedcOme more temperate before cooling again as meltwater en-
summer melt are shown by the solid, dashed and dotted bold linedrapment is further inhibited.

respectively. For reasons described in the text, the lines are termi- The sensitivity tests provide a preliminary estimate of how
nated when glacier length falls below 3 km. thermal structure may respond to changing climates (Objec-
tive 3). A 1K increase in temperature for the REFT model
corresponds to a roughly 8 % increase in the amount of tem-
. N perate ice in the absence of changes to any other parame-
large temperate ice zones, such as Storgted Pettersson ters (Fig.4a). At the same time, if rising temperatures in-

et I?Al:)gglogénsitivity to changes in variables depends on thecrease summer ablation, the near-surface aquifer thickness
. i Fig. 4b) shoul h ilibri Iti houl
choice of reference glacier (e.g. REFT versus REFC). In( Ig. 4b) should decrease and the equilibrium altitude should

¢ fi te fraction. the hiah itivity of meltwat rise (Fig.4d). Assuming that net balance sensitivity to tem-
erms oftemperate fraction, the high sensitivity of me aer'peratureabn/aT =0.5mK~1yr~1 the combined effects of

dominated polythermal glaciers (such as REFT) to small per'aquifer thinning and accumulation zone reduction sum to a

tgrbat|ons develops from the large amo“f“s of heat potenfnuch larger decrease in temperate ice fraction than the in-
tially captured Q) or lost through the glacier surface.

crease due to increased air temperature alone. This calcula-

tion may be altered if a higher winter balance accompanies

3.2.2 Coupled variables rising temperatures, so the potential exists for polythermal
glaciers to become either colder or warmer in a warming en-

The previous results demonstrate that in the absence of othetironment (cf.Rippin et al, 2017).

changes, higher air temperatures may cause polythermal

glaciers to become more temperate. Reductions in firn thick3.3 Experiment 3: prognostic modelling

ness and accumulation area extent have the opposite effect

(Fig. 6). In the case of a thick near surface aquifer (feg) The final experiment examines the transient responses of the

and a large accumulation area (Fé), surface air tempera- REFT and REFC models to changing climate. Equilibrium

ture acts as a nearly independent control on thermal structurkne altitude zg; o co-varies with a prescribed air tempera-

primarily through the effect of meltwater entrapment. The ture evolution in a manner consistent with E4Q); With ris-

situation reverses when aquifer thickness becomes less thang air temperature, the model net balance decreases linearly.

~2 m or when the accumulation area ratio is less than abouNear-surface aquifer thicknesgq either changes according

one-third. to Eq. QO) or is held fixed. Hypothetical increases in winter
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balance are prescribed to offset ablation predicted by E)y. (  us to conclude that many polythermal alpine glaciers will ex-
such that a high winter balance diminishes the effect of risingperience a net cooling as climate warms.
air temperature opgLa andiag,
For the REFT model, a wide range of thermal responses ,
is possible in a warming climate (Fig). Many trajectories 4 Conclusions

show decreasing temperate fraction over time, with this ef-_. . . : . .
Simple two-dimensional numerical experiments with syn-

fect being most pronounced when winter balance does lit-; . : : :
. . thetic glacier geometries reproduce a variety of thermal
tle to offset increased summer melt. The glacier length alsa’_ . : - .
) ; . regimes that have been observed in existing glaciers. These
falls. In shorter glaciers, a large portion of the bed has a high : : : - .
T . structural configurations exist along a realistic range of envi-

slope that the SIA is ill-equipped to handle. Furthermore, the

ronmental parameters.

glacier length relative to the fixed horizontal discretisation .
. For a small polythermal reference model dominated by
becomes small. Therefore, we do not include results from

glaciers<3km long in our analysis. When large increases temperate ice (REFT), meltwater entrapment comprises the

A . : rimary source of heat to the glacier. Meltwater entrapment
in winter balance are prescribed, the fraction of temperat : : : i

. . . . provides a mechanism through which changes in surface con-
ice (as well as the glacier volume) remains relatively steady.

