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Abstract. The response of ice streams to ocean tides isinves1 Introduction

tigated. Numerical modelling experiments are conducted us-

ing a two-dimensional flow-line model of coupled ice-stream Observations on a number of ice streams have shown their
and ice-shelf flow. The model includes all components offlow to react sensitively to ocean tideAnandakrishnan
the equilibrium equations, and uses a non-linear viscoelastiet al, 2003 Bindschadler et al.2003gb; Gudmundsson
constitutive equation for ice. Basal sliding is simulated with 2006 Murray et al, 2007 Wiens et al. 2008. In some in-

a Weertman type sliding law where basal sliding is propor-stances, tidally induced variations in horizontal speed have
tional to some power of the basal shear stress. The responsgeen detected tens of kilometres upstream from the ground-
of ice-streams to tidal forcing is found to be profoundly af- ing line causing a periodic variation in flow speeds of up to
fected by mechanical conditions at the bed. For a non-lineap0%, depending on locatioitGidmundsson2006. These
sliding law, a non-linear interaction between the two main variations are therefore neither small nor limited to the zone
semi-diurnal tidal constituents (M2 and S2) can give rise toof elastic flexure around the grounding line. Significant vari-
a significant perturbation in ice-stream flow at the lunisolar ations in horizontal speed due to tidal action have also been
synodic fortnightly (MS) tidal period of 14.76 days. For a observed downstream of the grounding line on floating ice
linear sliding law, in contrast, no such modulation in flow shelves Doake et al.2002 Brunt et al, 201Q King et al,

at the MSf frequency is found. For vertical ocean tides of 20114.

the type observed on Filchner-Ronne Ice Shelf (FRIS), the These observations are interesting and intriguing for a
amplitude of the horizontal modulation in ice-stream flow number of reasons. They demonstrate that changes in
at the MSf frequency resu_lting from_a non-linear interaction giresses downstream of the grounding line can have a sig-
between the S2 and M2 tidal constitutes can be larger thamjficant and immediate effect on the large-scale flow regime
the direct response at the S2 and the M2 frequencies. Iy active ice streams. They also challenge our ability to the-
comparison the non-linear interaction between K1 and Olgetically characterise ice-stream dynamics and have the po-
tidal components is weak. As a consequence, modelled icerantial to provide an insight into the mechanical interaction
stream response to mixed oceanic tides of the type found oBetween ocean, ice shelves, and ice streams. Previous mod-
FRIS is stronger at the MSf period of 14.76 days than at bothg|jing work of tide-induced lateral movement on ice streams
the semi-diurnal and diurnal frequencies, while at the samg,gye invoked specific assumptions about till rheology (e.g.
time almost absent at the similar Mf period of 13.66 days. gjngschadler et a1.2003a Gudmundssor2007 Winberry

The model results compare favourably with measurements oft g1, 2009 Sergienko et a).2009 King et al, 2010 and
tidally induced flow variations on Rutford Ice Stream (RIS), jce-stream response to tides can be thought of as a natural ex-

West Antarctica. On RIS a strong tidal response is foundperiment providing insight into the mechanics of ice-stream
at the MSf frequency with a smaller response at the semifigy,.

dr']u”':/ﬁl fand dlurnaL\frequtla.nmes, _and aln":%gt n? response at p iforq Ice Stream (RIS), West Antarctica, is an example
the requency. A non-linear viscous sliding law appears ot o, jce stream where tides are known to significantly af-

to have the potential to fully explain these observations. fect flow speeds. A puzzling aspect of the tidal response of
RIS is the fact that the largest tidal modulation takes place
over long tidal periods. (Long period tides are defined as

Correspondence taG. H. Gudmundsson  having periods longer than those of any diurnal tides, i.e.
BY (ghg@bas.ac.uk) periods significantly larger than one day.) The presence of

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

260 G. H. Gudmundsson: Tides and ice stream flow

a long-period tidally modulated ice-stream flow is intrigu-  os-

ing because long-periodic ocean tidal amplitudes are small e
in comparison with the main semi-diurnal (S2 and M2) and Rz
the main diurnal components (K1 and O1). For example, a °f

tidal analysis of a 55-day GPS record obtained about 20 km ,,|
downstream of the RIS grounding line shows vertical ampli-
tudes of MSf and Mf to be statistically insignificant, and no - ;
larger than few cm at the most, and the amplitudes of the S2, o )
M2, K1, and O1 all to be on the order of a meter. Neverthe- |
less, the response in ice-stream flow is stronger at the MSf ‘
period of 14.76 days than at any of the semi-diurnal and di- 7

urnal periods Gudmundssar2006. A linear system, when 03

forced over a given range of frequencies, will only produce a ‘ ‘ ‘ ‘ ‘ ‘ ‘
response at those same frequencies. RIS responds strongly at = -0 0 oy ofyear 2008 %0 a0 50
frequencies absent in the forcing, a clear evidence for some

sort of a non-linear system response. Fig. 1. Linearly detrended in-line displacements on Rutford Ice

Vertical motion of a floating ice shelf is generally a faith- Stream, West Antarctica. Displacements are shown at locations
ful representation of the response of the ocean free-surfac@ond the medial line at a distance of 20km downstream of the
height to tide. The only exception to this is the region in the grounding line (R-20), at the grounding line (R+00), and at dis-

icinitv of th ’ ding li h ¢ ithin the i tances of 20 and 40 km upstream from the grounding line (R+20
vicinity of the grounding |ne_ where s r_esses within the ice R+40, respectively). The displacement curves shown are based
can support.some of thg welght of the ice colum.n. Herg they a tidal fit to the original measured data.
main focus is not on this vertical aspect of the ice motion,
but on the horizontal flow response to tide of the grounded
ice upstream from the grounding line.

