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overburden,p
i ,m

inus
w
ater

pressure,p
w ).Q

is
related

to
S
and

Y
through

the
D
arcy–W

eisbach
law

26,
Q
5
c3 S

aj Y
j 2

1/2Y
,

w
here

a
5
5/4

and
c3

is
related

to
the

D
arcy–W

eisbach
friction

factor.T
he

first
term

in
equation

(1)
is
the

rate
of

conduit
opening

due
to

w
all

m
elting,the

second
isthe

rate
ofopening

due
to

sliding
ofice

atspeed

u
b
over

bed
protrusions

ofsize
h
and

the
third

is
conduitroofclosure

due
to
viscouscreep;c1 ,c2 and

n
are

constantsrelated
to
the

latentheat
offusion

and
ice

viscosity.
In

the
steady

state,the
effective

pressure
and

discharge
in

a
conduit

are
then

related
through

(Fig.1d)

N
n~

c1 Q
Y
z
u
b h

c2 c
{
1=a

3
Q

1=aY
{
1=(2a)

ð2Þ

A
tlow

discharge,Q
,the

effective
pressure,N

,decreases
w
ith

Q
,as

is
expected

for
cavities,w

hereas
athigher

discharge,N
increases

w
ith

Q
and

theconduitbehavesasa
R
öthlisbergerchannel.T

hesw
itch-overin

behaviour
occurs

ata
criticaldischarge

Q
c ~

u
b h

c1
a{

1
ð

ÞY
Below

Q
c ,the

conduitis
keptopen

m
ainly

by
ice

flow
over

bed
pro-

trusions;above
Q
c ,itis

keptopen
by

w
allm

elting.
A
linear

stability
analysis

(Supplem
entary

Inform
ation)also

show
s

that
discharge

becom
es

concentrated
into

a
few

conduits
w
hen

the
m
ean

w
aterdischarge

through
an

array
oflaterally

connected
conduits

exceeds
Q
c :driven

by
w
allm

elting,a
single

conduit
w
illgrow

into
a

largechannel(w
ith

thepropertiesofa
R
öthlisbergerchannel,itssize,S,

d c b a

Channels per kilometre

m
 (cm

 d
�

1)

(m
 m , N

m )
(m

 c , N
c )

Figure
2

|Steady-state
drainage

system
s.

a,b,Exam
ple

ofa
drainage

system
form

ed
spontaneously

through
the

channelizing
instability.a,C

onduitsizes.
C
hannelsarem

uch
larger(dark

blue
and

purple)than
thesurrounding

cavities.
b,C

hannels
are

show
n
in

blue
and

effective
pressure

contours
are

show
n
at

0.05-M
Pa

intervals.T
he

pressure
distribution

reveals
how

channel–cavity
interactions

controlthe
drainage

pattern.C
hannels

are
athigher

effective
pressure

than
the

surrounding
cavities.Localw

ater
pressure

m
axim

a
(m

inim
a

ofN
)separate

the
channels,driving

w
aterflow

tow
ardsthem

.c,d,Steady-state
drainage

system
characteristicsasfunctionsofw

atersupply
rate,m

.c,C
hannel

density
(average

num
ber

ofchannels
per

unitw
idth

ofthe
dom

ain)
plotted

againstm
.d,M

ean
ofN

over
the

dom
ain

plotted
againstm

.R
ed

triangles
correspond

to
channelized

system
s;blue

circles
correspond

to
unchannelized

ones.O
pen

circles
show

unstable
unchannelized

system
s
(w

hich
w
illevolve

into
a
channelized

state
ifperturbed).Instability

firstoccurs
ata

criticalw
ater

supply,m
c ,corresponding

to
a
criticaldischarge,Q

c .M
ean

effective
pressure

decreases
w
ith

w
ater

supply
(and,hence,discharge)