More than 80 % of the ablation increase must be offset bydltlons have a direct influence on thermal structure. Strain

increased accumulation in order to maintain or increase th heating plays a less important role for the glacier geome-
Gf'ries tested here. Basal heat fluxes are a relatively unimpor-

temperate ice fraction for REFT. In this scenario, an 80% )
. . ; . ““tant control on temperate ice volume, but they have an effect
accumulation offset for 2.5 K warming is equivalent to an in-
crease in winter balance of 1 m [w.e.] on basal temperatures.
o In the polythermal regime embodied by REFT, environ-

The thermal evolution of the colder REFC model is dif- . .
. . . . _mental factors affecting the formation and entrapment of
ferent, with many of the high accumulation offset scenarios . )
D . . g . meltwater in the accumulation zone strongly affect thermal
resulting in increased temperate ice fraction. Rising air tem- : . B
X AN structure. The quantity of surface melting, the equilibrium
peratures increase the meltwater availability in the accumus; . . ;
. ; X : - line altitude and the near-surface aquifer thickness have com-
lation area. The increased meltwater is captured in scenarios . . . : .
eting roles in controlling the quantity of temperate ice pro-

where the near-surface aquifer thickness and extent remaiﬁ T . .
uced. Thinning firn layers and retreating accumulation zone

large. For smaller winter accumulation sensitivities (balanceextent have the potential to cut off the supply of latent heat to

0 . i i
offsets less than-50%), the glacier remains dominated by the glacier, thereby prompting transitions in thermal regime

cold ice. In many of the scenarios where winter balance in- . :
) o reduced or nonexistent temperate zones. The importance

creases little, both REFT and REFC models become smal S

and thin of meltwater entrapment in driving thermal structure makes

In order to test the impact of the assumption in 26)(we better constraints on accumulation zone parameters desir-

: . . able.
perform the experiment above with the alternative assump-"" . . . . . .
If increases in accumulation partially offset increases in

tion that the aquifer thickness4g) is constant. The resulting . L .
; oW ablation with rising temperature, the loss of temperate ice
thermal evolution for REFT is similar to above, however, the . . . .
volume slows. The increase in accumulation required for a

tgmperatg Ice Ios§ 'S mllde'r. In ﬂ.“?c’ case, the effe(?t O.f.theREFT-orREFC-type glacier to preserve or enlarge temperate
rising equilibrium line g a) is sufficient to cause a signifi-

cant reduction in temperate ice extent. For the REFC model,_c ZONeS 1S likely beyond that predicted for many glacierised

. . i énvironments. For this reason, many polythermal mountain
the results are slightly different; a number of balance scenar-, " . . . R . .
glaciers are likely to experience cooling in warming climates,

ios result in rising temperate ice fractions as more meltwa->_ " L .
. ) . articularly where the thermal regime is presently dominated
ter is captured in the near-surface aquifer. Therefore, ther
y meltwater entrapment.

is uncertainty because the future evolution of thermal struc- . .
In polythermal glaciers with a small volume of temperate

ture depends on the behaviour of the near-surface aqUifel|r'ce the rheological softening of ice due to non-zero water
Although 0haq/0T is poorly-known, we consider the rela- ' 9 9

. 2 - : content has only a limited effect on modelled geometry and
tionship in Eqg. 20) to be more realistic than assuming no . :
change. thermal structure. Where large temperate regions and high

Lo ater contents exist, rheological softening leads to substan-
Based on an assumed accumulation increase of 10 % an . 0
i ' tial differences in simulated geometry and thermal structure.
a temperature rise of 1 kKde Woul and Hock(2005 find : . . .
. . : . These predicted differences for temperate ice masses high-
that increased winter balance offsets increased ablation b

; . tht uncertainties surrounding the formulation of the flow-
approximately 20 %. The range of accumulation offsets forlaw coefficient in real glaciers
glaciers north of 60N that they report stretches from 54.4 % '
to less than 5 %. Our results suggest that offse85 % for
the REFT model and- 60 % for the REFC model are re-
quired to maintain or increase the temperate ice fractions in
the prescribed warming scenario (2.5 K warming). This leads

