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Abstract 

 

Impact of Subglacial Hydrology on Force Balance for a Physically 
Modeled Ice Stream 

 

Benjamin Moore Wagman, M.S.Geo.Sci. 

The University of Texas at Austin, 2012 

 

Supervisor:  Ginny Catania 

 
 
We use a physical model to investigate how changes in the distribution of subglacial 
hydrology affect ice motion of Antarctic ice streams. Ice streams are modeled using 
silicone polymer placed over a thin water layer to mimic ice flow dominated by basal 
sliding. Dynamic similarity between modeled and natural ice streams is achieved through 
direct comparison of the model force balance and the observed force balance of Whillans 
Ice Stream (WIS). The WIS force balance has evolved over time due to increased basal 
resistance. We test two hypotheses: 1) the subglacial water distribution influences the ice 
flow speed and thus the force balance and; 2) shear margins are locations where 
transitions in water layer thickness occur. The velocity and force balance are sensitive to 
pulsed water discharge events and changes in lubrication associated with sticky spots, 
and model shear margins tend to overlie water lubrication boundaries. Local changes in 
basal lubrication near margins (possibly as a result of the presence of sticky spots or 
subglacial lakes) influences the stability of the margin position and may be responsible 
for large and rapid shifts in margin location. 
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INTRODUCTION 

Ice streams are regions within ice sheets characterized by ice flow orders of 

magnitude faster than the adjoining ice sheet. The Siple Coast of the West Antarctic Ice 

Sheet (WAIS) is characterized by several ice streams that flow into the Ross Ice Shelf 

and cause fluctuations to the mass balance of the WAIS on decadal to millennial 

timescales (e.g. Fahnestock and others, 2000; Conway and others, 2002; Catania et al., 

2006a; Catania et al., in press). Whillans Ice Stream (WIS), a prototypical WAIS ice 

stream, is currently slowing and experiencing changes in width (Stearns et al., 2005). 

Such short-term dynamism is internal to the ice stream system and so occurs 

independently of climate forcing (Hulbe and Fahnestock, 2007; Catania et al., in press). 

Improved characterization of the magnitude of the changes that can occur, their 

frequency, and underlying causes is required for accurate predictions of mass balance 

changes for the WAIS. 

The driving stress, !!, for the Siple Coast ice streams is small (Table 1) due to 

shallow surface slopes, but fast flow is attained because of low basal drag at the ice 

stream bed. Multiple observational techniques have indicated that low basal drag is 

primarily due to the presence of meltwater (Blankenship et al. 1986; Engelhardt et al., 

1990b; Bentley et al., 1998). The presence of meltwater is associated with streaming, 

which initiates in the onset regions ~500 km inland of the grounding line. Ice streams 

may thin (either naturally along their lengths or due to dynamic changes over time), 

steepening the internal temperature gradient and switching the basal environment from 

melted to frozen (Hulbe and Fahnestock, 2007). This switch in basal conditions over time 

is the preferred explanation for the stagnation of Kamb Ice Stream (KIS) (Tulaczyk et al., 

2000; Christoffersen and Tulaczyk, 2003; Catania et al., 2006) and may explain changes 
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in ice stream configuration and discharge. In part, short-term changes in basal lubrication 

may be brought about my subglacial lakes (e.g. on WIS) that fill and drain on time scales 

of months to years (Fricker et al., 2007).  

Because ice streams are characterized by low basal drag, lateral drag from the 

shear margins balances much of the driving stress (Raymond et al., 2001, Stearns et al., 

2005). Crevasse fields associated with large lateral strain rates originate at onset regions 

and reach 1-10 km in width along the ice stream trunk. Individual shear margins can 

migrate laterally at rates of up to hundreds of meters per year (Bindschadler and 

Vornberger, 1998), and may jump in position (Retzlaff and Bentley, 1993; Catania and 

others, 2006) changing the width of the ice stream. Margin migration (through changes in 

ice stream width) exerts strong influence on ice discharge because, for low basal drag ice 

streams, centerline velocity increases proportionally to the fourth power of ice stream 

width (van der Veen, 1999).   

High melt rates at lateral shear margins are thought to be a mechanism for 

generating subglacial water (Beem et al., 2010; Schoof, 2004), but the distribution of 

meltwater beneath ice stream shear margins is not well known. No obvious topographic 

barriers confine Siple Coast ice streams and so a lubrication boundary must exist where 

the bed transitions from thawed (under the ice stream) to frozen (under the interstream 

ridge). The lubrication boundary controls the basal shear stress distribution at the margin 

in numerical models (Schoof, 2004), affecting heat production and ultimately migration, 

as ice streams move laterally by melting at the bed of interstream ridges or retreat inward 

due to freeze-on at the bed inside the margin (Jacobson and Raymond, 1998). As a result, 

knowing the exact location of an ice stream shear margin with respect to the subglacial 

lubrication boundary is important to understanding shear margin mechanics. Results from 

numerical models posit that basal lubrication is possible outside the margins (Schoof, 
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2004) particularly for margins migrating outward (Jacobson and Raymond, 1998), but 

others suggest that the basal lubrication boundary is likely located directly below the 

peak strain rate observed across the width of the shear margin (Echelmeyer et al., 1994; 

Raymond et al., 1996). It is likely that this would be the location of greatest meltwater 

production (Schoof, 2004; Beem et al., 2010; Perol, 2011). Countering this hypothesis, 

ice penetrating radar collected across an active shear margin of WIS did not show any 

jump in basal reflectivity (associated with a jump in basal lubrication) across the region 

of maximum strain rate (Raymond et al., 2006). This suggests that the lubrication 

boundary might be located inward of the location of peak strain rate, or that the 

lubrication underneath the shear margin is different from the lubrication under the ice 

stream; perhaps more fresh and thus less reflective (Raymond et al, 2006; Beem et al., 

2010).  

In this study we use a physical model of an ice stream to force changes in the 

distribution and magnitude of subglacial lubrication and observe the ice stream response. 

We focus on identifying the location of the ice stream shear margins relative to the 

subglacial lubrication boundary, and on determining the influence of perturbations in 

subglacial hydrology to ice stream margin position and discharge. Particular attention is 

paid to the ice stream force balance: the partitioning of the drag forces (basal drag, lateral 

drag, and longitudinal drag) which resist the gravitational driving stress because these 

parameters are most easily scaled to real ice streams. 
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METHODS 

Experimental Model 

Our model (Fig. 1) consists of a flat and level 3 m × 1.25 m opaque white 

Plexiglas base with clear plastic walls on three sides, and an open downstream end. Ice is 

represented in the model as polydimethylsiloxane (PDMS), a transparent silicone 

polymer (Table 1) which was placed on top of a thin layer of water-based lubricant. 

Pressurized water is delivered beneath the PDMS through holes in the Plexiglas base. 

Water is dyed blue in order to observe its spatial distribution, and is captured at the 

downstream end and recirculated through the flume to maintain consistent dye coloration.  

