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Abstract. Glacier surges are a well-known example of an net mass balance. Our results also highlight the importance
internal dynamic oscillation whose occurrence is not a di-of glacier bed topography in controlling ice dynamics, as ob-
rect response to the external climate forcing, but whose charserved in many other glacier systems.

acter (i.e. period, amplitude, mechanism) may depend on
the glacier's environmental or climate setting. We examine
the dynamics of a smalk5 kn?) valley glacier in Yukon,
Canada, where two previous surges have been photograph- ]

ically documented and an unusually slow surge is currentlyl Introduction

underway. To characterize the dynamics of the present surge,

and to speculate on the future of this glacier, we employSurges furnish a dramatic example of an internal oscillation
a higher-order flowband model of ice dynamics with a regu-of the glacier flow regime (e.gBudd 1975 Fowler, 1987).
larized Coulomb-friction sliding law in both diagnostic and During the surge cycle, changes to the basal thermal and/or
prognostic simulations. Diagnostic (force balance) calcula-hydrological state precipitate sharp changes in ice-flow speed
tions capture the measured ice-surface velocity profile onlyover timescales from years to decades (édgier and Post
when non-zero basal water pressures are prescribed over tH®69 Clarke et al, 1984 Kamb et al, 1985 Raymond 1987
central region of the glacier, coincident with where evidenceDowdeswell et a].1991 Bjornsson1998. Fundamental to

of the surge has been identified. This leads to sliding aca glacier's ability to surge is some resistance to flow suf-
counting for 50-100% of the total surface motion in this re- ficient to allow the accumulation of a mass reservoir be-
gion. Prognostic simulations, where the glacier geometrytween surges. This resistance may arise from thermal (e.g.,
evolves in response to a prescribed surface mass balance, rélarke and Blake1991 Murray et al, 2003 and/or hydro-

veal a significant role played by a bedrock ridge beneath thdogical (e.g.,Kamh 1987 conditions within or beneath the
current equilibrium line of the glacier. Ice thickening occurs ice. Surge onset and termination are therefore usually asso-
above the ridge in our simulations, until the net mass bal-ciated with significant changes to the glacier thermal or hy-
ance reaches sufficiently negative values. We suggest thairological regime (e.gHlarrison et al.1994 Humphrey and

the bedrock ridge may contribute to the propensity for surgefRaymond 1994 Murray et al, 2000. The return interval

in this glacier by promoting the development of the reservoirbetween surges is generally thought to be related to the net
area during quiescence, and may permit surges to occur unmass balance, as sufficient mass accumulation is required to
der more negative balance conditions than would otherwiseelicit the surge trigger (e.gLingle and Fatland2003. Var-

be possible. Collectively, these results corroborate our interiegated Glacier, Alaska, provides an example of a strong re-
pretation of the current glacier flow regime as indicative of alationship between cumulative net balance and surge occur-
slow surge that has been ongoing for some time, and supporence Eisen et al.200J). In addition to these requirements,

a relationship between surge incidence or character and thsubstrate geology appears to be significantly correlated with
the incidence of some surge-type glaciers (€tprke et al,

1984 Hamilton and DowdeswellLl996 Jiskoot et al.2000

Correspondence tdG. E. Flowers and may help explain the non-uniform geographical distribu-
BY (gflowers@sfu.ca) tion of these glaciersRost 1969 Clarke et al, 1986).
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Theoretical underpinnings of the surge phenomenon sugreaches even in the presence of regional glacier mass loss
gest that surges can occur in a stationary climate, and thuge.g.,Nuth et al, 2010. This complex behaviour of surge-
are not a direct response to climate variations (68gdd, type and tidewater glaciers, often appearing unrelated to pre-
1975 Fowler, 1987). This accords with observations and is vailing climate, makes projections of glacier change more
consistent with the general notion that surges are only in-difficult in areas where these glaciers are found in abundance
directly driven by climate, as climate controls the rate of (e.g.,Arendt et al, 2008.
glacier mass accumulation and influences glacier thermal In this study we use a flowband mod@&iihentel et al.
structure (e.g.Harrison and Post2003. This does not 2010 to examine the present dynamics and future progno-
mean that surges are independent of climate: climate-drivesis of a glacier that is currently undergoing a slow surge
changes in glacier mass balance may explain the ephemerébe Paoli and Flowe;2009. We estimate values of basal
surge-type behaviour of some glaciers (e.g., Vernagtfernerflow speeds and basal water pressures that are consistent with
Austria, Hoinkes 1969, the adjustment of the return in- our measurements of the present glacier geometry and sur-
terval as a function of cumulative net balance (e.g., Varie-face velocity. Time-dependent simulations with an evolv-
gated, AlaskaEisen et al.2001), dramatic changes in surge ing geometry are used to evaluate the glacier response to
vigour (e.g.,Frapge and Clarke2007 De Paoli and Flow- prescribed mass balance scenarios. Results of these simula-
ers 2009 and the potential cessation of surges as glaciersions provide some insight into the spatial extent of past and
become starved of mass (e.pgwdeswell et a].1995. Cli- present surges, the mechanisms of flow resistance during qui-
mate conditions also play a role in surge timing (eLingle escence and the sensitivity of surge incidence to glacier mass
and Fatland2003, with exceptionally warm conditions hav- balance.
ing been associated with an unusual synchroneity of tributary
surges in the Karakoram Himalayddwitt, 2007 and high
summer temperatures having preceded a premature termin2- Study glacier characteristics and recent behaviour
tion of the 1995 Variegated Glacier surdgggen et al.2005.