The Cryosphere, 7, 167482 2013 www.the-cryosphere.net/7/167/2013/



N. J. Wilson and G. E. Flowers: Controls on glacier thermal structure 181

AcknowledgementsThis work has been made possible through 2, 23-31d0i:10.5194/tc-2-23-2008008.

funding provided by the Natural Sciences and Engineering Re-Dowdeswell, J. A., Drewry, D. J., Liestgl, O., and Orheim, O.: Ra-
search Council of Canada (NSERC), Simon Fraser University dio echo-sounding of Spitsbergen glaciers: problems in the in-
(SFU) and the SFU Community Trust Endowment Fund (CTEF), terpretation of layer and bottom returns, J. Glaciol., 30, 16-21,

for which we are grateful. Feedback from Olivier Gagliardini, 1984.
Andy Aschwanden and two anonymous reviewers has substantiallypuval, P.: The role of the water content on the creep rate of poly-
improved the manuscript. crystalline ice, IAHS Publication, 118, 29-33, 1977.

Fountain, A.: The storage of water in, and hydraulic characteristics
Edited by: O. Gagliardini of, the firn of South Cascade Glacier, Washington State, USA,

Ann. Glaciol., 13, 69-75, 1989.
Gilbert, A., Vincent, C., Wagnon, P., Thibert, E., and Rabatel,

References A.: The influence of snow cover thickness on the thermal

regime of Tete Rousse Glacier (Mont Blanc range, 3200 m

Alexander, D., Shulmeister, J., and Davies, T.: High basal melting a.s.l.): Consequences for outburst flood hazards and glacier
rates within high-precipitation temperate glaciers, J. Glaciol., 57, response to climate change, J. Geophys. Res., 117, F04018,
789-795, 2011. doi:10.1029/2011JF002258012.

Aschwanden, A. and Blatter, H.: Meltwater production due to strain Greve, R.: A continuum—mechanical formulation for shallow poly-
heating in Storglaéren, Sweden, J. Geophys. Res., 110, 1-7, thermal ice sheets, Philos. Trans. Roy. Soc. London A, 355, 921—
doi:10.1029/2005JF000328005. 974,d0i:10.1098/rsta.1997.0050997a.

Aschwanden, A. and Blatter, H.: Mathematical modeling and nu- Greve, R.: Application of a polythermal three-dimensional ice sheet
merical simulation of polythermal glaciers, J Geophys. Res., 114, model to the Greenland ice sheet: response to steady-state and
F01027,doi:10.1029/2008JF001028009. transient climate scenarios, J. Climate, 10, 901-918, 1997b.

Aschwanden, A., Bueler, E., Khroulev, C., and Blatter, H.: An en- Gusmeroli, A., Murray, T., Jansson, P., Pettersson, R., Aschwan-
thalpy formulation for glaciers and ice sheets, J. Glaciol., 58, den, A., and Booth, A. D.: Vertical distribution of water within
441-457d0i:10.3189/2012J0G11J08%012. the polythermal Storglaairen, Sweden, J. Geophys. Res., 115,

Bjornsson, H., Gjessing, Y., Hamran, S., Hagen, J., Liestgl, O., F04002d0i:10.1029/2009JF001532010.

Palsson, F., and Erlingsson, B.: The thermal regime of sub-Gusmeroli, A., Jansson, P., Pettersson, R., and Murray, T.: Twenty
polar glaciers mapped by multi-frequency radio-echo sounding, years of cold layer thinning at Storglécen, sub—Arctic Sweden,
J. Glaciol., 42, 23—-32, 1996. 1989-2009, J. Glaciol., 58, 3—169i:10.3189/2012J0G11J018

Blackwell, D. D. and Richards, M.: Geothermal Map of North 2012.

America, American Association of Petroleum Geologists, Tulsa, Hock, R.: Temperature index melt modelling in mountain areas, J.

OK, USA, scale 1:6500000, 2004. Hydrol., 282, 104-115, 2003.
Blatter, H. and Hutter, K.: Polythermal conditions in Arctic glaciers, Holmlund, P. and Eriksson, M.: The cold surface layer on Stor-
J. Glaciol., 37, 261-269, 1991. glaciaren, Geograf. Ann., 71, 241-244, 1989.