Eleven experiments were run in order to produce a fast flowing PDMS ice stream 

and to observe changes in our model to perturbations. Five experiments (presented here) 

produced satisfactory ice streams, although the experiments differed from one another in 

flume shape and size; PDMS surface slope; and in the method, pattern, timing, and 

changes in water discharge (Fig. 2; Table 2). In addition, our measurement systems were 

refined with time.  

The experimental procedure was similar for each experiment. Prior to loading the 

PDMS into the model, a thin layer of water-based lubricant was spread over the base of 

the model in order to prevent the PDMS from adhering to the Plexiglas. The lubricant 

was applied over an area larger than our expected ice stream width in order for shear 

margins to develop spontaneously (Fig. 1). A removable blockade ~40 cm from the 

downstream edge of the model was used to prevent the PDMS from spreading and 

flowing as it was loaded onto the flume. When the PDMS reached a uniform thickness of 

about 6-10 cm, brightly painted wooden dollops (0.9 cm diameter) were placed on the 

surface for feature tracking in photographs taken using an overhead time-lapse camera. 

Dollops were spaced in grids, which were sometimes designed for higher resolution at 
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lateral shear margins (Table 2). Removing the blockade initiated downstream flow 

beginning from the downstream end of the flume, which created a surface gradient (Fig. 

1c) that propagated upstream and then stabilized. When the surface slope reached that 

needed to mimic ice stream flow, valves underneath the flume were opened, allowing 

water to flow underneath the polymer.  

Our setup evolved over time, ultimately enabling data collection of PDMS surface 

height and velocity (for calculating the force balance), and sub-polymer water discharge. 

An acoustic sensor mounted on an arm periodically measured the surface height of the 

PDMS in a lengthwise transect along the ice stream center (Fig. 1). Overhead 

photographs of the experiment were taken at 10 s intervals to track the changes in dollop 

position across successive photographs and calculate PDMS surface velocity. Velocity 

was computed in both Lagrangian and Eulerian perspectives. Lagrangian velocities are 

comparable to GPS-derived ice stream velocities, and Eulerian velocities are comparable 

to InSAR-derived ice stream velocities and were used for calculating the ice stream force 

balance. The distribution of sub-polymer lubrication (water) was tracked from the 

overhead photographs through the transparent PDMS, and we identified basal lubrication 

boundaries (henceforth “lubrication boundaries”) visually as the border between blue-

dyed water and the white Plexiglas base. A paddle wheel flow meter logged discharge of 

water into the model.   

Similarity to Ice Streams 

Physical modeling is commonly used in geomorphological studies, but is rarely 

applied to the study of ice sheets (for exceptions see Burton et al., 2012 and Corti et al., 

2008). Geomorphic modelers often attempt dynamic similarity (matching forces) to the 

natural system, which implies kinematic (matching motion) and geometric (matching 
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form) similarity (Paola et al., 2009). Because we desire to measure how changes in 

subglacial hydrology affect the ice stream force balance, we attempt to model an ice 

stream and match its force balance to WIS. Our approach towards scaling our experiment 

is twofold: 1) to characterize the similarity of PDMS to ice within ice streams through 

dimensional analysis, and 2) to achieve dynamic similarity of the force balance between 

model and nature.    

We model ice streams using PDMS because PDMS and ice have similar density, 

and thus similar specific gravity (Table 1). Both PDMS and ice are Newtonian materials 

at low strain rates and strain-weakening materials at higher strain rates (Weijermars, 

1986). In addition, ice has a temperature-dependent rheology. These factors cause ice to 

soften within lateral shear margins, but PDMS does not undergo strain-weakening in the 

flume because the strain rates in our experiments are too low (Fig. 3). Fluid flow in ice 

streams is laminar, meaning viscous forces dominate over turbulent forces, as shown by 

the Reynolds number,  !!: 
  !! =

!"#
!

    (1) 

where ! is density, ! is the dynamic viscosity, H is a characteristic length (we choose 

thickness) and !  is velocity. We calculate a Reynolds number for the PDMS in our 

experiments using values typical for PDMS (Table 1) and our experiments and find that 

that !! = ~8×10!!, well within the laminar flow regime. We follow Weijermars et al. 

(1986) to determine how the viscosity of PDMS scales to typical values of ice using:  
  !! =   !!

!!!!!!
!!!!!!

 (2) 

where ! is the strain rate and the subscripts !  and ! are ice and model, respectively. We 

find that PDMS viscosity scales to an ice viscosity of 3.3×10!" Pa s using values for 

typical ice stream shear margins, and is within the range of possible ice viscosities for 
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this part of the ice sheet (Table 1). Stress in the margins of our PDMS ice streams is 

scaled to stresses in the margins of WIS by non-dimensionalizing: 
  !! =

!!
!!

!!
!!

!!
!!
!!  (3) 

where ! is deviatoric stress, ! is gravitational acceleration, and ! is a characteristic length 

(here we use shear margin width). Stress in the model shear margins scales to ~100 kPa, 

which is within the range of shear stress values observed for WIS shear margins (Table 

1).  

To examine the influence of subglacial hydrology on ice stream dynamics we 

scale the forces controlling ice stream motion using the “force balance” approach (van 

der Veen and Whillans, 1989; Raymond et al., 2001; Stearns et al., 2005). Our goal is to 

match the ratio of driving forces (gravitational driving stress) to resistive forces (lateral, 

longitudinal, and basal drag) in our model to the natural system (WIS). Gravitational 

driving stress in the lengthwise, ! direction (Fig. 1), is defined as: 
  !!" = !"# !!

!"
 (4) 

where surface topographic information from the acoustic sensor is used to determine both 

thickness (!) and surface slope !!
!"

 because the model base is flat. The acoustic sensor 

traversed the length of the flume collecting surface height data ~5-10 times per 

experiment at irregular time intervals, and only along the center of the model. In order to 

achieve complete spatial and temporal coverage for driving stress, PDMS surface height 

is assumed laterally constant, and is interpolated through time to cover the temporal gaps 

between acoustic sensor traverses (see Appendix).  

The lateral strain rate, !!" and the longitudinal strain rate !!! are calculated using 

the PDMS surface velocity: 
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  !!" =
!
!

!"
!"
+ !"

!"
      (5) 

   !!! =
!"
!"
     (6) 

where ! is the lateral dimension (across ice stream width with zero at the center of  the 

model), ! is the velocity in the y direction, and ! is velocity in the ! direction. In the 

flume, ! ≪ !, rendering the along flow variation in lateral velocity, !"
!"

, negligible.  

The constitutive law for ice is written:  

  !′!" = !!!
!
!!!!!"  (7) 

(van der Veen and Whillans, 1989) where !′!" is the deviatoric stress directed along axis 

!  on the plane perpendicular to !, !  is the stiffness parameter and is dependent on 

temperature, fabric and crystal size, !! is effective strain rate, and ! is the power law 

exponent (typically 3 is used for ice). Under the Newtonian assumption (! = 1) for the 

flow of PDMS, the constitutive law reduces to:  
  !′!" = !!!"  (8) 

where the stiffness parameter, !, becomes viscosity, !, by definition.  