Frapge and Clark€2007 coined the term “slow surge”to  The study region is situated in the St. Elias Mountains
describe the most recent surge of the polythermal Trapridge®f Yukon, Canada (Figla), part of the~88000kn? of
Glacier, Yukon, Canada, in which the active phase was unice cover in this region of northwestern North America.
usually long ¢20yr) and the flow velocities much lower Glaciers in this region, straddling Alaska, Yukon and British
than those observed during an ordinary surge. Flow speedgolumbia, are estimated to have contributed to global sea
during a typical surge are expected to be 10-100 timedevel at an average rate of 0.£0.02mma? from 1962
those during quiescencklgier and Post1969, whereasthe 2006 @erthier et al. 2010, with glaciers in the St. Elias
peak annual flow speeds measured during the slow surge @fnd Wrangell Mountains responsible for roughly half of this.
Trapridge Glacier only reached 42 mlacompared to speeds Glacier mass loss rates in the St. Elias and Wrangell Moun-
measured after the surge of less than 10 &rapge and  tains from 1968—-2006 are estimatedBgrthier et al(2010
Clarke (2007 suggested that this slow phase may be a preto be 0.47:0.09ma? water equivalent (w.e.). Barrand
lude to the more recognizable fast phase of the surge, buand Sharg2010 suggest an even higher rate of mass loss
that a climate-driven deficit in mass accumulation over recenof 0.78+ 0.34mw.e. a® for Yukon glaciers over a roughly
decades precluded the fast phase from developing. Otherimilar time period. Glaciers in this region of the world are
have suggested, on theoretical grounds, that slow surges maxpected to be among the most significant contributors to sea
also occur in stationary climates, with a continuum of pos-level over the next 100 yiRadic and Hock2011).
sible surge behaviours in such climates ranging from slow, As one of~20 individual valley glaciers populating the
extended surges favoured by low accumulation rates to th&onjek Range, the study glacier (Fith) is one of two tar-
more recognizable, abrupt surges favoured by high accumugeted as part of a regional mass and energy balance investiga-
lation rates Fowler et al, 200). The term “slow surge” tion. The glacier is 5.3 kfin area, with a centreline length
was adopted be Paoli and Flower£009 to describe the of ~5km. Its elevation range is 1970-2960 ma.s.l., with
present dynamics of the study glacier, as elaborated in th@ current equilibrium line altitude (ELA) of approximately
next section. 2550ma.s.l. (Wheler, 2009). The study region is character-

While surges have inspired their own curiosity-driven ized by a sub-arctic continental climate with relatively low
study, their occurrence and evolution are also of practicalaccumulation rates. Based on one vertical temperature pro-
importance in the assessment of glacier and ice-cap corfile obtained in the central ablation area&300 m a.s.l., the
tributions to runoff and sea level. Surge-type and tidewa-glacier appears to have a weakly polythermal structure with
ter glaciers complicate the analysis of regional glacier massx 10-15 m thick cold layer overlying nearly temperate ice; in
change by frequently exhibiting behaviour that is distinct this area, the mean annual air temperature is8°C.
from that of their surroundings (e.gArendt et al, 2002 Kasper(1989 andJohnson and Kaspét992 identified
Molnia, 2007). For example, surge-type glaciers in their the study glacier as surge-type. Based on aerial photographic
quiescent phases can experience thickening in their uppegvidence (from the National Air Photo Library, Ottawa,
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Fig. 1. Study site(a) Study glacier (outlined) in the Donjek Range, southwest Yukon, Carfaji§tudy glacier with annual velocity vectors
at stake locations. Surface contours in ma.s.l.

Ontario: Department of Energy Mines and Resources), we3 Data and model inputs

know the study glacier surged in 1951; by 1977 it had re-

treated over 1km up-valley and was in a quiescent state (S€§ 1  g|acier surface flow velocity
De Paoli and Flowers, 2009). It surged again in 1986/1987

(P. Johnson, personal communication, 2006) and had all the . )
visual hallmarks of a traditional surge at that time, includ- Surface velocities are calculated from annual displacement

ing a heavily crevassed surface, shear margins near the vajf€asurements made from 2006-2009 at a network of stakes

ley walls, a thickening of the lower glacier and a steep and(Fig. 1b). Displacements during short intervals of the sum-
advancing ice front. mer season (usually 1-3 weeks in early July to early Au-

Our observational program began in 2006 and included an9ust) were also measured in 2006, 2007 and 2009; veloci-

nual and summer measurements of glacier surface velocit§/€S ”calculz?\t'ed from these data will be referred to as “sum-
at a stake network (Figlb), as well as glacier surface- and M€ velocities for simplicity, although they do not represent

bed mapping as described below. Surface speeds along tﬁBe full summer season. All stake measurements were made

glacier centreline were inverted for basal flow speeds fol-With Trimble R7 Global Positioning System (GPS) receivers
lowing the method offruffer (2004, and basal flow was 2nd Zephyr geodetic antennas, and employed a temporary
found to accommodate most of the measured surface motioR2Se station established200m from the glacier margin.
over the central region of the glaciedg Paoli and Flowers Most measureme_:nts were made during real-time kinematic
2009. Based on this, and several other lines of evidence (RTK) surveys with a roving antenna mounted on a survey
we concluded that the study glacier is presently undergoing £0!€ Or backpack, and positioned at the base of the velocity
“slow surge”, not unlike that described Byapge and Clarke stake. Integrated uncertainties on these measurements were
(2007 for Trapridge Glacier. Although we cannot rule out €MPpirically estimated by having multiple surveyors make

the possibility that this dynamic regime has precedent in the_the same measurement in succession. Measurements made

glacier's recent history, it stands in contrast to the surge beln 2008 were post-processed kinematic (PPK) rather than

haviour for which we have photographic evidence. real—time kinematic. Stgnda}rd error propagation was used
to estimate the uncertainty in computed flow speeds. Un-
certainties are much higher for the summer measurements
due to the short time intervals over which the measurements
were made.De Paoli and Flower$2009 provide a more
detailed description of the velocity measurements and their
interpretation. The datasets added here (summer 2009 and
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2008-2009 annual velocities) have the same general spatiaensity equal to 800 kgm? and 910kg m?, respectively

structure as those previously presented. (Cuffey and Patersqr2010, are used to convert changes
in firn/ice height to their water-equivalent value&/tieler,
3.2 Glacier geometry 2009. Spatially distributed values of the summer balance