for
stable

unchannelized
system

s,and
increases

w
ith

w
ater

supply
for

channelized
ones.For

som
e

interm
ediate

valuesofm
(betw

een
m

c and
a
low

er
lim

it,m
m
,thatcorresponds

to
a
criticallow

er
discharge,Q

m
),both

channelized
and

unchannelized
states

arepossible:theirlow
w
aterpressureallow

schannelsto
suck

in
enough

w
aterto

keep
them

selves
open,butthe

discharge
through

the
system

is
too

low
for

an
unchannelized

system
to

channelize
spontaneously.A

video
anim

ation
is

included
in

Supplem
entary

Inform
ation.
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Figure
3

|Idealized
seasonalevolution

ofthe
drainage

system
.
a,T

he
spatial

m
ean

ofeffective
pressure,N

(red
lines),plotted

againsttim
e.T

he
sim

ulations
show

n
are

forced
by

a
sharp

increase
(over1

d)in
w
atersupply,m

(black
line),

from
a
w
intertim

e
value

of0.33
cm

d
2
1
to

a
sum

m
ertim

e
value

of10
cm

d
2
1

(solid
lines)and

20
cm

d
2
1(dashed

lines).T
hisisfollow

ed
by

steady
supply

for
100

d
and

a
gradualreturn

to
0.33

cm
d
2
1.T

he
dotsm

arked
b–e

correspond
to

the
spatialdrainage

configurationsshow
n
in

panelsb–e,respectively.b–e,T
he

drainage
system

starts
close

to
an

unchannelized
steady

state
w
ith

sm
all

conduits(b).T
heabruptincreasein

m
leadsto

a
sharp

drop
in
effectivepressure

(a
‘spring

event’ 9),w
hich

opens
the

drainage
conduits

to
accom

m
odate

the
additionaldischarge

butdoes
notim

m
ediately

channelize
the

system
(c).Efficientchannelization

causeseffectivepressureto
increaseonly

aftersom
e

tim
e
(d),reaching

valuesabove
those

ofw
intertim

e.T
he

finaldrop
in
m
causes

a
tem

porary
jum

p
in

effective
pressure

thatleads
the

system
to

shutdow
n
for

w
inter

(e).Both
sim

ulations
in

panela
show

qualitatively
the

sam
e
response.

H
ow

ever,the
largerjum

p
in

w
atersupply

(dashed
linesin

a)leadsto
a
shorter

and
less

pronounced
period

oflow
effective

pressure
than

the
sm

aller
jum

p
(solid

linesin
a).A

video
anim

ation
isincluded

in
Supplem

entary
Inform

ation.
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Ice-sheetacceleration
driven