This study is an extension of a previous modelling ef-
fort (Gudmundssor2007) suggesting that the observed long-
period tidally induced variations in flow on RIS are indica-

tive of non-linear basal processes. The modelling work in .
. , found in Gudmundssoif2006 2007); Murray et al.(2007);
Gudmundssorf2007) was done using a simple conceptual Adalgeirsattir et al. (2008; Dach et al.(2009; King et al.

model of the interaction between ocean tides and ice strear&om
flow. On the basis of that modelling work, it was concluded e ) )
that a non-linear basal boundary condition of the type com- Figure 1 shows linearly detrended displacements curves
monly used in glaciological modelling work, has the poten- ffom RIS. The displacements are along the mean flow direc-
tial to produce the type of non-linear response observed ofion &t each site. In Fig calculated long-periodic (longer
RIS. This study extends and complements earlier modellingnan than one day) tidal modulations in flow speeds are de-
efforts by including a number of processes not included prePicted for the same sites as in FigureAs seen the in Figl
viously. The ice is modelled as a non-linear visco-elasticth€re is a prominent long-periodic modulation found in the
medium and the effects of all the components of the equi-disPlacement curves from RIS.
librium equations are included in the numerical model. In As is evident from a simple inspection of the data shown
contrast, inGudmundssor(2007), the contribution of ice in Fig. 1, and as quantified in a more detailed tidal analy-
deformation to ice-stream flow was ignored, and the basalsis (Gudmundsson2009, the long-period amplitudes at all
stress perturbation was not calculated directly but rathesites are larger than any of the semi-diurnal and the diur-
parametrised in terms of the ocean tidal amplitude. Here thenal tidal amplitudes. As an example, a tidal analysis of a
basal-stress perturbation is calculated from first principlesfurther 71 day long GPS record collected 73km upstream
i.e. by solving the field equations describing the conservafrom the grounding line in the period from December 2005
tion of mass and momentum for given rheological models ofto mid February 2006 shows the MSf tidal amplitude to be
ice and subglacial till. several times larger than any of the other tidal constituents.
In that record, the MSf amplitude was estimated to be 4.7
times larger than that of the similarly period Mf tide (The
2 Data period of the MSf tide is 14.76 days, and that of the Mf tide
13.66 days). Other GPS record from RIS give similar results
Although the main focus of this study is on investigating (Murray et al, 2007 King et al, 2010. At all sites shown
the general role of basal control on ice-stream response tin Fig. 1, the MSf tidal amplitudes are on the order of a few
oceanic tides, and not on reproducing the exact responsdecimetres, with amplitudes decreasing upstream from the
curves from any one particular ice stream, data collectedgrounding line.

on RIS is most pertinent to this modelling study. There-
fore, some of the observational data from RIS are shown
in Figs.1 and2. A more detailed discussion of these data,
and other similar data sets from the same ice stream, are
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G. H. Gudmundsson: Tides and ice stream flow 261

Fig. 3. Schematic showing an ice stream flowing into the ocean
and forming an ice shelf. The pressure from the ocean acting on
the ice is depicted as red arrows. Tides cause temporal changes in
the oceanic forces and can lead to changes in ice-stream flow. Note
085 ‘ that the figure is only a schematic and that in model runs the actual
2 e ° doy of year 2004 * “© %0 detailed model geometry is not as shown. Information on model
geometry for each numerical experiment is given in the text.
Fig. 2. Long-periodic tidal modulation in surface speeds on Rutford
Ice Stream, West Antarctica. The velocities were calculated from
the tidal fit to surface displacements shown in Bigncludingonly ~ concluded that “there is no simple relationship between the
the long-period tidal constituents. ocean tide and the velocity and basal seismicity of the ice
stream”. On the other hardurray et al.(2007) writes that
“The ice stream has two-weekly cycles in downstream flow
The long-period tidal signal arrives at slightly different and basal seismicity”. Somewhat confusindfurray et al.
times at different locations (see Fig). In Gudmundsson (2007 gives the source of the two-weekly cycle in seismicity
(2006 an order-of-magnitude estimate of the phase velocityasAdalgeirsaittir et al.(2008.
of 1mstis given. A more detailed analysis of the same
data set indicates that although this estimate of phase velocé Model
ity is correct within an order of magnitude, the actual prop-
agation speed could be anywhere between 0.2 to 1m/s. They o 1q4e| setup is shown schematically in Bg.The nu-
considerable errors in this estimate are mainly due to the limy oo model is a two-dimensional full Stokes flow-line
ited length of ava|Ia}bIe _temporal commd.mg.records of only model of ice-stream/ice-shelf flow. The numerical calcu-
about 50 days. Es_:t|mat_|ng _the ph_ase shifts is Confgunded_b}’ations were performed with the commercial finite element
the fact that the 5|gnal is qllsperswe and phase shlft_s not 'nénalysis software MSC.Mar®(ARC, 2010).
dependent of the tidal period. Consequently, an estimate of The field equations are
propagation speed based on cross correlation of displacement
curves from different sites does not give the same result as &0 .
. . . . . - ——+pvy4=0 (1)
calculation derived from relative phase shift estimates for in- Dt
dividual tidal components at different sites. The estimate of
0.2 to 1ms?is based on an analysis of the phase relation-
ship of the MSf tide at four different sites along the medial %i/.j +/fi=0 )
line spaced 10 km apart.
Adalgeirsattir et al. (2008 give an estimate of 14 4
ms~! for the phase velocity based on data collected on RISij —0 i =0 3)
at sites approximately 3km apart. The difference between . : .
the estimate bydalgeirsttir et al. (2008 of 1044 ms L representing the conservation of mass, linear momentum,