are generated using an enhanced temperature-index model

The glacier surface, excluding the tributaries and highly (Hock, 1999 calibrated with these data. Spatially distributed
crevassed areas, was mapped in detail in 2006—-2007 withalues of the winter balance are estimated by regression
real-time kinematic GPS surveying using Trimble R7 re- of the stake measurements on elevation and surface slope
ceivers, Zephyr geodetic antennas and the base station me(Wheler 2009. The distributed net balance is then com-
tioned above. These data were used to construct a 30 m digputed as the sum of these summer and winter balance dis-
tal elevation model (DEM) by kriging (De Paoli, 2009); 1977 tributions (Anonymous 1969 @strem and Brugmari991).
map data were used to interpolate the ice surfaces of the tw@he net balances we calculate in this way are broadly consis-
major tributaries, one of which is effectively disconnected tent with regional mass balance estimates made over similar
from the glacier trunk. A portable impulse radar system time periods from Gravity Recovery and Climate Experiment
(Mingo and Flowers2010 with a nominal centre frequency (GRACE) data l(uthcke et al. 2008 and aircraft laser al-
of 10.5 MHz was used to map the glacier bed in 2007—2008timetry (Arendt et al, 2008. For our present purposes, we
We collected over 30 profiles transverse to ice flow, and sevextract a profile from the 2007 annual net balance distribution
eral discontinuous longitudinal profiles as permitted by theand use a best-fit polynomial to represent its general structure
terrain. Tributaries were again excluded. These data are thé-ig. 3).
basis for the bed DEM contoured in Fizga (De Paoli, 2009).
De Paoli and Flower€009 provide details on the radar data
collection.

From the surface and bed DEMs, numerous flowline pro—gv

4 Ice flow model

fil f alaci i ¢ ticall ted b e employ a flowband model with higher-order dynamics
es ot glacier geometry were automatically generated base mplemented followingBlatter (1995 and Pattyn (2002,
on the ice-surface gradient averaged over a horizontal lengt

X L lateral drag parameterization and a regularized Coulomb
scale of 200m. Three of these profiles are shown in Fig. boundary condition. This model is fully described elsewhere

Ice thicknesses over the lower two-thirds of the glacier are . .
: (P tel et al.201 f f such I
less than 100 m and often less than 75m. The ice depth |ng imentel eta] 2010 and is one of a number of such models

: in existence (e.gRattyn et al.2008. We use a Cartesian co-
creases to-150m where t.he gIaC|er trunk bends s.harply and ordinate system defined by the flow-direction coordinate
occupies an overdeepening in the valley. Adopting slightly

different averaging lengths for the surface slope does nofalnd the orthogonal horizontal and vertical coor@na@e&md
substantially alter the automatically generated flowline po—x3’ re spectively. We asstme Iaterg | homogeneity but param-

o d donting an averaaing lenath that Scaleeterlze Iater_al effect_s by introducing a_flowbgnd _h_alf width
\?\;ittlﬁrllzéa:;?ée t?l(iacskr?essp ngever smgll gerturgbations in the (xy). In this coordinate system we write a simplified form
flowline initiation point ;:reate Iarg,e deviations in the down- of t.h? Ngwer—Stoke; equayon, n(_aglectlng accgleratlon, de-

. ) . . scribing incompressible fluid flow in two dimensions:
stream flowline trajectory (grey lines, Figa). Importantly,
the discrepancies in the resulting glacier profiles (Big.are do11 0013
minimal, except over the lowermost one-third of the glacier 3, + 9xa + Far=0, @)
X1 X3

where the ice is generally less than 50 m thick. A significant
overdeepening is present in all profiles. Glacier width, as
required for the flowband model, is calculated based on the?31 9933 — g @
distance between the glacier margins along a line orthogonaldxy ~ 9x3 ’

to the local tangent to the flowline (Figc). where o;; are the components of the stress tensok:

910kg n3 is the density of ice ang =9.81ms?2 is the
acceleration due to gravity. We usg; to denote the lateral

. shear stress gradient, which will be parameterized later. We
Summer and winter balance measurements are made at tl?e

stake locations (Fidlb) in late August/early September and ti?)l:;)\t,g EI;itth)r.(mga in making the hydrostatic approxima-
late April/early May, respectively. The stake network nearly o

spans the full elevation range of the glacier, and includesaggz —pg(zs—x3), ©)
three tranverse profiles as well as a longitudinal centreline

profile. Integrated snow-pit densities or individual measure-wherezs is the glacier surface elevation. In making the hy-
ments of surface snow density are used to convert stakedrostatic assumption, vertical resistive stresses and therefore
height measurements in snow to water-equivalent mass lodsridging effects are neglected (eRattyn 2002. Bridging

or gain Wheler 2009. Constant values of firn and ice is significant over short spatial scales and, for example, in

3.3 Mass balance
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Fig. 2. Glacier bed topography and flowline geomef{g) Glacier bed elevation as determined by ice-penetrating radar, with automatically
generated flowlines (black = reference, grey = alternative). Unshaded tributaries have not been sub)e@dcier surface and bed
topography along reference (black) and alternative (grey) flowlines as shdaj iDotted line shows a synthetic bed profile that omits the
overdeepening and bedrock ridde) Glacier width along flowlines. Note that width profiles exclude tributaries.

the momentum balance becomes
6 1.0:7’”‘*~“~‘;“t ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ b
q Teel : : : a 80']_3 8Zs

2 L STt~ : : 1 — (201 4+05,) + —— + Fiat= pg — 5
= 0_ T S | axl( 117+022) 0x3 lat pgaxl ®)
§ : j : : 1 where the longitudinal and transverse stress gradients have
‘—cg 10 e\ o T ERRT - been retained. Although we have approximated the vertical
° : 5 . normal stress as hydrostatic, the pressre- o7, + 05, —
@ —2.0F i SITITIRITIIINIeT I TR 0g(zs— x3) departs from hydrostatic. To describe the rheol-
S 2007 Net balance along reference flowline : ogy of ice, we write the flow law as
g 30k Best-fit polynomial to 2007 netbalance | N !