by
m
eltsupply

variability
C
hristian

Schoof 1

Increased
ice

velocities
in

G
reenland

1
are

contributing
signifi-

cantly
to

eustatic
sea

levelrise.Faster
ice

flow
has

been
associated

w
ith

ice–ocean
interactions

in
w
ater-term

inating
outlet

glaciers
2

and
w
ith

increased
surface

m
eltw

ater
supply

to
the

ice-sheet
bed

inland.O
bserved

correlations
betw

een
surface

m
elt

and
ice

accel-
eration

2–6have
raised

the
possibility

ofa
positive

feedback
in

w
hich

surface
m
elting

and
accelerated

dynam
ic

thinning
reinforce

one
another

7,suggesting
thatoverallw

arm
ing

could
lead

to
accelerated

m
ass

loss.H
ere

I
show

thatitis
notsim

ply
m
ean

surface
m
elt

4but
an

increase
in

w
ater

input
variability

8
that

drives
faster

ice
flow

.
G
lacier

sliding
responds

to
m
elt

indirectly
through

changes
in

basal
w
ater

pressure
9–11,

w
ith

observations
show

ing
that

w
ater

under
glaciers

drains
through

channels
atlow

pressure
or

through
interconnected

cavities
at

high
pressure

12–15.
U
sing

a
m
odel

that
captures

the
dynam

ic
sw

itching
12

betw
een

channel
and

cavity
drainage

m
odes,I

show
that

channelization
and

glacier
decelera-

tion
rather

than
acceleration

occur
above

a
critical

rate
of

w
ater

flow
.H

igher
rates

of
steady

w
ater

supply
can

therefore
suppress

rather
than

enhance
dynam

ic
thinning

16,indicating
thatthe

m
elt/

dynam
ic

thinning
feedback

is
not

universally
operational.Short-

term
increases

in
w
ater

input
are,how

ever,accom
m
odated

by
the

drainage
system

through
tem

porary
spikes

in
w
ater

pressure.It
is

these
spikes

thatlead
to

ice
acceleration,w

hich
is
therefore

driven
by

strong
diurnalm

eltcycles
4,14and

an
increase

in
rain

and
surface

lake
drainage

events
8,17,18

rather
than

an
increase

in
m
ean

m
elt

supply
3,4.

T
he

effective
pressure

in
the

subglacialdrainage
system

,defined
as

overburden
m
inusbasalw

aterpressure,controlscoupling
betw

een
ice

and
bed:

low
er

effective
pressure

w
eakens

the
ice–bed

contact
and

perm
its

faster
sliding

9–11.Effective
pressure

is
controlled

by
subglacial

drainage,w
hich

occursthrough
tw
o
principaltypesofconduit(Fig.1):

R
öthlisberger

channels
19,20

are
kept

open
by

a
balance

betw
een

a
w
idening

of
the

channel
by

w
all

m
elting

due
to

heat
dissipation

in
the

w
aterflow

,and
a
narrow

ing
thatresultsfrom

the
inw

ard
creeping

m
otion

ofthe
surrounding

ice.By
contrast,cavities

11,21,22are
form

ed
w
here

ice
is
forced

upw
ardsby

horizontalsliding
overprotrusions

on
the

glacierbed.T
hisopens

a
gap

in
the

lee
ofthe

protrusion,w
ith

gap
size

controlled
by

the
opening

rate
due

to
sliding

and
by

creep
closure

ofthe
cavity

roof.
A
n
increase

in
effective

pressure
leads

to
faster

creep
closure.In

an
equilibrium

channel,
this

m
ust

be
balanced

by
greater

w
all

m
elt.

G
reater

w
allm

eltin
turn

requires
higher

discharge
and,thus,a

larger
channel.R

öthlisbergerchannelsthereforeincreasein
sizew

ith
increas-

ing
effective

pressure
(decreasing

w
ater

pressure).T
his

causes
w
ater

flow
from

sm
allerchannelsinto

largerones,favouring
theform

ation
of

an
arterialnetw

ork
w
ith

few
m
ain

channels
atlow

w
ater

pressure
19,23.

C
avitiesdifferfrom

channelsastheirsize
isnotcontrolled

by
w
allm

elt
and

increasesratherthan
decreasesw

ith
w
aterpressure.A

reduction
in

effective
pressure

suppressescreep
closure

and
allow

slargercavitiesto
form

11,22.T
hisfavoursm

acroporousbehaviour
24w

ith
spatiallydistributed

drainage
along

the
ice–bed

interface
and

w
aterdischarge

increasing
w
ith

w
ater

pressure.T
he

abundance
ofchannels

relative
to

cavities
therefore

determ
ines

w
hether

w
ater

pressure
is
low

or
high

in
the

steady
state:

channelscan
efficiently

transportw
aterathigh

effectivepressurew
hereas

cavities
require

low
effective

pressure
to

transport
the

sam
e
flux.Past

m
odels

23,25,how
ever,do

notcapturesw
itchesfrom

cavitiesto
channelsin

spatially
extended

drainage
orthe

form
ation

ofan
arterialnetw

ork,and
cannotpredictthe

spatialconfiguration
ofthe

drainage
system

.
H
ere

I
unify

the
description

of
cavities

and
channels

and
predict

how
spatially

extended
drainage

system
s
can

sw
itch

from
cavities

to
channels

and
back.T

he
basic

physics
ofcavities

and
channels

can
be

captured
in

a
single

equation
for

the
cross-sectionalarea,S,ofa

sub-
glacial

conduit,
w
hich

can
be

a
channel

or
cavity

(Supplem
entary

Inform
ation

and
Fig.1):