Accelerating ice exerts longitudinal resistance, !!!, on the ice up and 

downstream, which is related to the deviatoric stresses by: 
  !!! = 2!′!! +   !′!! + !!!  (9) 

(van der Veen and Whillans, 1989) where !′ is the deviatoric stress. !′!!  and !!! are 

negated in our force balance: !′!!  because transverse velocity and its gradients are very 

small;   !!!, the vertical resistive stress, because the softness of ice dictates that the 

vertical normal stress is always close to lithostatic. Thus: 
  !!! = 2!′!!  (10) 
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which, using the simple constitutive law for PDMS (Eqn. 8), is related to strain rate by 
  !!! = 2! !"

!"
  (11) 

Lateral drag from shearing, greatest at the shear margins where the lateral 
gradient in downstream velocity,!"

!"
, is at a maximum, diminishes inward. The associated 

resistance is: 
  !!" = !′!"  (12) 

or, using ( Eqn. 8) to relate stress to strain rate: 
  !!" = ! !"

!"
  (13) 

Drag forces are calculated from gradients in the vertically-integrated resistive stresses 

using:  
  !

!"
!!!

!
! !" + !

!"
!!"

!
! !" + !!" − !!" = 0 (14) 

(van der Veen and Whillans, 1989), where the elevation of the bed is !. Eqn. 14 shows 

the full force balance in !, including (from left to right) longitudinal drag, lateral drag, 

driving stress, and basal drag).  Vertical variations in all terms are considered negligible 

(verified experimentally by placing dollops at depth in the PDMS), simplifying the 

integration to: 
  !

!"
!(!)!!! +

!
!"
!(!)!!" + !!" = !!" (15) 

where Eqn. 14 is rearranged to solve for the ! component of basal drag, !!". Expressing 

resistive stresses as strain rates and writing the full driving stress (Eqn. 4) yields the force 

balance equation in the ! direction: 
  2! !

!"
!(!) !"

!"
+ !

!
! !
!"

!(!) !"
!"

+ !"#(!) !"
!"
= !!"  (16) 
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Our approach is to reproduce the balance of forces typical of WIS. There are 

many observational data sets available for this ice stream and its ongoing dynamic 

changes may provide insight for interpreting model results. Between 1987 and 1997, WIS 

slowed along its entire length (as much 7.2 m a-2 downstream of its onset region) while 

narrowing upstream and widening downstream, primarily because of the movement of its 

northern shear margin (Stearns et al., 2005). These changes to the WIS force balance are 

thought to indicate a strengthening of the bed, but despite this, it remains a shear margin-

dominated ice stream with the margins resisting ~70-85% of the driving stress throughout 

the downstream reaches of the ice stream (Stearns et al., 2005). Margins resist much less 

of a percentage of the driving stress in onset regions (22-53%), largely because the 

driving stresses are so much higher (Stearns et al., 2005). 

Model shear margins (normalized by the model ice stream width) are wider than 

the normalized widths of shear margins on WIS at Upstream B (Fig. 4) possibly because 

the model does not include strain weakening and thermal softening. The peak strain rate 

at upstream B is 2.35  ×  10!! s-1 (Echelmeyer et al., 1994) and is within the strain 

weakening flow regime for ice (Fig. 3). In contrast, peak strain rates in the experimental 

margins are 1.4  ×  10!! s-1 and fall within the Newtonian flow regime for PDMS (Fig. 3).   

Ice stream velocity profiles are evidence of the relative contributions of basal and 

side drag to the force balance, with a theoretical “V-shaped” profile in map view 

indicative of a basal drag-dominated flow regime (Whillans et al., 1993) as a 
consequence of  !

!!
!"!

= 0 for zero lateral drag flow (see equation 16). V-shaped velocity 

profiles are thus more typical in the onset regions of ice streams, as is shown for WIS by 

Whillans et al., (1993). A lateral drag dominated (margin controlled) ice stream velocity 

profile approaches plug flow (Whillans et al., 1993) (although, theoretically, the profile 
would not achieve actual plug flow because !

!!
!"!

 must be nonzero if !! ≠ 0) and has a 
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characteristic “U-shaped” velocity profile. U-shaped velocity profiles are thus more 

typical in the downstream portions of WIS (Whillans et al., 1993). Our model velocity 

profile more closely approximates that found in the onset region of WIS than upstream B 

(Echelmeyer et al., 1994) which is located further downstream on WIS (Fig. 4). However, 

the experimental profile is even more V-shaped (suggesting higher basal drag) than the 

profile at the onset region of WIS, suggesting even higher basal drag (Fig. 4). 

In the model force balance basal drag dominates the resistance to the driving 

stress (Fig. 9a) except in the far downstream end of the model, where it is greatly reduced 

(although even within the downstream reaches basal drag is temporally and spatially 

variable (Fig 11a)). Considering the shape of velocity profiles and our force balance 

calculations, we believe our experimental results best match the force balance for the 

onset region of a Siple Coast ice stream over most of the model length, and the 

transitional region between the onset and trunk of an ice stream at the downstream end of 

the model.    

In each model ice stream we observe the formation of what we call “sticky spots.” 

These are regions within the model ice stream where the sub-polymer water layer is thin 

or absent. We suspect that these sticky spots form either as a result of boudinage: 

extension of the PDMS sandwiched between two, less-viscous fluids (air and water), 

which creates variability in PDMS thickness, or because of inadvertent heterogeneity in 

the application of the water-based lubricant. In contrast, ice stream sticky spots form 

either because of local strengthening of the subglacial till or because of bedrock 

protuberances (Stokes et al., 2007). In our experiments, we observe along-flow migration 

of the sticky spots at a slower rate than the flow of PDMS, whereas, for ice streams, 

sticky spots are thought to be stationary. Despite these differences, the increase in basal 
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drag in the vicinity of sticky spots provides opportunity to observe how an ice stream 

might respond to localized increases in basal drag.  
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RESULTS 

Location of Shear Margins  

The lateral shear margin center is defined as the location of greatest absolute 

value of lateral strain rate, calculated from gridded velocity data (4.3  ×  14.3 cm lateral 

and longitudinal spacing). The location of peak strain rate was calculated for every 

across-flow transect, and a straight line interpolation was inferred between these locations 

for each margin (Fig. 5). This method resulted in shear margins with sharp bends and 

corners uncharacteristic of the smooth spatial variation of ice stream shear margin 

positions. While we observe a preference for the shear margin to locate over the sub-

polymer lubrication boundary (in experiments 2, 4, and 5 where margin position was 

calculated), we find that shear margin centers sometimes also fall inboard or outboard of 

the lubrication boundary (Fig. 5). 

Margin Migration 

We intended to induce changes in margin position through changes in sub-

polymer water discharge. We expected that increases in water discharge would cause an 

outward migration of model lubrication boundaries and thus shear margins, causing a 

widening the region of fast flow and an increase in model ice stream velocity. While we 

only measured margin migration in three experiments (Table 2), we can infer it in other 

experiments based on changes in the distribution of streaming velocity and the position of 

the lubrication boundary.  We experimented with discharge methods (Table 2) but in 

general we perturbed the subglacial hydrological system with either slow, steady changes 

in discharge, or abrupt pulses. We found that the basal lubrication boundaries and the 

positions of the lateral shear margins were unaffected by gradual discharge perturbations, 

as the increased water flux was accommodated by a thickening of the water layer 
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(observed as darkening of the blue shade of the water), and partial flooding of sticky 

spots (observed visually). Hypothetically, increased water discharge could have been 

accommodated by increased subglacial water velocity, but we had no means to measure 

that property.  