. -———- Polynpmlal a‘d]ustedr to zero net ba]ance Oi/j — 2Véij , (6)

0 1000 2000 _ 3000 4000

Distance along the flowline (m) with the strain-rate-dependent ice viscosity

1
V=AY (4 ég)m/n @)
Fig. 3. Profile of the 2007 net surface mass balance along the ref- . .
erence flowline (grey), best-fit polynomial (black) and best-fit poly- @nd the strain rate tensor defined as
nomial adjusted to zero net balance (dashed). Alternative mass bal- 1 (3141‘ 3uj>

®)

ance forcings are achieved by shifting the curves up or down. €ij = 2

Wj ax,-
Inthe above¢? = 3¢;;¢;;, ¢2 is a small number used to avoid
singularity, andA andn are, respectively, the coefficient and

icefalls (van der Veen and Whilland989. It may be non-  exponent of Glen’s flow-lawGlen 1953. Although A is

negligible over several steep sections in the glacier surfac&iSually written as a function of ice temperature using a mod-
profile (Fig.2b) and where basal slip conditions change overified Arrhenius relation (e.gRPaterson and Budd 982, we

short distances. adopt aaconstgaint value df in this stud_y for simplici@ty. As-
, o suming 52 « gt leads to the approximations = %ﬁ
Introducing the deviatoric stress tensor, We assume no lateral slip along the valley walls and pa-
rameterize lateral drag as
1 . vul
o/} =0ij —§5ij0kk, (4) o12=2vép> iW’ (9)
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with 22 =0, §4~ 4 1

o ' T W i = (u1,u2,u3) the velocity vector
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(Schoof 2005 Gagliardini et al. 2007). We define effec-

and the choice of sign in Eq9) being dependent on what tive pressure as the difference between the leading-order bed

side of the centreline is under consideration. Then

0012 vuq
Fai=——=

8x2 - W ) (10)

which must be negative for consistency with Edp). (In
the reduction of the model to two dimensions, followixge
(1959, we have taken

normal stress and the basal water pressife: pgh — Py.
This definition is consistent with the assumptions made in a
Blatter-Pattyn model such as ouiSchoof and Hindmarsh
2010, but would not be correct for models such as a Stokes
flow model in which the leading-order bed normal stress can
differ from hydrostatic stress.

For the prognostic simulations, the ice-thickness evolution

obeys
oh 1 0@uihW)
o W oaxy

with 7 = 3 / “u1dx3 the depth-averaged horizontal veloc-
ity and M the surface mass balance rate. We solve E@), (
which holds for a rectangular glacier profile, by reformulat-
ing it into a diffusion equation (e.gHindmarsh and Payne
1996.

The model domain is discretized horizontally into 150—
200 equally spaced grid cells and vertically into 50 uniformly
spaced levels. The governing equations are discretized us-

ouo _u1 oW

e =0 11
dx2 W oxq (11)

+M, (16)
Taking the approach dfolinge and Rappa@1999 and
Pattyn(2002, whereby the momentum equations are refor-
mulated using the flow law as an elliptic problem for the
horizontal velocity component;, we arrive at the following

equation for velocity:

ur [ ov oW 2w 1 awN?| v
iy b IR, YY) [ilRASR Y [ I P
W\ 0x10x1 asz_ W\ 0x1 w

ouy [ dv 20 0W du1 ov 92uq ing standard second-order finite-difference formulations on
+3—)€1(43_)€1+W3_J61> x3 0x3 v ax% a staggered grid. A Picard iteration is used to iteratively
5 solve the velocity and viscosity equations, with a subspace
+ 0%u1 — 9zs (12) iteration (an adaptive under-relaxation scheme) that acceler-

vV

3X§ P8 dx1 ates convergence. The shallow-ice approximation is used to
obtain an initial estimate of the velocity. Details of the model
formulation and implementation can be foundRimentel
et al. (2010, with the exception that we do not employ the

dynamic hydrology described therein.

which combined with the following expression for viscosity,
1 dur\?  [(u1 dW\?
— A Un e A
=2 [(am) +<W8x1 +

2 (1-n)/2n
+1 ouq +l(u1>2+é2
4\ dxs a\w 0 ’
We begin with diagnostic simulations (i.e. fixed glacier ge-

can be solved with a Picard iteration in the viscosity. Follow- g metry) intended to characterize the basal conditions consis-

ing Blatter (1999 and many others, we assume gstress-freetem with the observed surface velocities. Although we have

surface to define the surface boundary condition: some information about englacial temperatures, we begin by
tuning the value of the flow-law coefficiert in simulations

d0zs ouq duq . . . .

—|4—)——=0 with no basal flow (basal sliding or deformation). Adopting

0x1 \ 0x1 0x3

We use a regularized Coulomb friction law (e.§choof

areference value of, we explore the model sensitivity to the
parameters that describe the geometry of bed obstacles in the
2005 Gagliardini et al. 2007 to define the basal boundary
condition,

uy oug oW

W oxq1 dx1

(13) 5 Simulation strategy and results

at X3=12s. (14)

friction law using simulations that permit sliding with basal
water pressure set equal to zero. We then introduce basal
flow with non-zero basal water pressures and attempt to con-
strain the magnitude and distribution of basal flow rates and
water pressures along the flowline. Finally, simple prognos-
tic simulations (i.e. evolving glacier geometry) are performed
to assess the sensitivity of glacier geometry and dynamics to
the prescribed surface mass balance.

1/n
) N, A:M7 (15)

Mmax

Uup
w=C| ——
up+C"N"A

with up the basal flow speedy the basal effective pressure,
Amax the dominant wavelength of bed obstacles;ax their

maximum slopes and a constant that defines the maximum
value oft,/N in the friction law. Because the boundary con- 9.1 Diagnostic simulations
dition on basal flow velocity depends apitself, the friction

law must be part of the solution to the ice dynamics prob-
lem. For real bedrock geometrieS,< mmayx; here we take Ice-temperature measurements made in one borehole drilled
C =0.84 mmax as derived for a sinusoidal bedrock geometry ~75 m to the glacier bed in the central ablation area revealed

5.1.1 Determination of the flow-law coefficientd
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a cold surface layer 10-15 m thick overlying nearly temper-

—— A=24x10"Pa’s”"

—  A=14x10"Pa’s" ||

ate ice. De Paoli (2009 used a one-dimensional vertical 6or e A=saxt0TpasT ]
. A . . S =4.4x a’s
thermal diffusion model to estimate the englacial tempera-  5g N A=34x102'Pa’s™ |4

ture structure, as a basis for estimating(Eqg. 7). When —
weighted by an idealized vertical profile of the shear strain '® 40