dSdt
~

c1 Q
Y
z

u
b h
{
c2 N

nS
ð1Þ

w
here

Q
is
the

w
ater

discharge,Y
is
the

hydraulic
gradientalong

the
conduit

and
N
5
p
i 2

p
w
is
the

effective
pressure

in
the

conduit
(ice

1D
epartm
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O
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C
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R
oad,Vancouver,B

ritish
C
olum

bia
V6T

1Z4,C
anada.

a

M
elt

C
reep closure

b
S

liding

C
reep closure

0.01
1

10
−4

10
−5

10
−6

10
−7

S
 (m

2)

Rate (m2 s−1) c

C
hannelC

avity

0.01
1

100
2.5 3

3.5 4

Q
 (m

3 s
−1)

N (MPa)
(Q

c , N
c )

d

Figure
1

|P
roperties

ofa
single

conduit.
a,b,Physics

ofchannels
(a)

and
cavities

(b).c,C
onduitopening

rate,c1 Q
Y
1
u
b h

(dashed
line),and

closure
rate,c2 N

nS
(solid

line),plotted
againstS.d,Steady-stateN

versusQ
in
a
conduit

(equation
(2)).Param

etervaluesare
given

in
M
ethodsSum

m
ary.Each

conduit
can

generally
attain

one
oftw

o
equilibria

(pointsofintersection
given

ascircles
in

c).T
hese

can
be

identified
as

channeland
cavity.T

he
larger

(channel)
equilibrium

is
prone

to
instability

20:ifperturbed
to

slightly
larger

size,the
conduitw

illcontinue
to

grow
(opening

rate
exceedsclosing

rate
to

the
rightof

the
intersection).In

a
netw

ork
ofconduits,thiseventually

leadsto
one

channel
grow

ing
atthe

expense
ofallother

nearby
ones.T

he
cavity

equilibrium
,by

contrast,is
stable,and

cavities
ofsim

ilar
size

can
coexist.In

the
steady

state,
effectivepressure

increasesw
ith

discharge
in
a
channel(increasing

N
m
akesthe

closurecurvesteeper,m
oving

thechannelintersection
in
cto

largervaluesofS),
and

decreasesw
ith

discharge
in

a
cavity.A

conduitbecom
esa

channelabove
a

criticaldischarge,Q
c (dashed

curve
in

d),and
rem

ains
a
cavity

below
Q
c .
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C
hannel spacing

M
odelled channels tend to coarsen over tim

e.

M
ore densely spaced sm

aller channels likely if
- slope is large

- distributed system
 is poorly connected

Steady state m
ay never occur in practice.

C
ontinuum

 of scales, from
 orifices to channels.

M
ore poorly connected cavities
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Fig. 6. 
V

elocity of pole 
C

3 
as 

a 
function 

o
f the 

subglacial 
w

ater 
pressure 

(show
n 

as 
depth 

of 
w

ater 
level 

below
 

surface). 
The 

water 
pressure. 

equal 
to 

the 
ice-overburden 

pressure 
0

0
 at 

the 
centre 

line. corresponds 
to 

a depth 
o

f 
w

ater 
level 

of 18 m
 

below
 

the 
surface. 

D
ifferent sym

bols 
refer to different periods: 

o 
large 

open sym
bols 

indicate 
that 

the 
scatter 

of depths 
o

f 
w

ater 
levels in different 

bore holes was 
sm

all. as 
w

ell as 
the scatter of velocity 

values at 
profiles 

B 
to 

D
. 