We found that discharge pulses were more effective than gradual discharge 

changes at perturbing lubrication boundaries. In general, we found that the lateral 

lubrication boundaries moved outward in association with strong discharge pulses (in 

experiments 1, 4, and 5).  In experiment 1, the lubrication boundary migrated outward up 

to ~25% of the model ice stream width in response to a sudden (20 L min-1) increase in 

discharge. This outward expansion was accompanied by the washout of sticky spots, an 

increase in velocity (up to 100%), and a widening of the streaming region of the PDMS. 

In experiment 4, a discharge pulse caused expansion of the (already wide) lubricated area 

on both sides and caused an increase in velocity (Fig.6). A small section of lubrication 

boundary moved outward 4.5-5.5 cm (~10-15 % of initial ice stream width) in response 

to a discharge pulse in experiment 5. 

Where we measured shear margin position, we found that outward migration of 

lubrication boundaries caused outward migration of shear margins. In experiment 4, this 

resulted in (up to) a 68% widening of the ice stream in the upstream area, and an increase 

in velocity (Fig. 6). We infer that the shear margins also moved outward with the 

lubrication boundary in experiment 1 because the velocity field indicated a widening of 

the ice stream, but we did not calculate the location of lateral shear margins for that 

experiment (Table 2). The small expansion of lubrication in experiment 5 as a result of a 

discharge pulse did not cause shear margin migration, but this is likely due to shear 

margins bridging heterogeneity in the lubrication boundary, resolution issues, or both.   
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We found that local decreases in basal lubrication (e.g. formation of sticky spots) 

also caused changes in margin position, especially when these decreases occurred close 

to margins. For example, the peak strain rate, and hence shear margin center, moved back 

and forth between the lubrication boundary and a sticky spot formed in experiment 4, and 

a shear margin moved inward 10-18 cm coincident with the maturation of a large 

(~14  ×  20) cm sticky spot at the downstream end of experiment 5 (Fig. 7). Initially, 

when this sticky spot formed the margin appeared to widen and split around the sticky 

spot (Fig. 7b). Over time, the margin moved inward to the shear zone associated with the 

sticky spot, narrowing the ice stream by up to 30% in the downstream end. The region 

abandoned by the margin, while still lubricated with water, showed a gradual reduction in 

lateral shear that diminished over time as the PDMS in this area stagnated. A persistent 

sticky spot further upstream and far from both margins caused a local increase in basal 

drag and a decrease in velocity of the model ice stream, but did not affect the position of 

either margin (Fig. 7). 

Hydrologic Variability and Force Balance  

Both local and general changes in force balance and velocity were most 

effectively forced through pulses in water discharge. Discharge pulses caused a velocity 

response over a widespread area: sudden increases in discharge caused a speedup, and 

sudden decreases caused deceleration (Figs. 6, 8a, b). Widespread acceleration occurred 

due to a combination of widening of the model ice stream (Fig. 6) and a drowning of 

sticky spots, which decreased basal drag (Fig. 10a). Sticky spots grew in size and number 

after sharp decreases in discharge, especially when discharge was reduced to near zero. 

While gradual variations in water discharge did not have a clear influence on PDMS 

velocity, a gradual decrease to zero discharge was not attempted. 
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We also observed local sensitivity in velocity due to heterogeneity in the 

distribution of sub-polymer water. This was most evident when sticky spots caused local 

increases in basal drag, resulting in a slowdown of the PDMS in the region and 

longitudinal compression directly upstream (Figs. 7c, 10a). Sticky spots grew larger 

during periods of low discharge. Some discharge pulses washed out sticky spots, 

reducing basal drag and eliminating longitudinal compression (Fig. 10).  
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DISCUSSION 

Our model ice stream is a simple representations of real ice streams and does not 

accurately represent many of the important controls on ice stream flow, including 

thermodynamics, tidal motion, the rheological properties of till, and ice fracture, etc. 

Despite this, our experiments allow us to make basic observations of how ice stream 

dynamics may relate to changes in subglacial hydrology.   

Factors Controlling Margin Position 

To within the resolution of our measurements, the lateral shear margins in our 

model are controlled by basal conditions, and are located at the lateral edge of the sub-

polymer hydrological system. This relationship has been hypothesized for ice streams for 

two main reasons; 1) in the absence of any topographic or lithologic discontinuities at 

shear margin locations, there must exist a jump in basal drag in order to produce the 

strain rates observed (Raymond et al., 2001) and; 2) several authors predict that there is 

sufficient strain heating within margins to produce meltwater (Schoof, 2004; Beem et al., 

2010; Perol, 2011).  

Radar observations over the northern shear margin of WIS found no significant 

jump in basal reflectivity (indicating the presence of water) at the location of peak strain 

rates measured in the margin (Raymond et al., 2006). Raymond et al., (2006) suggested 

two possible explanations for this discrepancy: either strain heating produces very fresh 

meltwater that may be invisible to radar, or the subglacial hydraulic boundary is located 

slightly further inboard of the shear margins (toward the middle of the ice stream) than 

the extent of the surveys. The freshwater hypothesis is supported by the modeling of 

Beem et al., (2010), who find high melt rates at shear margins and a layer of thick, fresh 

water beneath them. However there is also evidence that subglacial lubrication 

boundaries may be located on the order of one shear margin width inboard of shear 
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margins, although these observations were for recently stagnated ice streams (Catania et 

al., 2003).  

While we observe good correlation between shear margin position and basal 

lubrication, there are occasions when the shear margin is located 7-10 cm on either side 

of the lubrication boundary (Figs. 5, 6, 7). This misalignment may occur because we lack 

the ability to detect shear margin position at a resolution that matches that of the 

lubrication boundary, which makes it impossible to determine how closely the lateral 

shear margin follows the small-scale variability in the lubrication boundary. If the 

lubrication boundary at the lateral edges of ice streams is not smooth and exhibits spatial 

variability (as in the experiments), then the position of ice stream shear margins reflects 

the average or smoothed position of the location of the lubrication boundary. In this case, 

the lack of evidence of a lubrication boundary in the radar data of Raymond et al. (2006) 

could mean that their profiles happened to occur at locations where the lubrication 

boundary and the shear margin were misaligned. However, if ice stream shear margins 

produce enough meltwater to lubricate the bed, the lubrication boundary is likely co-

located with the shear margins and thus is also smoothly varying.  

While we cannot argue for one interpretation based on our flume experiments 

alone, it is entirely possible that the lubrication beneath ice streams exhibits heterogeneity 

which is not reflected in the surface expression of shear margins. In this case, the 

assumption that shear margins form directly over lubrication boundaries is too simplistic. 