) and angular momentum, respectively, for a slowly moving
and the 0.2 to 1ms' given above, appears too large to be medium. In the above listed equatioB8Pt denotes the ma-

due to methodological differences only, and the source for, =~ . o .
: . . terial time derivativep; are the components of the velocity
the discrepancy between these estimates is unclear.

vector,o;; are the components of the Cauchy stress tensor,

Apart from these '_[idqll_y induced variations in flpw, there and f; are the components of the gravity force per volume.
appears to be no significant temporal changes in the flowy; tormg of the equations listed above are included in the
of RIS (Gudmundsson and JenkjriZ009. There also ap- numerical model.

pears to be no clear temporal pattern in basal seismicity re-

lated to either tidal forcing or to the long-period variation 3.1 |ce rheology

in flow (H. Pritchard, personal communication, 2011). How-

ever, there are conflicting reports on the relationship betweer®ver tidal time scales ice behaves as a visco-elastic medium
tides and seismicity on RISAdalgeirsattir et al. (2008 (Jellinek and Bril) 1956 Morland and Springl981). Linear

R-20
R+00
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262 G. H. Gudmundsson: Tides and ice stream flow

elastic models have been used to describe ice rheology ovemnd
tidal periods, but the limitations of this approach have been L1-n
pointed out byReeh(2003. In his study of tidal flexure, n=——, (20)
Reeh(2003 used a linear visco-elastic four-element Burgers 24
model to describe the rheology of ice. As a part of this studywherex is the effective relaxation time, angdthe effective
both a non-linear four-element Burgers model, an extensioryiscosity. These are referred to as “effective” quantities be-
of theReeh(2003 model to non-linear viscous rheology, and cause for # 1 bothi andn are not material proprieties but
a non-linear two-element Maxwell model were used. depend on the state of stress. For loading periods long in

As explained in more detail in Appendix A, it was found comparison to the relaxation timgthe constitutive relations
that the parameters of the two-element Maxwell model couldis the usual Glen-Steinemann constitutive |&te{nemann
be selected in such a way as to closely mimic the rheologicall954 1958 Glen 1955 commonly used in large-scale mod-
behaviour of the four-element Burgers model over all timesélling of ice masses (see E4).
scales of interest in this study. Using parameter values sug- AS is common in the treatment of viscoelastic materials
gested byReeh(2003, the only significant differences be- (Shames and Cozzarelli997) ice is considered elastic under
tween these two models are for loading periods shorter thaftydrostatic pressure, i.e.
about 100s. As there is no appreciable tidal loading at such ~_ 3K e (11)
short periods, all the modelling work presented here is basegkk k>
on the simpler two-element Maxwell model. In comparison wherek is the shear modulus of the Maxwell model.
to the use of the Burgers model, the Maxwell model allowed In a number of glaciological studies of tidally induced de-
the selection of longer time steps and resulted in shorter comformation, ice rheology has been approximated using linear
putational times. elastic constitutive equations whetg = 2Ge;; ando;; =

For the non-linear Maxwell rheological model the devia- 3K¢;; (e.g.Holdsworth 1969 Lingle et al, 1981, Stephen-
toric stressesy;;, and the deviatoric strains;;, are related son 1984 Vaughan 1995 Sykes et al.2009. For a vis-

through coelastic material such as the upper convected Maxwell
1 model given by Eqgs.4) and (1), one can define an effec-
éjj = %r,j +Ar”*lr,»j, 4) tive shear modulug“ throught;; = 2G°;;, and an effec-

tive bulk modulusk ¢, througho;; = 3K °¢;;. However, these

where G is the bulk modulus of the Maxwell moded is effective parameters will, in general, be dependent on time.
a rate factor, and the stress exponenClristensen1982. Under oscillating loading, for example, the effective shear
The deviatoric strains and deviatoric stresses are defined asand bulk modulus of a viscoelastic material are functions of
the loading period. Furthermore, for any viscoelastic mate-

eij =¢€jj— é(sijeppv (5) rial that responds purely elastically to hydrostatic pressure,
the corresponding effective Poisson’s ratio is also time de-
and pendent and approaches 0.5 for slowly varying loads.
Because ice is viscoelastic over tidal periods, studies us-
Tij =0ij — 551‘/’01717’ (6) ing linear elastic models describing tidal deformation of ice

use effective parameters that are not independent of the load-
ing period. It is therefore somewhat difficult to use values
derived from such studies to constrain a visco-elastic model
= \/W, of rheplogy. For that reason the rheo!ogical values used here

are primarily based oReeh(2003, which appears to be the
i.e. as the square root of the negative of the second invarianhost in-depth modelling study of visco-elastic behaviour of
of the deviatoric stress tensor. The superscviptenotes the  |arge ice masses done to date.

respectively, where;; are the strains and;; the stresses.
The effective stress is defined as

upper convected time derivative, i.e. As shown in Appendix A, a Maxwell model with a Young
v ; modulusE = 4.8GPa and a Poisson’s ratio= 0.41 gives
T=0t+v-VT—(Vv)' 717 VU, (7)  the same response to tidal loading periods as the Burgers