A Summer observations

rate, De Paoli(2009 calculated an effective ice tempera- £ 3 O Annual observations
ture of ~—2°C and therefore chose a value 4f=2.4 x B m Tnerectmere
10-24Pa3s1 (Paterson1994. Rather than adopting this (% 207

value directly, we take a different approach in which we as- 10 q

sume that the lowest winter velocities measured over the up- y AT\

per kilometre of the glacier represent deformation only (no 00 1000 2000 3660 2000

basal flow). We choose only the upper kilometre of the
glacier, because the inversion result®efPaoli and Flowers
(2009 suggest high basal flow rates below this that may not

be Confin_ed to th? summer season. _ Fig. 4. Measured and modelled glacier surface speed along the
We estimate winter flow speeds by assuming our summefiowline. Estimates of winter flow speed (squares) have been made
flow-speed measurements are representative of a four-montirom measured annual (circles) and summer (triangles) flow speeds,
period of the year. Despite the summer measurement interassuming the summer speeds are representative of a four-month pe-
val being short (1-3 weeks) and slightly different each yearriod. Modelled profiles represent different values of the flow-law
(from early July to early August)’ the ﬂOW Speeds we mea_CoefﬁCientA in simulations with no basal flow. Error bars on the
sure at the stake locations have been remarkably consisteftéasurements are omitted in the interest of readability.
from year to year; they also agree well with flow speeds
calculated from summer displacements measured over 30— o .
: : ; known parameter. These parameters arise in the theoretical
60 days at several stakes equipped with dedicated GPS antea- . Y . . .
. . : . escription of cavitation as the ice slides over its bed, and
nas and receiverBeglliveay 2009. This consistency may s : . o
. . . are most intuitively imagined as describing the geometry of
be the result of our measurements being collected in mid- L :
. ._bedrock asperities. However, we assume that this formula-
summer, when flow speeds are expected to be mtermedlat[e : .
ion captures the essential physics of basal flow wherever

between the high values of late spring/early summer and th((e:avitation takes place, whether over hard, soft or mixed beds.
lower values of late summer/early autumn.

- i . While mmax and Amax could potentially be measured in
Th? minimum winter f!ow speeds estimated over the uP-4 deglaciated forefield, their small dimensions relative to the
per kilometre of the flowline are well matched far= 2.4 x

oA 3 ) ; . ice thickness would make them difficult or impossible to
1.0 I?a s - n S|mulat|qns with no basal flow (bo!d solid measure in a subglacial environment. These parameters are
line, Fig.4). We adopt this value as a reference, in agree-

X . ; . ~~ therefore challenging to independently constrain. Here we
ment W'th De Paoli(2009, and make the _S|mple_assumpt|0n merely illustrate the model sensitivity to a range of parame-
that A is homogeneous along the flow line. If ice tempera-

tures in the ablation area are lower than in the accumulatior%er values in simulations that permit basal motion with basal
area, where percolation and refreezing of meltwater occursWater pressure set equal to zero (F5p. Modelled surface-
the \;alue oprwe have adopted may bg higher than that ap and basal flow speeds increase as bed obstacles are either
i . e “lengthened (increasi or flattened (decreasi .
propriate for the glacier as a whole. If this is the case, the 9 ( Ghnax) ( NGmax)

calculated basal flow rates required to explain the measured e have expenmenfced \.Nlth amuch yvlder range of pa_\rameter

surface speeds in the ablation area could be regarded as mi\rﬁf—ilues than shown n Fgs .bUt restrict our presentation to

UM estimates several for which the resulting modelled flow speeds bracket
' the observed annual values over the upper kilometre of the

flowline. We adopt uniform reference valuesmf,ax= 0.25

and Amax= 6 m for subsequent simulations (bold solid line,

Fig. 5b,d). There are alternative parameter values that pro-
Although the regularized Coulomb friction law provides duce similar results, the implications of which are discussed

a more physically defensible description of the relationshipbelow' We have choses, mmax and Amax in suph away
-H]at observed flow speeds over the upper glacier are largely

explained withN = pgh, thus minimizing the role of water
pressure.

Distance along the flowline (m)

5.1.2 Sensitivity to the regularized Coulomb
friction-law parameters

ing laws (e.g.Schoof 2009, it still requires prescription of
several parameter values. In addition to Glen’s flow-law pa-
rametersA andn, the friction law requires assignment of
the maximum slope of bed obstackegax and their dimen-
sional wavelength.max. In these simulations, we tal@=
0.84mmax in Eq. (15), though this is arguably another un-
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Fig. 5. Sensitivity of modelled flow speeds to friction-law parametefsax andimax for simulations with basal water pressure set equal to
zero.(a) Basal- andb) surface flow speeds modelled fafax= 0.2—-05 andimax= 6 m. (c) Basal- andd) surface flow speeds modelled
for Amax=1-12m andnmax= 0.25. A =2.4x 10~24Pa3s~1 for these simulations, and solid squaregbhand(d) indicate measured
annual flow speeds.

5.1.3 Influence of basal water pressure the upper-1550 m of the flowline from zero to 20% of over-
burden (Fig.6a). Although non-unique, this is the simplest
Simulations with spatially uniform values of, mmax and ~ change that produces a reasonable representation of the sum-
data (Fig.5b,d). In the absence of other variables, excep-total surface motion, as modelled here, is similar for sum-
tional spatial heterogeneity in at least one of these parame?€r and annual datasets (F&h). It is generally less than
ters must be invoked to explain the variability of measured>0% over the upper- 1500 m of the flowline, and between
surface speed along the flowline. With valuesAyfmmax  20—100% over the central region. Near the glacier terminus
file Py(x1) and examine its effect on simulated surface- andPret because of the exceptionally low flow speeds.