Perturbations to Margin Position 

Our experiments show that changes in basal drag at the margins can induce large 

changes in ice stream width. Inward migration results from the formation of a sticky spot 

near a margin (Fig. 7c) that caused a local increase in basal drag and lateral shear near the 
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spot, and, ultimately, shear margin migration from the outer lubrication boundary to the 

sticky spot. Outward migration results from expansion of the subglacial lubrication 

system because of the tendency for shear margins to align with lubrication boundaries 

(Fig. 6). In ice streams, variation in basal drag near the shear margin may arise from 

filling and draining of subglacial lakes (Fricker et al., 2007). WIS overlies several small 

subglacial lakes, some of which occur near or adjacent to its shear margins, and our 

observations indicate that changes in lake volume that affect basal drag may be a 

mechanism for the observed temporal variability in ice stream discharge.  

The timing of force balance and shear margin changes associated with the 

shutdown of KIS may indicate sensitivity of ice stream shear margin position to local 

changes in basal drag. Catania et al. (2006) suggest that basal freezing in an area larger 

than ~2500 km2 called the “Duckfoot,” just inboard of the KIS northern shear margin, 

caused the shear margin to jump inward, narrowing and slowing the ice stream by about 

30%. Although this narrowing preceded the total shutdown of KIS by ~200 years, a 

sudden narrowing and slowdown may have reduced shear heating enough to have 

destined KIS to its eventual stagnation (Catania et al., 2006; Tulaczyk et al., 2000; 

Raymond, 2000).  

Perturbations to Velocity 

The subglacial hydrologic system differed between experiments in areal extent, 

water thickness, and distribution, in part because of differences in the timing and pattern 

of water injection (Table 2). Despite these differences, we observe increased PDMS 

velocity during pulsed water discharge events (Figs. 6, 8, 10) and decreased velocity 

when discharge is suddenly reduced (Fig. 8). Changes in model ice stream velocity are a 

consequence of changes in basal drag (Fig. 10a) or a combination of changes in width 
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and changes in basal drag (Fig. 6). Velocity was most sensitive to water discharge 

changes when initial or final discharge fell to near zero (Fig. 8a, d), suggesting higher 

sensitivity when subglacial water is scarce. This is likely because changes in water 

storage were more easily realized when sticky spots were most prevalent (at low 

discharge). The basal drag of the entire experimental ice stream may be controlled by the 

aggregate of the local basal drag of numerous sticky spots, as they are the only features at 

the bed of model ice streams capable of imparting basal drag.      

All experimental ice streams contained sticky spots. Sticky spots have long been 

predicted at the bed of WIS because saturated till cannot impart even the small amount of 

basal drag found under the ice streams, and so basal drag must concentrate elsewhere 

(Echelmeyer et al., 1994). That sticky spots develop naturally in the flume, and exert 

influence over velocity and force balance, offers an interesting parallel to ice streams. 

The increased basal drag caused by the presence of sticky spots (which can increase in 

magnitude and impact on velocity during low water discharge events), may impact the 

model ice stream in ways comparable to the effect of reduced lubrication caused by basal 

freeze-on beneath an ice stream. Freeze-on occurs as a result of both de-watering the 

substrate and strengthening the till and may have caused the stagnation of KIS (Tulaczyk 

et al., 2000; Christoffersen and Tulaczyk, 2003; Catania et al., 2006) and the current 

slowdown of WIS (Raymond et al., 2001; Stearns et al., 2005; Joughin et al., 2004; 

Joughin et al., 2005). 

Pulses in discharge were more effective at flooding sticky spots and creating a 

more distributed hydrological system than gradual increases in discharge. Even the 

largest sticky spot (Fig. 7) experienced a decrease in areal extent, basal drag, and 

longitudinal compression, and an increase in the velocity of the overlying PDMS in 

response to a discharge pulse (Fig. 10a). Flooding of sticky spots reflects an increase in 
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sub-polymer water storage, so our observations of coincident increased water discharge 

and velocity agree with findings that increased storage of subglacial water affect glacier 

velocity more than absolute water discharge (Schoof, 2010; Bartholomaus et al., 2008). 

Gradual changes in water discharge probably affect the sub-polymer water system less 

because the drainage network has more time to adapt, whereas pulses cannot be 

immediately accommodated and thus cause an increase in storage.  

While widespread, sudden increases in water discharge beneath ice streams is not 

common, subglacial lakes that spontaneously drained beneath Byrd Glacier, Antarctica 

caused a 10% increase in velocity that was maintained for the duration of the drainage 

(Stearns et al., 2008).  Byrd Glacier is confined laterally by the Trans-Antarctic 

Mountains and thus is blocked from widening, but the Siple Coast ice streams are 

generally not constricted laterally by topographic barriers, and our work suggests that 

they may widen and accelerate should they be subject to a similar pulse of subglacial 

water. 
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CONCLUSIONS 

Experimental ice streams were scaled dynamically to the onset regions or 

tributaries of Siple Coast ice streams.  The model ice streams experienced changes to 

width, velocity, and force balance as a result of changes to the sub-polymer hydrology. 

These observations inform numerous hypotheses about how dynamic variability in ice 

streams may be related to subglacial hydrology. Abrupt changes in basal drag at the 

boundary between a dry and watered bed cause formation of lateral shear margins even 

when the distribution of water at the margins is not smoothly varying. It is not clear at our 

observational resolution how closely the lateral shear margins follow small-scale 

variability in the basal lubrication boundary. Should ice stream shear margins overlie 

heterogeneous and irregular boundaries as in our experiments, their smoothly varying 

position likely reflects an average of the spatial variability of basal drag. Ice stream shear 

margins may produce their own lubrication, suggesting an innate connection and 

alignment with the underlying lubrication boundaries, but our experiments show that 

shear margins develop over, and migrate along with, lubrication boundaries even if they 

do not produce their own meltwater. Local reductions in basal lubrication (observed as 

sticky spots in our model) affect the local force balance by causing longitudinal 

compression, lateral shear, and decreases in local velocity. Local reductions in basal 

lubrication that occur near shear margins can induce inward migration and trigger further 

changes in force balance. Pulses of subglacial water can force an expansion of the 

lubricated area beneath our model ice streams, causing them to widen. If the water is 

added quickly enough that the sub-polymer drainage system cannot accommodate it we 

observed increased sub-polymer water storage and changes in velocity.  
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TABLES 
 

Property Symbol Model Ice Stream Whillans Ice Stream 
Density (kg m-3) ρ 970 1 910 
Viscosity (Pa s) ! 2.5 x 104 

1 1012 - 1016 
3 

Length (m)  ! ~2 2 ~105 
Width (m) ! ~0.5 2 ~1-5 x 104 

4 

Height (m) ! ~10-1
2 ~103 

4 

Velocity (m yr-1) ! <8500 2 <900 4 
Slope α ~.02502 .0015-0.003 5 
Driving Stress (kPa) !! 10-3 - 17-3 

2 3-21 4 

Marginal Shear Stress 
(kPa) 

!! 8-3
2 80-250 4 

Basal Drag (kPa) !! <20-3 
2 <5.5 4 

Strain Rate (s-1) ! < 1.4 x 10-2 
2 2.2-8.25 x10-9 4 

Table 1.  
Characteristic values of model and ice stream variables. 1

 Dooley, et al., 2009, 2This 
paper, 3Marshall, 2005, 4Raymond et al., 2001, 5Bentley et al., 1987 
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 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 

Flume area (m) 1.50 x 1.00  3.00 x 1.25  3.00 x 1.25  3.00 x 1.25  3.00 x 1.25  

Injection 
pattern 

Upstream only Full-length Full-length Upstream only Upstream only 

Dollop grid 
(cm) 

10 x 10  10 x 10  10 x 10  2.5 x 20 1 3.8 x 20  

Margins 
resolved? 