. . L T model used byReeh(2003. In this study, values for Youn
is the upper-convected time derivative of the deviatoric stress )R (2003 y, vl , ung
. . modulus ranging from 1 to 5 GPa, and Poisson’s ratios be-
tensorr, wherev is the velocity.
. ; tween 0.4 to 0.5 were used. None of the results presented
Equation §) can also be written on the form

depend critically on the particular numerical values used for

. +/\¥ —2ne (®) these rheological parameters. Note that the Young’s modulus
of ice at loading frequencies of hours and days is consider-
where ably smaller than the dynamical Young’s modulus of about
n 10 GPa derived from the propagation of sound wageh(l-
A=2 (9)  sonand Duval2009. Although not directly comparable, the
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G. H. Gudmundsson: Tides and ice stream flow 263

values of the Young modulus used here are not dissimilar t&8.3 Boundary condition along the ice-ocean interface
those suggested Byaughan(1995 of £ = 0.88GPa, from

an elastic analysis of tidal flexure on Rutford Ice Stream, andPownstream of the grounding line the ice is subjected to
of E =1.1GPa bySykes et al(2009 from a similar type ~ Oceanic pressure(,) acting normal to the surface given by
of analysis done on Evans Ice Stream. The range of val-

ues of the Poisson’s ratio used here also compares favourabfjw = Pw8(S() =2).
with those estimated byenkins et al(2006 from observa-
tion of vertical ice deformation over tidal periods on Rutford
Ice Stream.

(15)

wherep,, is the specific density of ocean watgiis the grav-
ity acceleration. The variablg stands for the vertical posi-
tion of the ocean surface, which, because of tidal action, is a
function of time. A coordinate system with theaxis point-
3.2 Basal boundary condition ing vertically upwards is used.
The mechanical boundary condition along the ice-ocean

Upstream from the grounding line, and along the ice-bed in-interface is
terface, a power-law type sliding law of the form

(aN)-N=pu, (16)

m—1

vy =™t (12) whereo is the stress tensor within the ice. The condition
(16) was implemented as a linear elastic spring, where the

is used, where, is the basal traction pressure f) acting normal to the ice is given by

ty=cn— @' -on), (13)  p=k(z+z0), (17)

with 7 being a unit normal vector to the bed pointing into the Where £ is the spring constant the spring offset, and
ice, andv,, is the basal sliding velocity z the vertical position of the ice-ocean interface. Setting

k=—pyg andzo=—S(t) gives Eg. 15). Using this ap-
) proach, the ocean pressure acting on the ice is not specified
directly as a boundary condition. Only the dependency of the
ocean pressure on the geometry, as giverligy (s specified.
Both the pressurg and the vertical position of the ice-ocean
interface are solved for as a part of the solution procedure.

sliding law. It has two adjustable parameterandm. The . )
. : ) The ocean pressure always acts normal to the ice-ocean in-
parameterc is referred to as the basal slipperiness. Theterface

basal slipperiness can, in general, be expected to be func- Perturbations in stresses at the grounding line due to

tion of various other quantities such was basal water pres- . : :
ocean tides are broadly caused by two different mechanism,
sure and small-scale basal topography, etc., and therefore t(o

be a function of location. In most flow modelling work to a) bending stressesi¢ldsworth 1969, and (b) an overall

date the basal slipperiness is tuned, sometimes using fornglhan(‘]’e In horizontal stress as the height of the ocean water

inverse methods, to mach measurements of velocity and gegolumn changes (e.ghomas 2007. The first mechanism,

ometry. The other free parameter of the sliding law is the <" flexure, Omy acts if a glacier ha; a pratmg to.ngu.e. ver-
. tical deformation around the grounding line is primarily due
stress exponemi. Despite the value of the stress exponent

- .. to bending stresses, and beam theory, which ignores overall
demonstrably having a decisive effect on the results of tran- 9 Y 9

. . . . changes in horizontal stress, has successfully been used to
sient modelling work on large ice masses (daughin et al.

: ; X analyse measurements of tidal flexure (®geh 2003. In
2010, and despite decades of intense efforts at putting Some, r)rlmdel used here the ocean pressu(regis at eaach location

constraints on its possible range, no consensus has emerge . . . )
along the ice-ocean interface given as a function of water

on either realistic values far or on the general applicability . .
of Weertman sliding law in the context of large-scale ice-flow depth, and these two different processes are not separated in
the treatment of the boundary, but both are included.

modelling work. Values ranging from 1 to infinity are com-
monly used in flow modellingGuffey and Patersqr2010.
Basal motion was simulated in the model by introducing
a deformable layer of till. The till was modelled as vis- In all calculations an eight-node isoparametric quadrilateral
cous medium using a flow law of the same form as Glen-plane-strain element was used. The element uses biquadratic
Steinemann constitutive law. This approach of introducinginterpolating functions for position and displacement with
basal motion has been used in humerous numerical studstrains varying linearly within the element. The size of the
ies, and a recent example for this approach with detailed deelements varied within the model domain, but typical dimen-
scription can be found iheysinger Vieli and Gudmundsson sion were 1000 m in the horizontal and 250 m in the verti-
(2010. cal. The calculations followed in a Lagrangian frame, i.e. the

vp=v— @ V). (14

The sliding law (2) is commonly used in glaciologyCuf-
fey and Patersqr2010 and often referred to as Weertman