• 
sm

all. full sym
bols indicate a larger scatter. 

upw
ard 

pointing 
arrow

s 
indicate 

that 
cavities 

were 
presum

ably 
shrinking 

(w
ater 

levels 
w

ere 
dropping). 

In 
this case. the sliding is too sm

all com
pared to the steady 

state. 
dow

nw
ard 

pointing 
arrow

s 
indicate 

that 
cavities 

were 
presum

ably 
grow

ing. 
In 

this 
case. the 

sliding 
velocity 

is 
too large com

pared to the steady state. 
The 

low
er 

part 
of 

the 
figure 

is 
an 

enlarged section. 

c is show
n at the top of Figure 2b. (The m

ethod of calcul-
ation 

of 
short-term

 
velocities 

and 
of 

the 
estim

ation 
of 

tolerances is described in A
ppendix I.) 

V
elocity 

variations 
of 

longer 
duration 

and 
larger 

am
plitude 

w
ere 

in 
general 

sim
ilar 

at 
profiles 

B 
to 

D
. 

(A
n 

obvious 
exception is 

the 
m

arked 
velocity 

peak occurring at 
profile 

D
 

on 
7 

June.) 
V

elocities 
m

easured 
at 

profile 
c, 

w
hich 

w
as 

in 
the 

centre 
of 

the 
study 

area, 
correlate 

best 
w

ith the 
w

ater-level data, also show
n in Figure 2b. In Fig-

ure 6, 
the 

velocity of pole 
C

3 
is 

plotted 
against 

the 
m

ean 
depth of w

ater levels in 
bore 

holes 3, 
4, 

6, 
and 

11, 
w

hich 
w

ere 
all 

betw
een 

160 
and 

175 m
 

deep. 
T

he 
points 

of this 
plot w

ere selected subject to certain conditions, 
as explained 

in 
A

ppendix 
11. 

The 
plot 

show
s 

som
e 

rem
arkable 

features 
from

 w
hich im

portant conclusions can be draw
n: 

(I) 
T

he 
points 

cluster 
along 

a 
distinct 

curve 
w

hich 
appears 

to 
have 

an 
asym

ptote 
w

here 
the 

subglacial 
w

ater 
pressure 

approaches 
the 

ice-overburden 
pressure 

or a 
value close to 

that. (A
t its centre line, the glacier 

is 
180 m

 
deep 

and 
the 

ice-overburden 
pressure 

is 
equivalent 

to 
that 

of 
a 

colum
n 

of 
w

ater 
162 m

 
in 

height; 
the corresponding 

w
ater level is 

18 m
 

below
 the 

surface). 

(2) 
A

 
functional 

relationship 
is 

still 
distinct 

dow
n 

to 
w

ater levels as low
 as 80 m

 
below

 the surface. 

(3) 
D

ata 
points 

of 
different 

periods, 
indicated 

by 
different sym

bols, are approxim
ately on the sam

e curve. 
This 

applies even 
to 

the 
data from

 
the 

pilot study in 
June 

1980. 
(Exceptions 

are 
the 

low
-pressure 

points 
of 

the period 30 M
ay-4 June 

1982.) 

The first feature w
ill be discussed in a later paragraph. 

Feature 
(2) 

perm
its 

a 
definite 

conclusion 
to 

be 
draw

n 
on 

the 
m

echanism
 

of 
w

ater-pressure 
dependent 

m
otion 

rele-
vant 

in 
the 

study 
area. 

T
here 

is 
no 

doubt 
that it 

is 
the 

sliding m
otion 

w
hich 

is affected 
by the w

ater 
pressure, and 

that 
the 

short-term
 

variations 
of 

m
easured 

surface 
velocity 

are related to those of the sliding velocity. Possible m
echan-

ism
s are: 

(a) 
G

row
th 

of 
w

ater-filled 
cavities 

at 
the 

glacier sole 
as 

a 
function 

of 
subglacial 

w
ater 

pressure 
(e.g . 