basal flow speeds (Fi). The observed annual-and summer  The prescribed water pressures required to explain the ob-
surface SpeedS can be simulated (W|th|n their Uncertaintiesgervations depend Strong'y on the chosen Va'umﬁ( and
by partitioning the flowline into four regions of contrasting ) ... For example, an equally valid reference model defined
basal water pressure (Figp). Water pressure is expressed as by mmax= 0.5 and Amax= 13.5m yields good agreement
a fraction of flotationk, such thatPy =k pgh and the value \yith the annual flow speeds fdr=0.40, 0825, Q60 and
of k is taken to be uniform within each of the four intervals 040’ respective'y, over the four intervals defined in Eg_
in Fig. 6a. We prescribe uniform values bfrather than the  Agreement with the summer flow speeds can be obtained by
dimensional water pressure, as we deem th|S more realistimcreasingc from 0.40 to 060 over the uppermost Section Of
for zones of variable ice thickness. In this exercise, we havene flowline in this case. The range of water pressures we
attempted to minimize the number of intervals of Contrast'found to produce resu'ts Consistent W|th the measured an-
ing water pressure required and hence the number of poorlyya| flow speeds are shown in Fige, along with the hy-
constrained parameters. drostatic stress. While the model becomes much more sensi-
To match the annual flow speeds, basal water pressuretive to water pressures for lower valuesmfax in particular,
need only be non-zero over the central km of the flow-  the highest pressures are consistently required in the region
line. SettingP,y, = 65% and 20% of overburden, respectively, ~ 1550-1900 m along the flowline, followed by those from
from ~ 1550-1900 m and- 1900—-3400 m along the flowline ~ 1900-3400 m. The solutions are somewhat sensitive to the
suffices to explain the observed annual flow speeds @alg.  extent and position of the zone of highest basal water pres-
It is possible to obtain a reasonable match to the summesure, while the lowermost boundary along the flowline can be
flow speeds simply by increasing basal water pressure oveshifted without a significant impact on the results. Solutions
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Di I he flowli
are often smaller than the squares for annual flow spébyidod- ‘stance along the flowiine (m)

elled contribution of basal flow relative total surface motion for the

annual and summer profiles {g). Dotted segments should not be ) ) ]
interpreted due to the very low flow speedg&) Ranges of pre-  Fig- 7. Modelled cross-sections of glacier flow speed witk=
scribed basal water pressuf@ consistent with the annual observa- 2-4 % 10724Pa 3571, mmax=0.25 andimax=6m. (a) k=0.

tions for a range of friction law parameters, plotted with the basal(P) k¥ =0 and variable along the flowline. This cross-section cor-
hydrostatic stressogh). responds to the annual flow-speed simulation in Bay.(c) Basal

shear stress from simulations (&) and(b), along with the driving
stress.(d) Vertically averaged lateral- and longitudinal stresses for

become very sensitive to increasing water pressures abovamulations in@) and(b).

the values that fit the annual data over the central region of

the glacier, and at some point our iteration SChe!“_e fails 1, cross the transition from fast to slow flow in Fith. This

converge. Solutions are comparatively less Sensitive 10 Wag, oy boundary corresponds to the “surge front” identified

ter pressures over the upper- and lowermost sections of thBy De Paoli and Flowerg009.

flowline. For example, varying from O to Q40 over these

sections has little effect fonmax= 0.5 andAmax=13.5m.
Figure 7 highlights the significance of variably pressur-

ized basal water on the overall flow structure and force bal-Here we allow the glacier surface profile to evolve in re-

ance, by contrasting simulations with=0 andk>0 along  sponse to a prescribed net mass-balance distribution until

the flowline. This result is a product of our methodology in a new steady-state is reached. Note that we apply the net

allowing spatially variable basal water pressures, while asbalance as a function of position along the flowline, and thus

suming spatially uniform values of the friction-law parame- neglect the mass-balance-elevation feedback. The implica-

ters. Flow speeds are enhanced over the central region of thgons of this choice are discussed below. All simulations are

glacier withk > 0 (Fig. 7b), most dramatically just down- conducted with basal water pressure set equal to xetdy,

stream of the bedrock ridge. Basal shear stress is reduce@l order to isolate the effect of mass balance in the absence

in this zone when non-zero basal water pressures are presf the high basal flow speeds associated with the surge.

scribed (Fig.7c), requiring a local increase in lateral drag

and shifting and enhancing the pattern of longitudinal exten-

sion and compression (Figd). Longitudinal compression

is also enhanced between 2700-3300 m along the flowline,

5.2 Prognostic simulations
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5.2.1 Glacier response to negative net mass balance 28005 ; ; ; :
O Initial (measured) ice surface

) o 2700} —M d bedrock profile and ||
We drive the model by shifting the 2007 net balance pro- modelied ice surface profiles

file (Fig. 3) up or down to achieve a prescribed global value %[

when the balance profile is integrated along the flowline and = 2soor
over the variable width of the glacier. We used both the & sl
original mass-balance profile (grey line in Fig). and the 5
best-fit polynomial (black line in Fig3) in order to verify
that our results are not qualitatively affected by details of the
profile itself. Results are similar in both cases (e.g. steady- 2100}
state simulated ice volumes are within 1%), so we restrict  2o00f ) ) ) ) ) ) ) ) N
our presentation to those using the polynomial. We simu- 0 500 1000 1500 2000 2500 3000 3500 4000 4500
late glacier evolution to a new steady state in response to pitance aiong he flowine (m)

four prescribed values of the global net balance. These val-

ues rePfeS?“t local or regional balance estimates for a Va”Fig. 8. Steady-state glacier profiles simulated for prescribed net
ety of time intervals: (1)-0.47 mw.e., the areally-averaged pglances of (1)-0.78m w.e., (2)-0.71m w.e., (3)-0.635m w.e.,
regional balance of the St. Elias and Wrangell Mountainsand (4)—0.47 mw.e. The structure of the balance profile follows the
from 1968 to 2006 estimated Werthier et al.(2010 us-  solid black curve in Fig3. A =2.4x 10" 24Pa 3571, mmax=0.25

ing satellite altimetry, (2)-0.635mw.e., the average of es- andimax=6m in all simulations.

timates bylLuthcke et al(2008 (—0.63 mw.e.) andArendt

et al. (2008 (—0.64 mw.e.), using satellite gravimetry and . . . . . . . .
aircraft laser altimetry, respectively, for the St. Elias region S Initial (measured) ice surface
from 2003-2007, (3)-0.71 mw.e., the 2007 net balance for 277\ —— Measured bedrock profil

the study glacier (A. H. MacDougall, personal communica- 2600 o e ee suace :::gosigjjzrs) :
tion, 2010) and (4)-0.78 mw.e., the estimate &arrandand - 250} x

Sharp(2010 for Yukon glaciers for the period from 1957—
1958 to 2007-2009.