3.4 Finite element discretisation
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Fig. 4. The effects the stress exponemton modelled ice-stream

response to tides. Linearly-detrended surface displacements 11 km, ) . )
upstream from the grounding line are shown foe 3 (red curve) Fig. 5. Linearly detrended horizontal surface displacement. The

andm =1 (blue curve). In the figure the ocean tide used to force Model was forced with ocean tides using only the S2 and the M2

the model is shown as a black curve (scaled down by a factor of 6¢idal components, each with an amplitude of 2m. The domain of the
and shifted for visualisation purposes). finite-element model extended 120 km upstream and 50 km down-

stream from the grounding line, respectively. The geometry of the

model was based on a thickness profile running along the medial

line of Rutford Ice Stream. At the grounding line ice thickness was

1708 m. The average surface slope was 0.003 upstream and 0.001

a)ownstream of the grounding line. For the ice values of the rheo-
gical parameters wered = 10~12d~1kPa 3, n =3, E = 1GPa,

v=0.45. For the till: m =3 and a value of rate factor that gave

a surface velocity of about 1md. Ice and ocean densities were

o =917kgnT3 andp,, = 1030kgnT3, respectively.

nodal positions moved with the flow of the medium. Auto-
mated remeshing was used to limit element distortion. How-
ever, in most model runs calculations ended before the nee
of remeshing.

4 Results

The numerical model was used to calculate the tidal response : : : .
. . . . __“Ital behaviour of ice was described by a non-linear Maxwell
of an idealised ice stream to ocean tides. Model calculations

S . odel (see Eqll). The model has four adjustable param-
were performed using ice-stream geometries based on that g i . ) X
, . : . eters: The Young modulug, the Poisson’s ratio, a rate
RIS and for tidal amplitudes typical for that region of Ronne

) : . .~ factor A and a stress exponemt The rate factor of the ice
Ice Shelf. In line with the generic character of the modelling was set at & x 10-12a-LkPa2 which corresponds to a tem-

exercise, the geometry (.)f RIS along the medial |_|ne was not erature of about-20 degrees Celsius. The Young modulus
replicated in exact detail. However, average thickness an(% . ) .
and the Poisson’s ratio were 1GPa and .85, respec-

slope were based on the R.IS geometry (details given pelow)t'ively. The thickness of the till layer was set at 250 m and

Fig. 4 shows modelled ice stream response at a distanc . . .
11 km upbstream from the arounding line. The figure illus- e rate factor of the till was tuned to give a surface velocity
P 9 9 ) g of about 1md?! upstream from the grounding line. Ice and

trates the effect that changing the valueroffrom 1 to 3 ocean densities wege— 917kgnT3 and p,, = 1030kgnT?,
has on modelled tidal response (red and blue curves Showpespectively
in Fig. 4). The only differences between these two runs are As Fig. 4 .shows no long-period tidal modulation in ice
the values of the stress exponentind the mean basal slip- o ’
. The tidal forci del t dice rh stream flow is generated fat = 1. On the other hand, for
gy ' PP gmplitude of the long-period tidal modulation upstream from

changed as: was changed to ensure that the surface velocity R . i
AN the grounding line is several times larger than the modulation
was similar in both cases, or about 1 m/d.

The domain of the finite-element model used in produc-at the semi-diurnal and diurnal periods. The amplitude of the

ing the data shown in Figt extended 50 km upstream and fortnightly per_lod in Fig.4 is about 3.0 cm, o .Of the same
S . order of magnitude as measured variability in ice-flow at that

20 km downstream from the grounding line, respectively. A eriod on RIS (see Fid)

uniform ice thickness of 1800 m was used with a zero sur-p '

face slope downstream of the grounding line and a surface

slope of 0.0014 upstream of the grounding line. The rheolog-
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‘ surface speed 11 km upstream from grounding line
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time (days) Fig. 7. Surface velocity 11 km upstream from the grounding line for

m =1 (red curve) ands = 3 (blue curve). The ocean tidal ampli-
tude is shown for comparison (black curve) and is scaled by a factor
of 20 and shifted for display purposes. Model geometry, rheologi-
cal parameter values, and oceanic forcing are all identical to those
used in Fig4 and are described in text.

Fig. 6. Linearly detrended horizontal surface displacement. The
model was forced with ocean tides using only the O1 and the K1
tidal components, each with an amplitude of 2m. Apart from the
difference in ocean tidal forcing, all parameters are identical to
those used in Fig5).

) ) K1 and O1 is not sufficient to produce a sizable Mf tidal
~ Figure 5 shows modelled ice-stream response to oceanyqqyiation in flow. Note that despite the large differences
tidal forcing when forced with the two main semi-diurnal petween the results shown in Figsand Fig.6, the model
tidal components S2 and M2 only. Hence, in this run thegeqp j.e. rheological parameters and geometry, are in both

model was not subjected to any long-periodic forcing. Re-cases identical. The difference in response is entirely due to
sponse is shown for = 3 at three different sites at distances e gifferent oceanic forcing applied.