Blatter, H. and Kappenberger, G.: Mass balance and thermal regim@vine-Fynn, T., Hodson, A., Moorman, B., Vatne, G., and Hubbard,
of Laika ice cap, Coburg Island, NWT, Canada, J. Glaciol., 34, A.: Polythermal Glacier Hydrology: A Review, Rev. Geophys.,
102-110, 1988. 49, RG4002d0i:10.1029/2010RG000352011.

Braithwaite, R. J., Laternser, M., and Pfeffer, W. T.: Variations in Jansson, P., Hock, R., and Schneider, T.: The concept of glacier stor-
near surface firn density in the lower accumulation area of the age: a review, J. Hydrol., 282, 116-129, 2003.

Greenland ice sheetaRitsog, West Greenland, J. Glaciol., 40, Le Meur, E., Gagliardini, O., Zwinger, T., and Ruokolainen,
477-485, 1994. J.: Glacier flow modelling: a comparison of the Shallow Ice

Breuer, B., Lange, M. A., and Blindow, N.: Sensitivity studies on  Approximation and the full-Stokes solution, Comptes Rendus
model modifications to assess the dynamics of a temperate ice Physique, 5, 709-7220i:10.1016/j.crhy.2004.10.002004.
cap, such as that on King George Island, Antarctica, J. Glaciol.,LeVeque, R. J.: Numerical Methods for Conservation Laws, Lec-
52, 235-247, 2006. tures in Mathematics, ETH-Zurich, Birkhauser-Verlag, 1992.

Clarke, G., Collins, S., and Thompson, D.: Flow, thermal structure, Lliboutry, L.: Physical processes in temperate glaciers, J. Glaciol.,
and subglacial conditions of a surge-type glacier, Can. J. Earth 16, 151-158, 1976.

Sci., 21, 232-240, 1984. Macheret, Y. and Glazovsky, A.: Estimation of absolute water con-
Cuffey, K. and Paterson, W.: The Physics of Glaciers, Elsevier, Am- tent in Spitshergen glaciers from radar sounding data, Polar Res.,
sterdam, 4th Edn., 2010. 19, 205-216, 2000.

Dahl-Jensen, D.: Steady thermomechanical flow along two-Nye, J. F.: Thermal behaviour of glacier and laboratory ice, J.
dimensional flow lines in large grounded ice sheets, J. Geophys. Glaciol., 37, 401-413, 1991.

Res., 94, 10355-10362, 1989. Oerlemans, J., Bassford, R., Chapman, W., Dowdeswell, J. A.,
Davies, J. H. and Davies, D. R.: Earth’s surface heat flux, Solid Glazovsky, A. F., Hagen, J.-O., Melvold, K., de Ruyter de Wildt,
Earth, 1, 5-24¢0i:10.5194/se-1-5-201@010. M., and van de Wal, R. S. W.: Estimating the contribution of

de Woul, M. and Hock, R.: Static mass-balance sensitivity of Arctic  Arctic glaciers to sea-level change in the next 100 years, Ann.
glaciers and ice caps using a degree-day approach, Ann. Glaciol., Glaciol., 42, 230-236, 2005.
42,217-224, 2005. Paterson, W. S. B.: Temperature measurements in Athabasca
Delcourt, C., Pattyn, F., and Nolan, M.: Modelling historical and re-  Glacier, Alberta, Canada, J. Glaciol., 10, 339-349, 1971.
cent mass loss of McCall Glacier, Alaska, USA, The Cryosphere,

www.the-cryosphere.net/7/167/2013/ The Cryosphere, 7, 1682, 2013


http://dx.doi.org/10.1029/2005JF000328
http://dx.doi.org/10.1029/2008JF001028
http://dx.doi.org/10.3189/2012JoG11J088
http://dx.doi.org/10.5194/se-1-5-2010
http://dx.doi.org/10.5194/tc-2-23-2008
http://dx.doi.org/10.1029/2011JF002258
http://dx.doi.org/10.1098/rsta.1997.0050
http://dx.doi.org/10.1029/2009JF001539
http://dx.doi.org/10.3189/2012JoG11J018
http://dx.doi.org/10.1029/2010RG000350
http://dx.doi.org/10.1016/j.crhy.2004.10.001

