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Context	
•  Liquid	water	reaches	the	bed	via	moulins	

and	the	englacial	system	

•  High	water	pressure	at	the	bed	causes	
increased	basal	sliding	

•  Geometry	of	the	subglacial	system	evolves	
with	water	input	and	flow	

•  Subglacial	hydrology	may	be	key	to	
understanding	velocity	signals	and	paSerns	
that	are	not	yet	well	understood	



glaciers were measured 3–6 times per year using 11day or occasionally 22 day repeat TerraSAR-X images
(the resultingmeasurement representsmean velocity during this period) withmore frequentmeasurements on a
few glaciers (e.g., Jakobshavn Isbræ, Helheim, and Kangerdlugssuaq) (Figures S1–S55). Measurements were taken
at a fixed location roughly one half width from the terminus, with adjustments to minimize missing data and
account for changing terminus position. Data are posted at 100m intervals with true spatial resolution of ~300m.
Errors for fast-flowing ice are ~3% although relative accuracy is much better because errors are geometry
dependent and a consistent viewing geometry was used for each glacier [Joughin, 2002; Joughin et al., 2010].
Comparison of GPS velocity measurements to TerraSAR-X velocities showed agreement consistent with this level
of error [Ahlstrøm et al., 2013].

Daily ice sheet runoff data are from the Royal Netherlands Meteorological Institute (KNMI) regional atmospheric
climate model RACMO2.3 [van Meijgaard et al., 2008; Sasgen et al., 2012; Lenaerts et al., 2013; van Angelen et al.,
2013; Van As et al., 2014], which provides the most current model results, including coverage during 2009
through 2013. Runoff data are used to identify potential subglacial water availability and the timing of the
seasonal melt cycle. Modeled runoff is defined as the liquid water flux (melt plus rain) that is not retained
(e.g., refreezing in firn) at the surface of the ice sheet and thus may be available for drainage to the bed of the
ice sheet. To avoid conflict with the ice mask edge, we sampled RACMO2.3 data at a point ~10 km up-glacier
from each velocity measurement point. We applied a Savitzky-Golay filter [Savitzky and Golay, 1964] (using
second degree polynomials) over a 15day sliding window to smooth the daily measurements.

We developed a time series of glacier ice-front positions by digitizing each ice front using the TerraSAR-X radar
mosaics, resulting in 6–12measurements per year formost glaciers. For glaciers #1–16 in northwestern Greenland
(Figure 1), we also included ice-front measurements made using Landsat 7 images during 2009–2012 [Moon,
2014]. Because analysis of the link between terminus and velocity fluctuations is limited by the sparsity of
our velocity measurements, we chose not to add Landsat-derived measurements for other glaciers. Ice-front
changes were calculated using the “box”method [Moon and Joughin, 2008], and errors frommanual digitization
are approximately equal to image pixel size (20 to 30m) based on results from previous work [Moon, 2014].

3. Results

We began by examining the intra-annual velocity range (difference between minimum and maximum
velocity during a year) to determine whether seasonal variation is influenced by mean glacier speed. Figure 1
shows the location, 5 year mean velocity, and mean intra-annual velocity range for each glacier. Velocity

Figure 2. Marine-terminating Greenland outlet glaciers with distinct seasonal velocity modes and associated ice sheet runoff. Top row: Plots include all glaciers
with dominant seasonal velocity modes for (a) type 1, (b) type 2, and (c) type 3 behavior (as shown in Figure 1 and discussed in text). Mean velocity pattern is
indicated (thick black line). Bottom row: Smoothed daily runoff (kg/m2d) from RACMO2.3 for 2009–2013 for glaciers with the designated dominant seasonal
velocity mode. Mean runoff is included for each year (colored lines) as well as the 4 year mean runoff (black line).
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Overview	of	Model	Equa>ons	



Con>nuity	Equa>on	(mass	balance)	



Basal	Gap	Dynamics	



Basal	Gap	Dynamics	
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Basal	Water	Flux	
(approximate	momentum	equa>on)	