Under all of these negative balance scenarios, the glacie
thins and retreats substantially (Fig). In all cases, it is
less than 3km long in steady state. The upper accumula- 2100|
tion area thins dramatically, leaving the plateau just above the , | . . . . . . . . N
prominent bedrock ridge the only region that does not expe- 0 500 1000 1500 2000 2500 3000 3500 4000 4500
rience net thinning in all cases. All simulations presented ex- Distance along the flowline (m)
hibit temporary thickening in this region, with the simulation

corresponding to the least negative balane€.47 mw.e.) . . . , o

L ) . ) . ._Fig. 9. Simulated glacier profile evolution in response to zero net
yle!dlng a thlckeneq steady-state profllg. S'm“'at'F’,”? N palance applied to the original profile. The structure of the bal-
which the bedrock ”dge_ and overd_eepgnlng were artificially 5 ce profile follows the dashed curve in F&yand remains spa-
removed (geometry as in dashed line in i, results not  ia|ly fixed throughout the simulation. Glacier retreat is shown
shown) do not exhibit thickening in this area. The thinning at 10-yr intervals from 10-50 modelyr (green), and glacier ad-
and retreat modelled here can be considered conservative feance at 100-yr intervals from 100-400 modelyr (purple).=
the prescribed mass balance scenarios, given that we hag4 x 1024Pa 3 s, mmax=0.5 andimax=135m in this sim-
neglected both the high observed sliding rates and the masgHation.
balance—elevation feedback. The net effect of the latter is
a more dramatic reconfiguration of the glacier profile for a
given net balance forcing. Simulations in which the mass-conducted withmmax= 0.5 andAmax= 13.5m, as the ref-
balance—elevation feedback was included produced steadyrence parameters introduced some instability in response to
state ice volumes that were 10% and 44% lower, respectivelythis mass balance forcing. The glacier response to this bal-
than the simulations presented here for initial net balances ofince profile is more complex, beginning with a retreat that

2300

Elevation

2200+

2400

2300

Elevation (m a.s.

22001

—0.47mw.e. and-0.78 mw.e. occurs over the first-50 yr in which over a kilometre of the
terminus is lost. During this time, the glacier thickens along
5.2.2 Glacier response to zero net mass balance its length, except in the uppermost accumulation area. This

modelled thinning at the highest elevations is partly a prod-
Figure 9 shows the result of shifting the net mass-balanceuct of the model flowline missing flux from the glacier head-
profile until the global net balance over the original glacier wall (see Fig.2a) and may be exacerbated by a failure of
profile is zero (dashed line in Fig). This simulation is  our mass-balance measurements to capture the contributions
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of wind- and avalanche-deposited snow. Despite the modebstacles do not change systematically along the flowline, so
elled thinning, a substantial bulge develops quickly overthat uniform values ofimax andimax are appropriate. Given
the bedrock ridge in this as in previous simulations. Af- this assumption, we demonstrated that it is not possible to fit
ter ~70yr, the glacier begins advancing and reaches a nevthe profile of observed surface flow speeds simply by adjust-
steady-state after400 yr. Its new configuration is character- ing these two parameters. Paramet&rs: max andimax col-
ized by a much thicker, steeper profile compared to presentectively influence the modelled basal flow rate through the
and a slightly retreated terminus position. This evolution isterm C" N" A in the friction law, whereA = AmaxA/mmax
qualitatively similar to that modelled withimax=0.25 and  and we have takef’ = 0.84mmax. The combination of pa-
Amax= 6 m, though the advance is more dramatic in the sim-rameters that produces modelled flow speeds consistent with
ulation presented. When the mass-balance—elevation feedhe data is therefore non-unique. However, the data clearly
back is included, the glacier advance is more rapid and théndicate that some systematic spatial variability in the quan-
terminus inflation more pronounced. Relative to the simu-tity C* N" A is required. We have implicitly argued through
lation presented, the ice volume is greater by 13% and theur approach that this variability can be concentrated in the
terminus~ 400 m further advanced after 200 model years. basal effective pressure.
The differences in the surface profile over the upper glacier We have used a two-dimensional model with parameter-
are minimal, in part because the mass-balance—elevation seired lateral effects to simulate a three-dimensional system.
sitivity is lower in this region (see Fi@). Although we have included a parameterization of the lateral
drag that accounts for changes in valley width, we are not
able to account explicitly for complexities such as the sharp

6 Discussion and interpretation bend in the valley and the confluence of connected tributaries
with the glacier trunk. We have assumed no slip along the
6.1 Model simplifications and limitations valley walls in all simulations; in another study we found

that accounting for the finite and variable glacier width along

Several limitations arise on the interpretations we can makehe flowline is much more important than permitting lateral
from our model results. Because we have scant informatiorsliding (Pimentel et a.2010. Motivated by our digital ele-
about the englacial temperature structure, we have opted tgation model of the glacier bed and by a desire for simplicity,
use a constant and tuned value of the flow-law coefficientwe have assumed a rectangular bed shape in all simulations.
A. Based on the sub-arctic conditions in the study area, loBed shape had a negligible effect on the inversion results of
cal meteorological records and limited ice-temperature meabe Paoli and Flower§2009, except over a small region in
surements, we suspect the study glacier of being polytherthe upper basin where the modelled contribution of basal mo-
mal with a substantial thickness of temperate ice even in theion was somewhat lower with a rectangular bed than with
central ablation area. The accumulation area is likely to bea parabolic or semi-elliptical bed.
largely temperate, because of the latent heat flux from per- Finally, a flowband model incorrectly assumes lateral ho-
colating and refreezing meltwater. The only zone likely to mogeneity in the glacier profile. While we took care to ob-
have a substantial thickness of cold ice would be the lowerjectively generate the flowline used for the simulations pre-
most~1500 m of the glacier where the ice is 30—75 m thick. sented, we also performed a number of sensitivity tests (not
However, measured surface velocities are sufficiently low inpresented) with alternative flowlines (see Fajyto confirm
this area €10 m a?) that the conclusions we can draw from that our results and interpretations were qualitatively robust
the modelling are limited regardless of the valueAof In to variations in the choice of flowline. Figuillustrates
tuning the model to obtain a reference valueAfwe as-  that even flowlines deviating substantially from the centre-
sume that the minimum winter flow speeds (estimated fromline produce profiles of the glacier geometry that are fairly
our measurements) over the upper reaches of the glacier regimilar over much of their length. They only differ substan-
resent deformation with no contribution from basal motion. tially over the lower glacier where the ice becomes very thin
If this assumption is false we have overestimated the value ofind nearly stagnant. Our qualitative conclusions, therefore,
A for these data, and therefore underestimate the importancgepend little on the particular choice of flowline. Signifi-
of basal motion. The value of we obtained is identical to cantly, the bedrock ridge that bounds the overdeepening ex-
that recommended for temperate ice@yffey and Paterson tends across the width of the glacier and therefore presents
(2010 and used byDe Paoli and Flower$2009); it is 2.8 itself, in some form, in any flowline profile. Despite the con-
times lower than the value for temperate ice foundP@ier-  tinuity of the ridge, its effect is likely exaggerated in a two-
son(1994. dimensional model. However, we expect our general conclu-