182 N. J. Wilson and G. E. Flowers: Controls on glacier thermal structure

Pettersson, R., Jansson, P., and Blatter, H.: Spatial variability in waRobin, G. Q.: Ice movement and temperature distribution in glaciers
ter content at the cold-temperate transition surface of the poly- and ice sheets, J. Glaciol., 2, 523-532, 1955.
thermal Storglaéren, Sweden, J. Geophys. Res., 109, F02009,Schytt, V.: The inner structure of the ice shelf at Maudheim as

doi:10.1029/2003JF0001,1P004. shown by core drilling, vol. 4 of Norwegian-British-Swedish
Pettersson, R., Jansson, P., Huwald, H., and Blatter, H.: Spatial pat- Antarctic Expedition, 1949-52, Scientific Results, Norsk Polar-

tern and stability of the cold surface layer of Storgéaen, Swe- institutt, glaciology, 2nd Edn., 1958.

den, J. Glaciol., 53, 99-109, 2007. Sturm, M., Holmgren, J., &nig, M., and Morris, K.: The thermal

Pimentel, S., Flowers, G. E., and Schoof, C. G.: A hydrologically  conductivity of snow, J. Glaciol., 43, 26-41, 1997.
coupled higher-order flow-band model of ice dynamics with a Truffer, M. and Echelmeyer, K.: Of isbreeand ice streams, Ann.
Coulomb friction sliding law, J. Geophys. Res., 115, F04023, Glaciol., 36, 66—72, 2003.
doi:10.1029/2009JF001622010. Vincent, C., Descloitres, M., Gearambois, S., Legchenko, A., Gu-

Rabus, B. T. and Echelmeyer, K. A.: The mass balance of McCall vyard, H., and Gilbert, A.: Detection of a subglacial lake in Glacier
Glacier, Brooks Range, Alaska, U.S.A,; its regional relevance de Tete Rousse (Mont Blanc area, France), J. Glaciol., 58, 866—
and implications for climate change in the Arctic, J. Glaciol., 44, 878,d0i:10.3189/2012J0G11J1,72012.

333-351, 1998. Wilson, N. J., Flowers, G. E., and Mingo, L.: Characterization and

Radt, V. and Hock, R.: Regionally differentiated contribution of interpretation of polythermal structure in two subarctic glaciers,
mountain glaciers and ice caps to future sea—level rise, Nat. J. Geophys. Res., in review, 2013.

Geosci., 4, 91-94, 2011. Wohlleben, T., Sharp, M., and Bush, A.: Factors influencing the

Reeh, N.: Parameterization of melt rate and surface temperature on basal temperatures of a High Arctic polythermal glacier, Ann.
the Greenland Ice Sheet, Polarforschung, 59, 113-128, 1991. Glaciol., 50, 9-16, 2009.

Reijmer, C. H., van den Broeke, M. R., Fettweis, X., Ettema, Wright, A. P., Wadham, J. L., Siegert, M. J., Luckman, A,
J., and Stap, L. B.: Refreezing on the Greenland ice sheet: a Kohler, J., and Nuttall, A. M.: Modeling the refreezing of
comparison of parameterizations, The Cryosphere, 6, 743-762, meltwater as superimposed ice on a high Arctic glacier: A
doi:10.5194/tc-6-743-2012012. comparison of approaches, J. Geophys. Res., 112, F04016,

Rippin, D., Carrivick, J., and Williams, C.: Evidence towards ather-  doi:10.1029/2007JF0008,18007.
mal lag in the response ofétsaglaciren, northern Sweden, to
climate change, J. Glaciol., 57, 895-903, 2011.

The Cryosphere, 7, 167482 2013 www.the-cryosphere.net/7/167/2013/


http://dx.doi.org/10.1029/2003JF000110
http://dx.doi.org/10.1029/2009JF001621
http://dx.doi.org/10.5194/tc-6-743-2012
http://dx.doi.org/10.3189/2012JoG11J179
http://dx.doi.org/10.1029/2007JF000818