	
•  Permits	either	laminar	or	turbulent	flow,	depending	on	

Reynolds’	number	



Internal	Melt	Genera>on	
(energy	equa>on)	



Internal	Melt	Genera>on	
(energy	equa>on)	
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Combine	the	previous	equa>ons	to	form	a	nonlinear	ellip>c	
PDE	in	terms	of	hydraulic	head	(h):	



Model	Descrip>on	
	

	
Use	a	Picard	itera>on	within	each	>me-step	to	solve	the	ellip>c	
PDE	for	the	head	distribu>on	-	handles	the	nonlinearity	of	
Reynolds’	number	(Re)	and	flux	(q),	as	well	as	RHS	terms	that	
depend	on	h	
	
	
Explicitly	update	the	gap	height	geometry	(b)	from		
equa>on	

∂b /∂t



Model	Descrip>on	
	

	
	
	
•  Currently	implemented	as	a	stand-alone	model	in	MATLAB	

and	in	the	Ice	Sheet	System	Model	(ISSM)	

•  2D	finite	element	and	finite	volume	formula>ons	
	
	
•  Channels	are	not	prescribed	or	treated	differently	than	the	

rest	of	the	domain;	they	grow	and	decay	naturally,	as	does	
any	other	gap	geometry	

•  Can	handle	transient	water	inputs	(seasonal,	diurnal	cycles)	



Sample	Test	Results	



Sample	Test	Results	
Case	1	–	Single	Moulin	
•  1km x 1km square domain 
•  300m-thick tilted slab 
•  Dirichlet boundary condition on right edge (atmospheric 

pressure), Neumann no-flux condition on top, left, bottom 
boundaries 

•  Constant uniform input from englacial system 
•  Single moulin at center of domain with diurnally-varying 

input for 90 days, time-step of 3 hours 
	



Subglacial	gap	height	evolu>on	(m)	
	



Case	2	-	Effect	of	Ice	Thickness	
	
•  No	englacial	input	
•  Diurnal moulin input at center (non-

physical sinusoidal input with 
maximum 2.5 m3 s-1)	

	
	
Amplitude	of	head	fluctua9ons	depends	
on	ice	thickness	(with	same	input,	
thicker	ice	=	larger	head	fluctua9ons)	
	
	
Note	that	this	type	of	sinusoidal	moulin	
input	is	not	physically	realis9c,	but	
should	be	a	coupled	system	related	to	
storage.	



Sample	Test	Results	
	
Case	3	–	Moulin	and	Boundary	Inflow	
•  Same as Case 1, but now with diurnally-varying inflow at 

left boundary (non-zero Neumann condition) from y=400 to 
600m 

•  Useful capability for simulating only part of a drainage 
domain 

	



Sample	Test	Results	
	
Case	4	-	MulCple	Moulins	
•  Same as Case 1, but with 4 moulins with diurnally-varying 

input at (x=500, y=500), (x=300, y=700), (x=250, y=300), 
and (x=750, y=600) 

	



Sample	Test	Results	
Case	5	–	Single	Moulin,	Steady	Input:	Effect	of	Opening	by	
Sliding	
•  Similar to Case 1, but with steady moulin input at center and 

thicker ice (500m-thick slab)	
	



	
Upcoming	Plans	

	
	

•  Two-way	coupling	with	ice	dynamics:	coupling	occurs	
between	water	pressure	and	sliding	velocity	(incorporate	
into	ISSM,	CISM,	MPAS-LI)	

•  Numerical	experiments	on	realis>c	domains	with	realis>c	
input	forcing,	with	the	objec>ve	of	understanding	and	
explaining	the	dis>nctly	different	seasonal	velocity	signals	
observed	in	outlet	glaciers	in	different	regions	of	the	
Greenland	ice	sheet	



Thank	you.	
	
	

Ques>on,	comments,	thoughts,	ideas?	
aleah.sommers@colorado.edu			