There is no clear means of objectively and independentlysion related to the role of glacier geometry to hold in a three-
determining the values of friction-law parametergax and dimensional model, as the bedrock ridge and the sharp bend
Amax (EQ. 15). We therefore selected reference values thatand narrowing of the valley all contribute to flow resistance.
are physically intuitive and produce results consistent with
the observations. We assume that the size and shape of bed
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6.2 Interpretation of model results Clarke et al. 1984, remains to be determined. The bedrock
ridge may play a facilitating role or may simply allow this
acier to surge under more negative balance conditions than
ould otherwise be permittecschoof(2004 demonstrated
oo . theoretically that bedrock topography with significant ampli-
a Iarge_contrlbutlon tq the total §urfgce WO“O” over the C€MNude and a wavelength comparable to the ice thickness per-
tral region of the flowline. Contributions in the upper region .o multiple sliding speeds, and could therefore give rise

of the glacier are generally lower, and thqse near.the termi, surges. This theory was formulated for low average bed
nus appear high but are arguably not suited for interpretas lopes and has not been tested for the steeper slopes under a
tion. The results we obtain here are smoother than those ?

) . . O0S€ Qlalley glacier. Our observations could be used to test whether
De I.DaO“ and FIower(éZOO_g, n part due to the mcorporathn topoér%phy is a plausible contributor to flow instability under
of h|ghe_r-order stre_sses in this model as opposed to a SlmplSlatciers, along with the more familiar thermal and/or hydro-
longitudinal averaging schemer(ffer, 2004). logical contributors.

The low basal water pressures we infer over the lowermost The simulated thickening of the glacier above the ridge,
~1500 m of the glacier are qualitatively consistent with the eyven under conditions of negative net mass balance, attests
supraglacial drainage system we observe in this area: man this ice reservoir having been lowered for the glacier to
supraglacial streams exist, almost all of which terminate inhave achieved its current transient configuration. Given that
moulins. Several of these moulins are very large and pergrawdown of the reservoir above the ridge has clearly oc-
sist from year to year. It therefore seems plausible that thisyrred, some combination of the bedrock ridge and the sharp
region is predisposed to low basal water pressures assochend and narrowing of the valley may explain the lack of
ated with efficient subglacial channeRdthlisberger1979,  evidence for previous surges having had an obvious effect
and that high basal water pressure resulting from unchanneln, the glacier above this point. Aerial and ground-based
ized drainage would be short-lived. The non-zero basal watephotographs of the 1951 and 1986/1987 surges, respectively,
pressures required upglacier of the surge front occur whergnow little evidence for the upper basin being actively in-
there is an absence of supraglacial streams and moulins. Thiglved in these surges.
area, still within the ablation zone, is characterized by an |f the bedrock ridge does indeed contribute to the abil-
abundance of crevasses through which water presumably agy of this glacier to surge, we speculate that conditions that
cesses the glacier bed. The highest water pressures we irevent the accumulation of mass above the ridge will also
fer are found just downstream of the bedrock ridgmoke  jnhibit surges. Although all the simulations presented ex-
(1997) has suggested that crevasses forming as a result fjpited temporary thickening above the bedrock ridge, those
such topography provide an effective means of meltwatefyith a prescribed net balanece— 0.635 mw.e. did not pro-
access to the glacier interior. The water pressures requireglyce substantially thickened steady-state profiles. While the
to fit the data vary strongly with the chosen valuesmafax  two-dimensional model is expected to exaggerate this thick-
andimax in the friction law. Between- 1900-3400m along  ening, these simulations did not include the observed high
the flowline these values ranged from 15-65% of overbur-rates of basal motion, which would serve in reality to su-

den = 0.15-065), relatively low for a region where basal press the suggested thickening. Considering this, we hypoth-
motion accounts for 50-100% of the total surface motion.esize that the |0ng_term net mass balance must be greater
This interval of the flowline includes a significant contribu- than that recently measured in the study area to sustain future
tion from below the surge front, which is itself gently sloping surges. An interesting avenue for future study would be an
and probably provides only a weak hydraulic seal at the bedattempt to incorporate surges in the simulations, for example,
A borehole drilling program is underway in this area which by employing a multi-valued sliding law (e.gGagliardini
will provide data for testing these inferences about basal wagt g, 2007 and a coupled basal hydrology model capable
ter pressure. of switching between fast and slow modes (€gnentel and
Results of the prognostic simulations suggest a significanElowers 2011 Schoof 2010. Such a model could be used
role for the bedrock ridge, along with the narrowing of the to explore the long-term effects of fast and slow surges on
valley, in providing resistance to flow (e.gchoof 20049). glacier mass balance (e.g.galgeirsdttir et al, 2005.
While the prognostic simulations were not intended to emu- The question remains why this surge appears so different
late a surge cycle in any way, the results still provide somein character from what we know of previous surgEsape
insight into the potential for bed topography to influence theand Clarke(2007) addressed this question for Trapridge
ability of a glacier to surge. Specifically, it seems plausi- Glacier, which recently concluded a slow surge lasting some
ble that a bedrock ridge can contribute to the flow resis-20yr. They suggested that the slow phase was perhaps a pre-
tance required to build up a mass reservoir during the qui-cursor to a fast phase, which would be recognized as a clas-
escent period of the surge cycle. The extent to which thesical surge. They also suggested that reduced mass accumu-
study glacier’'s propensity to surge is influenced by topog-lation in the reservoir area, due to negative mass balances in
raphy, versus other factors such as substrate geology (e.gecent years, may have prevented the most recent surge from

. . . . . I
The diagnostic results we obtain are consistent with thosg?v
of De Paoli and Flower§2009, in that basal motion makes
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