of 11, 21, and 31 km upstream from the grounding line, re-
speciively. The model parameters are slightly different fromcause a mean shift in surface velocities. An example of this

those used it and are listed in the figure caption of Fig. effect is given in Fig.7 showing the horizontal component
As seen Fig5, despite no forcing at long tidal periods, of the surface velocity vector as a function of time for both
the strongest response, as measured by the amplitude of the _ 1 andm = 3. Form = 1 the perturbation in velocity is
detrended horizontal surface displacement, is at the MSf fresymmetrical around the mean velocity. Fer= 3 the per-
quency. The MSf frequency is the difference between M2y rpation is, on the other hand, asymmetrical. As a conse-
and S2 frequencies, and the response at the MSf frequencd(uence, fom # 1 the mean velocity is shifted, and there is a
is a nonlinear contribution of the forcing by the M2 and S2 pet contribution to forward motion through the tidal action.
tidal constituents. In the particular modelling experiment shown in Fictidal
Close inspection of the displacement curves in Bige-  forcing causes about 5% increase in mean speew foi3.
veals that they are phase shifted with respect to each other. Figure8 shows the dependency of the tidal response to the
The phase is a consequence of the visco-elastic rheology Gfalue of the stress exponent Shown in the figure are de-
ice. Calculating the cross correlation between the displacetrended horizontal displacement curves 30 km upstream from
ment curves to determine the phase speed gives a phase spefé grounding line as a function of time for different values of
of 0.25ms* which is comparable to the observed phase,,. In each run, the basal slipperiness was adjusted to ensure
speeds on RIS of 0.2 to 1.0m’ The modelled phase speed that the surface velocities was at this site was 1 m/d irrespec-
is expected to depend on the parameter values of the rhegjvely of the value ofn. Clearly visible in the figure is how
logical model and a detailed sensitivity study has not beenhe amplitude of the fortnightly MSf horizontal tide increases
performed. with increasingn. As discussed above, far = 1 there is
Forcing the same model with the diurnal tidal componentsno corresponding response at the MSf frequency. The am-
K1 and O1 only, results in a rather complicated looking re- plitude of the semidiurnal tide, which in Fig.can be seen
sponse were the long period tidal components are mostly absuperimposed on the longer period MSf tide, also increases
sent (see Fige). The difference between the O1 and the K1 markedly withm. Calculated phase shifts are not indepen-
frequency is the Mf frequency. The results shown in Biig- dent ofm, i.e. positions of the the maxima and minima in
dicate that the strength of the non-linear interaction betweerdetrended displacement for differentvalues do not align

A feature of the non-linearity of the tidal response is to
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0.1-

the model would not distinguish between forcing at semi-

E diurnal and diurnal time scales, and the non-linear interac-
m=6 tion between O1 and K1 would be similar to that between S2
m=10 r/ﬂ""w"”\\_ and M2.

0 One of the consequences of the different strengths of the

AL
= P
I
w m non-linear interaction between the S2/M2 pair and the O1/K1

pair, is that the long-periodic response is primarily concen-
trated at the MSf frequency. In comparison, the response at
the Mf frequency is small. In qualitative terms this is in good
" Tide agreement with observations from RIS where the horizontal
MST tidal amplitude is several times larger than the Mf tidal
amplitude King et al, 2010.
Although an exact comparison with data from RIS is not
02 ‘ ! ‘ ‘ justified for a two-dimensional flow-line model, the modelled
60 6 ime @ays) 80 tidal response using a viscous sliding law with a exponent of
Fig. 8. Detrended displacements 30 km upstream from the groundn = 3 shares all the main characteristics of observed tidal
ing line as a function of time for a number of differentvalues ~ modulation of RIS. A full parameter study has still to be per-
(coloured curves). Model geometry and rheological parameter valformed. However, a value @f = 1 can be excluded.
ues other than those of the till are all identical to those used irFig. Note that the modelled temporal flow variability is not due
and are described in text. The black curve is the tidal amplitudetg any corresponding temporal changes in the model param-
scaled by a fgctor of 100. Tidal forcing is .applied at the S2 a'md theaters. All modelling parameters are kept constant and do not
2Mrifrequenmes only and each tidal constituent has an amplitude O[:hange in space or time. In particular, although basal stresses
' and basal motion varies in space and time, the parameters of
the sliding law do not. In nature one can expect the basal

vertically. This effect can be seen for both the long-period slipperiness to vary across the bed, and possibly also in rela-

MST tide, where the maximum in detrended displacement igtion to tides. In modelling terms, prescribing such a variation
reached about two days earlier far= 10 than form = 2, poses no difficulties. However, although such variability in
and the in the semidurnal variation (see M. basal slipperiness can be expected to modify the modelled

response, and introducing such a variability might be useful

as a part of a model-optimisation study, no such variability is
5 Discussion required to reproduce the general characteristics of the tidal

response observed on RIS.
Modelled tidal modulation in ice stream flow is strongly sen- The model produces no clear long-term tidal response
sitive to the parameters of the sliding law. For example, sim-when forced with diurnal tides only. This raises the pos-
ply changing the value of the stress exponent frars= 1 sibility that the difference between observed tidal response
to m = 3 gives rise to a long-period response in ice streamon RIS and on some of the Siple Coast ice streams, such
flow that is absent fom =1 (see Fig4). Strong tidal mod-  as the Bindschadler Ice Stream (efgpandakrishnan et al.
ulation in ice-stream flow at long-tidal periods can be gener-2003, is primarily related to differences in forcing rather
ated from the action of the semi-diurnal and diurnal oceanicthan differences in basal conditions. Ross Sea tides are pre-
tidal components alone, provided the relationship betweerdominantly diurnal with K1 and O1 amplitudes of about
basal stress and basal motion is non-linear (Bjg. The  0.5m or less, and semi-diurnal amplitudes of less than 0.1 m
long-period response requires a non-linear mechanism. IfMacAyeal 1984. The tides on Ronne-Filchner Ice Shelf are
the model the source of this non-linearity is the basal slidingmixed diurnal and semi-diurnal tides with M2, S2, K1 and
law (for m # 1). O1 amplitudes of around 1 nRpbertson et 411998 Fricker