No Yes No Yes Yes 

Discharge 
measured? 

Yes No No Yes Yes 

!
!"

Discharge Pulsed Gradual Gradual Pulsed Pulsed 

Duration (hr) 3.3  1.6  1.8  1.1  1.45  

Force Balance? No No No No Yes 

Table 2.  
Procedural differences between experiments. 1 Spacing along shear margins 
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FIGURES 

 

Figure 1.  
a. Experimental setup viewed from overhead cameras during an experiment. Water, dyed 
blue, is visible underneath the transparent PDMS. The four large red circles are water 
injection points. The sub-polymer water lubrication boundary is outlined in black. Also 
visible is the acoustic sensor, arm, and track. Water-based lubricant was applied to the 
area within the dotted rectangle. b. PDMS and dollop grid before water injection. The 
acoustic sensor and arm are visible on the left. c. PDMS surface height during an 
experiment, showing ice stream surface slope. 
  



 26 

 

Figure 2. 
 a. Experiment 1. b. Experiment 2. c. Experiment 3. d. Experiment 4. e. Experiment 5, 
with black rectangles defining the areas covered by the force balance analysis in figures 
9, 10, and 11. Vectors show a snapshot of PDMS velocity. 
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Figure 3.  
Flow curves of ice (blue) and PDMS (red). Ice temperature of 253 K, 263 K, and 273 K 
approximate the upper, middle, and base of ice stream (solid blue lines from dark to light, 
respectively) (Echelmeyer et al., 1994). Dotted lines are maximum strain rates at shear 
margins in WIS (blue) and the model (red). Modified from Weijermars, 1986. 
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Figure 4.  
Normalized ice stream velocity profiles, showing experimental (solid) and observed 
(circles and dotted line) profiles: Tributary B1 (Van der Veen Ice Stream) (modified from 
Whillans and van der Veen 1997), and Upstream B (modified from Echelmeyer et al., 
1994), respectively. 
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Figure 5.  
Lateral shear margin locations (black lines) derived from maximum lateral strain rate 
values (experiment 5). The sub-polymer lubrication boundary is also visible as the outer 
extent of the blue-dyed water, and is traced with a white line.  
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Figure 6.  
Outward migration of lateral shear margins due to a discharge pulse (experiment 4). 
Initial measured shear margin position is dotted black line; post-pulse measured shear 
margin position is solid line. Contours indicate the change in velocity from before the 
pulse to after the pulse. This photograph is taken post-increase in discharge.  
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Figure 7.  
a. A large sticky spot (experiment 5) outlined in black, and contours of PDMS 
downstream velocity. b. The sticky spot and contours of lateral shear stress. Another 
sticky spot is visible upstream of the main sticky spot. c. The sticky spot and contours of 
basal drag as a percentage of driving stress. High basal drag is calculated near both the 
upstream and downstream sticky spots. The initial lower, downstream shear margin 
position is shown as the solid black line. Dotted black line is shear margin position 
concurrent with photograph. The difference in shear margin position shows the inward 
shear margin movement.   
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Figure 8. 
a. Time series of Lagrangian velocity for experiment 1 at three points. The trajectories of 
those points are shown in (b).  
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Figure 8 (cont). 
c. and d. Time series of Lagrangian velocity and discharge for experiments 4 and 5, 
respectively, for one point originating near the center of the model.  
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Figure 9.  
a. Time series of midstream (see figure 2.e.) force balance terms expressed as fractions of 
the driving stress (faded dots) and smoothed with a 10-point running mean (line). b. Time 
series of local driving stress. “Calving events” indicate timing of removal of slices of 
PDMS as it flowed over the downstream end of the flume. c. Time series of discharge 
(black line), and local Eulerian velocity (faded dots) smoothed with a 10-point running 
mean (brown line).   
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Figure 10. 
a. Time series of the sticky spot region (see figure 2.e.) force balance terms expressed as 
fractions of the driving stress (faded dots) and smoothed with a 10-point running mean 
(line). b. Time series of local driving stress. “Calving events” indicate timing of removal 
of slices of PDMS as it flowed over the downstream end of the flume. c. Time series of 
discharge (black line), and local Eulerian velocity (faded dots) smoothed with a 10-point 
running mean (brown line). The grey shading indicates the timing of a flooding of the 
sticky spot, as a discharge pulse (black line) is concurrent with an increase in velocity 
(brown line), a decrease in basal drag (black line), and a decrease in longitudinal 
compression (blue line).   
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Figure 11. 
a. Time series of the downstream, lubricated region (see figure 2.e.) force balance terms 
expressed as fractions of the driving stress (faded dots) and smoothed with a 10-point 
running mean (line). b. Time series of local driving stress. “Calving events” indicate 
timing of removal of slices of PDMS as it flowed over the downstream end of the flume. 
c. Time series of discharge (black line), and local Eulerian velocity (faded dots) 
smoothed with a 10-point running mean (brown line). 
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APPENDIX 

I. How to conduct experiments and collect data 

Plumbing System 

Raise the Plexiglas flume and its wooden frame onto sawhorses and level the 

surface by inserting shims under the wooden frame. Clean and dry the surface of the 

flume, using ethyl alcohol and a rag or sponge to remove dirt and polymer residue. Make 

sure there is no remnant PDMS clogging the injection sites, then insert the 1/8” plastic 

tubes extending from the pressure tank to the push-to-connect valves underneath the 

Plexiglas base of the flume according to the injection pattern desired. Plug all excess 

outlets of the pressure tank with stoppers. Place the large PVC overflow tank into the 

drainage gutter. Connect the magnetic drive pump to the outlet of the overflow tank with 

3/4 ” PVC pipe such that the pump is on ground level, outside of the gutter, and will not 

get wet. Connect the flow meter between the pump outlet and the pressure tank using 

3/4” PVC.  

Fill the overflow tank with water to ~90% capacity while mixing in ~50 mL food 

coloring. Open the overflow tank ball valve, allowing water to flow through the PVC 

pipe into the pump (the pump must never run dry). Open the ball valve adjacent to the 

pump, then plug in the pump, which turns it on. This forces water into the pressure tank. 

Soon, jets of water should rise out of the flume surface. Allow the water to drain 

downstream into the gutter and back into the overflow tank. Let the system run for 

several minutes until the food coloring is evenly mixed and air bubbles have been ejected 

from the tubes, and then unplug the pump while simultaneously closing the PVC ball 

valve adjacent to it. This ensures that the water level in the 1/8” tubes remains flush with 
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the surface of the flume, even when subjected to the overburden pressure of the polymer. 

Dry the Plexiglas surface.  

Polymer 

Place a blockade ~40 cm from the downstream end of the flume. An optional 

blockade may be used at the upstream end for experiments that do not require the use of 

the full length of the flume. Double check that the water level in the 1/8” tubes is level 

with the flume surface. Spread a water-based lubricant onto a portion of the flume 

surface, and quickly begin loading pieces of PDMS onto the lubricated area before the 

lubricant dries. We lubricated all but the 10 cm closest to the sidewalls in order to 

separate the water-based lubricant boundaries from the actual water lubrication 

boundaries that arise during experiments, which requires between four and six six-ounce 

bottles. Repeat the process, lubricating an area and then covering it with PDMS, until 

PDMS covers the flume surface to a depth of ~6-10 cm. The PDMS will take 1-2 hr to 

settle into a flat and seamless surface.  

Dollop grid 

After the PDMS has settled, apply the painted wooden dollops to the PDMS 

surface. Make sure that all dollops are painted the same bright color (red or yellow 

recommended) and discard or repaint dirty or faded dollops. Apply the dollops to the 

PDMS surface. A grid pattern is not necessary for velocity detection, but regular spacing 

is recommended, as it allows for a better-resolved interpolated velocity grid. The dollop 

grid can be spaced closer for higher resolution at lateral shear margins if detecting shear 

margin location from the velocity field is a priority (we used up to 2.5 cm lateral 

resolution, but higher resolution is likely attainable, especially in the along-flow 

direction).  

Instrumentation 
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Mount two Cannon 12 megapixel digital cameras from a frame bolted to the 

ceiling. One camera should be mounted directly over the center of the flume, the second 

is only necessary if attempting photogrammetry, and should be mounted at an angle (the 

author was not successful in producing accurate photogrammetry and thus cannot 

recommend an offset angle). The camera(s) connect to computers running PSRemote 

software. Turn off the flash and install charged batteries. Using the PRRemote software, 

take snapshots of the flume surface while adjusting lighting to minimize surface glare. 

Set the software to record images every 10 s. Sync the PSRemote time to the computer 

time.  

A Campbell scientific CR1000 datalogger connected to a computer is used to 

record the data collected from the acoustic sensor and flow meter. Follow the datalogger 

software instructions to create a program that detects those two instruments, or use the 

existing ‘log_flow_acoustic’ program. Wire the instruments to the datalogger as shown in 

the wiring diagram (created by the program). Recommended output interval is <1 s for 

the acoustic sensor. Sync the datalogger clock to the computer time.  

The Massa acoustic sensor detects variations in PDMS surface height; therefore, it 

is imperative that the track along which the acoustic sensor is mounted is level. The track 

is 2 m in length and cannot cover the entire 3 m length of the flume; therefore, you must 

position the track so that it extends along the portion of the experiment for which you 

want to calculate force balance. The track can be mounted on camera tripods, but cinder 

blocks are preferred as they are more stable. Stabilize and level the track using vice grips 

and shims. Mount the acoustic sensor on an arm extending laterally from the track, 

overhanging the flume. Move the acoustic sensor along the track using the wired remote 

to control the track’s electric motor.  
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An Omega paddlewheel flow meter is used to record discharge into the flume, 

under the assumption that the discharge into the pressure tank is equivalent to the 

discharge out of the tank once the sub-polymer water system is in steady-state. Select L 

min-1 from the interface on the flow meter. The flow meter will not reliably record flows 

of < 3 L min-1.   

Running an experiment 

After laying out the dollops and setting up the instruments, and with the 

datalogger on and connected to the computer, scan the length of the PDMS with the 

acoustic sensor. Also, scan the exposed Plexiglas across one of the blockades for 

calibration. While scanning, note the real-time measurements. If there is any trend in the 

acoustic sensor readings along the length of the flume, level the flume or acoustic sensor 

track again, and rescan. The distance from the sensor to the bare Plexiglas is the distance 

datum, from which acoustic sensor measurements will be subtracted to calculate PDMS 

thickness. 

Initiate the experiment by removing the downstream blockade. Allow 20 minutes 

to an hour for the PDMS to form a surface gradient as it spreads down the length of the 

flume. Lubricate the Plexiglas in its path frequently.  

The PDMS surface gradient and thickness control driving stress. We tended to 

initiate experiments when the surface slope approached a linear 0.025, but this was not a 

rule. Begin taking time-lapse photos with PSRemote. Plug in the pump while 

simultaneously opening its ball valve part of the way to initiate water flow. Water should 

spread out from the injection sites, and, if they are underneath a surface gradient in 

PDMS, flow downstream. If a hose is clogged, go underneath the flume and jiggle the 

hose, but do not disconnect it as that will affect the pressure in other hoses and possibly 

introduce air bubbles to the experiment.  
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Adjust discharge up and down with the ball valve attached to the pump. 

Experiment with a range of discharge rates, and with pulsed and gradual changes. Run 

the acoustic sensor up and down the length of the flume continuously if you want to 

detect force balance changes over time. Cut off and remove slices of PDMS as it flows 

over the downstream end of the flume. After 1-4 hr, or either when the PDMS has 

thinned and flattened or the water based lubricant has deteriorated, terminate the 

experiment by turning off the pump and closing the ball valve.  Cease taking overhead 

pictures and disconnect the datalogger (leaving it physically connected to the computer). 

Retrieve new data from the datalogger and save the file to the laptop. Remove the 

dollops, then remove, rinse (with water), and store PDMS. Clean the flume with water 

and ethyl alcohol.  

II. How to analyze experimental data 

Create a new folder for your datalogger file. Obtain the following scripts from the 

UTIG3/Polar server and add them to your folder:  

 
 polar/Matlab/image_analysis/flume/readlogger.m 
 polar/Matlab/image_analysis/flume/pixelpicker_newflume.m 
 polar/Matlab/image_analysis/flume/find_color.m 
 polar/Matlab/image_analysis/flume/loadpickeddataz.m 
 polar/Matlab/image_analysis/flume/force_balance_BMW1.m 
 polar/Matlab/image_analysis/flume/force_balance_BMW2.m 

Open Matlab and navigate to your data folder. Examine the readlogger.m function 

and the raw data from the datalogger (you may need to view the raw data in Excel) to 

make sure the logger will access the appropriate columns of the data file. The readlogger 

code translates the datalogger file into a Matlab matrix and converts datalogger time to 
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decimal time. Execute the readlogger function by typing readlogger(‘your datalogger 

filename’) in Matlab. Save this matrix. 