The qualitative difference in model response when forcedand Padman2002 King et al, 20118. Hence, in compar-

with the S2/M2 tides (see Fig), as compared to the re- ison to RIS, the Siple Coast ice streams are subjected to at
sponse when forced with the K1/O1 tides (see Big.in- least ten times smaller semi-diurnal forcing. For these differ-
dicates that the model response to semi-diurnal loading peent types of ocean forcing, the modelled response would be
riods is different from the response to diurnal loading peri- different (compare Fig5 and Fig.6) and yet in both cases
ods. The viscoelastic rheology model introduces an addisimilar to the observations, i.e. largest response is concen-
tional timescale, i.e. the Maxwell time scale which is the ra- trated at long-periodic tides on RIS with little or no response
tio of the Young modulus and the (effective) viscosity (see at long-periods for Siple Coast ice streams.
Eq.9). The presence of this time scale allows for a differ- The numerical model used here supports conclusions
ent types of model response to these two different types obased on the previous modelling approaclGofdmundsson
tidal forcing. If no such additional timescale were involved, (2007, and gives added confidence in the applicability of

detrended displacement (m)
S
=
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that model to quantify effects of ocean tides on ice-streanriod of 14.76 days and almost absent at the similar Mf period
flow as done byKing et al. (2010. Modelled MSf ampli-  of 13.66 days. Furthermore, when compared with data from
tudes in ice stream flow are, for example, for both modelsRIS the model gives realistic order-of-magnitudes for am-
almost identical, and both models produce a similar shiftplitudes and phases of tidal constituents. Forcing the model
in mean surface velocity. However, there are a number ofwith the O1/K1 diurnal tides only results in a fairly com-
important differences between the visco-elastic full Stokesplicated tidal response that is mostly devoid of long-period
model presented here and the simple conceptual model cfomponents.
Gudmundssoi2007). Here, the basal perturbation in stress  The phase relationship between the tidal response and the
is calculated and is a model output, whereaSimundsson  ocean tide is dependent on the parameters of the rheologi-
(2007 the basal perturbation at each measurement site wasal model and on distance from the grounding line. Lowest
an unknown model parameter that was estimated from thepeed is not observed at high tide and highest speed not at
observed temporal variation in flow. Due to its simplicity, the low tide, as might be expected if the change in horizontal
model ofGudmundsso 2007 can be described as “an edu- pressure due to the varying height of the water column was
cated guess” of the effects of ocean tides on ice-stream flowthe primary variable affecting the flow. The phase relation-
In the model presented here, the full set of the momentunship is complicated, and in the model runs presented above
equations are solved for a non-linear visco-elastic rheologyhighest forward speed occurs at different times depending on
without resorting to any simplifying modelling assumptions location. Sufficient distance downstream of the grounding
regarding the stress state. line highest horizontal speed occurs approximately at high-
For both the conceptual model presenteGidmundsson  est rate of rising ocean tide.
(2007, and the model presented here, predicted ice-stream There are a number of important issues not fully resolved
response to ocean tides does not scale linearly with the amhlere that warrant further modelling efforts. Of interest is
plitude of the tides, unless fat =1 andn =1. These are the prospect of conducting a fully three-dimensional study
basic characteristics of any non-linear moddurray et al.  of tidal modulation in flow. Such a study would constitute
(2007 discuss the fact that the velocity on RIS appears nota much stronger test on the validity of the mechanism pro-
to be “simply” related to tidal height, and state that the this posed here for the generation of tidal motion on ice streams,
observation invalidates tHeudmundsso007 model. Al-  and deliver firmer constrains on the basal boundary condi-
though the exact meaning of the word “simply” as used intion.
this context byMurray et al.(2007) is not fully clear, both
the argument and the conclusion are incorrect. In fact, a fur- .
ther analysis of the data presentedMuirray et al.(2007) Appendix A
done byKing et al. (2010 showed that the model @&ud-
mundsson(2007) could be used to reproduce that data set
using “strikingly similar” parameter values to those@did-

Visco-elastic rheology models

The constitutive equations of linear viscoelastic materials un-

mundssor{2007). der multiaxial stress can be written as

Pl =04y, (A1)
6 Conclusions and outlook and
Applying ocean tides to a model of a coupled ice-stream/ice-PVs;; = 0K ¢;; (A2)

shelf flow can give rise to tide-induced horizontal movement

of the ice-stream that is strongest at frequencies not presente‘é&h:crs\fg ar;icé? 'aarﬁdth? ?sivrimarfr?;t?of]tzassl?es d?g?estt;?a”:/z'l_re'
in the forcing, provided a non-linear function is used to de- P Y. " €ii P

: X . X ._umetric stresses and strair@h@mes and Cozzarelli997).
scribe the relationship between basal motion and tangential . S o
P 9 4 04, pv, andQV are differential time operators specific

basal stresses. Forcing the model with semi-diurnal tidei . .
only, can cause a strong fortnightly response in horizontal® 2 particular rheological model.
I The Maxwell model is a two-element model where a

displacement upstream of the grounding line. This model ring element and a viscous dashpot element are connected
response bears strong similarities to observations made orP''ng P i
in series. A two-element model where a spring element and