Import the photographs from the camera that was positioned directly overhead the 

experiment into the same folder. Then, run the script “pixelpicker_newflume.m”. Keep in 

mind that you will have to modify all codes, to different extents, to customize them to the 

particulars of your experiment, e.g. the number of photographs. More complex 

customization is also necessary depending on the experiment, e.g. to find shear margin 

location, I added more dollops and then modified the code to double the lateral resolution 

of the gridded velocity. The “pixelpicker_newflume.m” code crops the images and then 

uses your input to locate dollops and saves their positions. You will have to experiment 

with a range of RGB values indicative of the color of your dollops, and set the threshold 

of the “find_color” function so that it selects dollops (and only dollops). Verify that the 

photographs of the acoustic sensor traversing the experiment do not interfere with dollop 

picking. Once satisfied, run the code for all images. Finally, run “loadpickeddataz,” 

which generates a gridded velocity dataset. 

To run a force balance analysis, use the script “force_balance_BMW1”. This code 

detects the maximum PDMS strain rate on either side of a user-defined ice stream center, 

and stores its location, which is the location of the lateral shear margin. This is repeated 

for every transect across the ice stream, and for all images. It also uses your input to 

generate the surface height dataset. Generating a gridded dataset for PDMS surface 

height requires interpolation across space and time. The method is dependent on the data 

from acoustic sensor traverses and timing of those traverses. Carefully select acoustic 

sensor data for each traverse and fit a polynomial to the surface. You may have to screen 

out noise in the acoustic sensor signal, and you must subtract from the datum. For 

polynomial fitting, use the length of the acoustic track in pixels as the independent 
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variable, and the acoustic data as the dependent variable. After you have generated a 

polynomial for each traverse (this polynomial is the interpolation across space), the code 

interpolates between the polynomials (across time). Finally, run “force_balance_BMW2” 

to generate gridded data for all force balance terms.  

III. Shortcomings and proposed improvements  

In addition to the low resolution in velocities due to dollop spacing, the quality of 

velocity data was generally poor and made force balance calculation and shear margin 

detection a challenge. Systematic jitter affected multiple points simultaneously 

throughout experiments. Two sources of error are suspected: a jiggling of the camera 

mount or spatially and temporally inconsistent lighting. Construction of a camera mount 

bolted to the ceiling of the lab did not resolve the jitter. Spatial and temporal changes in 

lighting could systematically affect which pixels are selected by the “pixelpicker” code, 

thus creating false changes in position. Larger dollops, as were used in previous 

experiments to these, might also improve the data quality.  

PDMS surface height data is likely a significant source of error in the force 

balance. Our surface slopes were constructed with < 60 points per traverse because the 

acoustic sensor data output frequency was set to 1 Hz (1 s output intervals). Additionally, 

the traverses were conducted infrequently, lowering the temporal resolution of surface 

slope changes. The acoustic sensor samples at up to 100 Hz, therefore we recommend 

setting the data output frequency in the datalogger program to > 1 Hz. This would to 

generate more points to constrain the polynomials used to fit the PDMS surface slope. 

We also recommend conducting traverses frequently and at regular intervals.   

Detecting small-scale variability in PDMS thickness (e.g. boudinage) would be a 

significant achievement because it would help explain the source of the sticky spots, and 
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should be possible because the acoustic sensor has a vertical resolution of 0.25 mm. We 

were unable to detect small-scale spatial variations in thickness because of low data 

output frequency on our moving acoustic sensor. The acoustic sensor moves ~ 3 cm s-1 

during traverses, so variation in PDMS thickness on a lateral scale of < 3 cm is averaged 

out when the output is set to 1 Hz. Therefore, we again recommend increasing the data 

output frequency to > 1 Hz. However, detecting thickness variations on the length scale 

of a sticky spot (~1-20 cm) faces another obstacle given the 8° conical angle of the 

acoustic sensor. This creates a circular scanning footprint with a diameter ~5.5 cm, given 

the ~40 cm distance from sensor to PDMS in our experimental setup. Reducing the area 

of this footprint would require attaching the acoustic sensor to an appendage extending 

downwards from the arm, closer to the PDMS. According to Massa, the minimum range 

for the acoustic sensor is 10 cm. The acoustic sensor data was also rather noisy, and 

required filtering in order to generate a surface slope. Noise may have originated from 

surface variation caused by the dollops, which stick out from the surface ~5-9 mm. 

Lowering the acoustic sensor closer to the PDMS and reducing its footprint would 

decrease the frequency of interference from dollops, but increase the magnitude of the 

interference when it occurred.  

 

While neither was attempted in our experiments, adding instrumentation to detect 

water pressure and basal shear stress would enhance our understanding of the sub-

polymer hydrological system and add a check to our force balance calculations. In 

addition, force balance calculations could be simplified by utilizing either 

photogrammetry or 3-dimensional spatial data from a Microsoft Kinect or similar device. 

Either method could track both surface slope and velocity, negating the need for an 

acoustic sensor. Both methods were attempted unsuccessfully. Photogrammetry produced 
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an unrealistically rough PDMS surface, likely because of the transparency of PDMS and 

that the spherical dollops look identical from any angle. The Xbox Kinect uses an active 

infrared camera to detect distances in 3-d, but the PDMS is transparent to infrared light, 

and the projection that the Kinect broadcasts appears too coarse to detect the dollops. 

Coating the surface of the PDMS with something visible to infrared could make the 

Kinect, which Microsoft recently released for Windows, work well for our experiments. 

 

We attempted to determine water depth underneath the PDMS to calculate water 

storage. Overhead photography has been used to calculate water depth in rivers 

(Winterbottom et al., 1997). Water depth in an inclined dish was successfully calculated 

from overhead photographs by determining the optical depth of the dyed water. This was 

done by assuming that absorption and scattering by the dyed water reduce the intensity of 

light reflected into the camera by: 
    !

!!
= !!!!!   (17) 

where ! is intensity, !!is intensity of complete reflection (the brightest pixel in the 

photograph, usually from the Plexiglas surface), !! is optical depth and ! is water depth. 

First, RGB photographs were converted into black and white in Matlab, which designates 

intensity to every pixel. Using the known depth values from the inclined dish and the 

pixel intensity from Matlab, !! was calculated by rearranging Eqn. 17: 
 !! = − !

!
!"# !

!!
     (18)              

After !! for the dyed water was calculated, water depth, !, was solved under PDMS. 

However, while this method worked in the inclined dish, it was ineffective for water 

underneath the PDMS, which had become dirty and partially opaque over time. For fresh 

PDMS, however, this optical depth method is recommended.  
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IV. FUTURE WORK 

More experiments with the current setup and should be conducted in which key 

parameters (e.g. driving stress, basal drag, and discharge) are varied systematically and 

methodically. Sticky spots and distribution of basal drag could be controlled by 

heterogeneous application of the water based lubricant, or individual injection sites could 

be turned on or off during an experiment to simulate melting or freezing. A larger sample 

size of experiments would allow us to make much stronger statements about what forces 

model margins to migrate or model ice streams to change speed.  

Variability in ice stream behavior is often tied to interactions with adjacent ice 

streams (Catania et al., in press). Conducting experiments with the PDMS flow direction 

along the short dimension of the flume, and water injection at distant sites could create 

multiple, albeit shorter, ice streams. The model could also be adapted to simulate outlet 

or valley glaciers if the flat Plexiglas base was replaced with a model of the basal 

topography of those glaciers.  
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