Rutford Ice Stream (RIS). X . .
Using a Weertman type basal sliding law with moderatelywscous dashpot element are connected in parallel is referred
to as the Kelvin model. The Burgers model is a four-element

large stress exponent (i.e. within the range from 2 to 10) .
. . : . - ’model where a Maxwell and a Kelvin model are connected
the numerical model is found to replicate all main qualita- in series

tive features of the observed tidal motion of RIS, such as the

: S o . The Burgers modelShames and Cozzarelli997) is de-
genesis of long-period tidal modulation in flow in response . i
to diurnal and semi-diurnal tides. The model also explains y ) )
why the long-period response is concentrated at the MSf pes;; 4 p17;; + p2Ti; = q1di; +qod;; (A3)
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1 010

Burgers The Poisson’s ratiol) is, therefore, not a material parameter
T T Maxwel and, in general, time dependent. kor> +o0, v — (3K —
R)/(6K + R), and forw =0 we findv =1/2 corresponding
to an incompressible material. Similarly, the Young modulus
(E) of a visco-elastic body is also not a material parameter,
but depends on the loading period.
10 ¢ ] The Burgers model is one of the simplest rheological mod-
els possible that can represent instantaneous elastic strain,
delayed elastic response (primary creep), and steady-state
viscous deformation (secondary creep). The instantaneous
elastic response of the model is determined by the bulk mod-
ulus K and the shear modulus™. The model parameters

. . . : - GK andnX determine the delayed elastic response, @hd

107 10" 10° 10

period of oscilation (day) the steady-state viscous deformation.
Fig. Al. The complex shear moduli of the Burgers and Maxwell ~ Values for the instantaneous shear and bulk moduli are
models. The parameters of the Burgers model are based on valudisted byRothlisbergei(1972. The temperature dependency
suggested biReeh(2003. Using EqsAl12 andAl3the parameters  of that data was analysed bjutter (1983. Following Reeh
of the Maxwell model are set such that the complex shear moduli of(2003’ here the valueg™ = 3.5GPa andk = 8.9GPa are
the_MaxwelI model is equal to thgt of the Burgers model for loading adapted. These values correspond to an instantaneous Young
periods larger than about few minutes. module E = 9.3GPa and an instantaneous Poisson’s ratio

v =0.33. Using results byBrill and Camp (1961 from

IG'l (Gpa)

and studies of primary creep, and further followiRgeeh(2003,
givesGX =3.3GPa and)X =600GPas. These values imply
oii = 3Keii, (Ad) a retardation time of Kelvin element of the four-element fluid
where of only a few minutes, and suggest that the simpler Maxwell
M M K model may well be an equally good approximation to ice rhe-
Pl = ”_K + ”_M + ”_K (A5)  ology over tidal time periods of hours and longer.
GK MG G The complex shear modulué of the Maxwell model is
da__nn
P2 = Gmgm (AB) . Dinw
Maxwell = : ~ (A11)
qi = 2™ (A7) 1+iwn/G
d_ 2nf M (A8) wheren andG are the material parameters of the model (not
2= 7Gx to be confused witg™ and GM which are the material pa-

Here nX and ™ are the viscosities of the Kelvin and the fameters of the Maxwell part of the Burgers mode). _
Maxwell parts of the Burgers model, respectively, wial& We want Maxwell to reproduce Burgers over periods of in-

andGM are the corresponding shear moduli. The paramei€rest. This is done selecting an effectveof the Maxwell
ter K is the bulk modulus. The volumetric deformation is Model such that the complex shear modulus of the Maxwell

assumed to be elastic. model is a good approximation to the complex shear mod-
For oscillatory deviatoric straid;; = d%e™", and devia- ulus of the Burgers model for tidal frequencies. One way
/ of achieving this goal is by ignoring the delayed elastic re-

/ B . o sponse of the Burgers model and setting the parameters of
Burgers model, defined & =7, /(24},), is given by the Maxwell model to

toric stresses;; = ri’;.e““’, the complex shear modulus of the

GK
T 1+GK/GM K M

ig1w — gaw?

2(1+ipiw — pow?)
The complex bulk modulugs™*, of the model is independent
of frequency, i.eK* =K.

As is typically the situation for visco-elastic bodidsr{d- —M. (A13)
ley et al, 1976, the Poisson’s ratio (defined as the negative
of the ratio between lateral and axial strain under uniaxial Equations A12) and @A13) give the relationship between
stressing), for the Burgers model is a function of the loadingihe valyes of the Burgers model and that of a Maxwell model

A9 ¢ (A12)

* —
Burgers—

and

frequency, that reproduces the Burgers model for loading periods large
3K — 2G* in comparison to the retardation time of the Burgers model.
W) = oG (A10)  Asshown in FigAl, using these values, the Maxwell model
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closely reproduces the behaviour of the more complex Burg-Gudmundsson, G. H.: Fortnightly variations in the flow ve-
ers model over all frequencies larger than about 0.05 per locity of Rutford Ice Stream, West Antarctica, Nature,
day. The shear modulus of the (effective) Maxwell model 444, 1063-1064d0i:10.1038/nature05430ttp://dx.doi.org/10.
is 1.7GPa and the instantaneous Poisson’s nagd0.41 im- 1038/nature05432006.

lving a instantaneous Young modulus o8 @Pa. Gudmundsson, G. H.: Tides and the flow of Rutford
pyIng 9 Ice Stream, West Antarctica, J. Geophys. Res., 112,
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