L1iboutry, 
1968, 

1978, 
1979; 

Iken, 
1981) 

or, 
in 

W
eertm

an's 
(1979) 

term
inology 

w
ith 

som
e 

m
odification 

non-uniform
 

grow
th 

of 
a 

w
ater 

layer 
w

hich 
has 

non-uniform
 and locally substantial thickness. 

(b) 
D

ecoupling 
of 

glacier 
sole 

and 
bed 

w
here 

the 
glacier is afloat. 

(c) 
Increased 

sliding 
w

hen 
the 

pore 
pressure 

in 
subglacial sedim

ents is 
large enough that deform

ation of 
subglacial sedim

ents can take place (B
oulton, 

1979). 

In 
the 

study area the 
glacier 

is 
up 

to 
180 m

 
thick. 

It 
can 

only 
be 

afloat 
if 

the 
w

ater 
level 

is 
not 

deeper 
than 

18 m
 below

 
the surface. C

learly, m
echanism

 (b) above is 
ID

-
adequate to explain m

ost of the velocity variations. 
D

eform
ation of granular sedim

ents (c) is possible if (I) 

w
here 

T 
is 

the shear stress, 
09 

the overburden 
pressure, 

Pw 
the 

pore 
pressure 

in 
the 

sedim
ent, 

and 
F r 

is 
the 

friction 
factor, a constant. 

For 
densely 

packed 
granular 

sedim
ents, 

F r 
is 

in 
the 

range of 0.8-1.1; 
for 

loose 
packing Fr is 

betw
een 

0.6 
and 

0.7 
(Lam

be 
and 

W
hitm

an, 
1979). 

N
ear 

the 
centre 

line, 
at 

the 
glacier 

sole, 
00 

15.9 
bar -

15.9 
x 

10
5 Pa 

and 
T 

I bar 
!OS 

Pa. 
(The 

latter figure 
w

as 
estim

ated from
 

glacier geom
etry. 

A
ssum

ing 
that the sliding velocity is constant along a trans-

verse 
profile, 

one 
finds 

w
ith 

a 
geom

etric 
shape 

factor 
of 

0.58 
and 

a 
m

ean 
surface 

slope, 
taken 

over 
2 km

, 
of 6.5 0 

that 
T 

1.05 
bar. 

A
ssum

ing, 
alternatively, 

that 
the 

basal 

105 

Iken &
 Bindschadler 1986

W
ater pressure

Speed

Basal sliding
Frequently observed that ice speed 
varies diurnally

C
orrelations betw

een speed and 
borehole w

ater pressure
[14]

T
he

seasonal
developm

ent
of

the
drainage

system
in

the
partofthe

ice
sheetfrom

w
hich

runoffdrains
through

the
L
everett

G
lacier

snout
(Figure

1,
red

outline)
w
as

also
investigated

in
a
hydrologicalstudy

from
2009

[B
artholom

ew
etal.,2011b].O

bservations
of

bulk
hydrologicalparam

eters
in

the
proglacial

stream
,
coupled

w
ith

a
sim

ple
m
odel

of
surface

m
elting

and
satellite

observations
ofsupraglaciallake

drainage,show
ed

thatan
efficientdrainage

system
developed

progressively
further

inland
from

the
ice

sheet
m
argin

over
the

course
of

the
m
elt

season.
T
his

occurred
in

response
to

inputs
ofm

eltw
ater

from
the

ice
sheetsurface

[B
artholom

ew
etal.,2011b].
[ 15]

Previous
studies

have
found

thatlongitudinalcoupling
is

not
effective

over
length

scales
of

!
10

km
along

this
transecton

the
basis

that,in
the

early
season,initialspeed-up

of
the

m
ostm

arginalsites
has

little
effecton

ice
m
otion

fur-
ther

inland
[B
artholom

ew
et

al.,
2010,

2011a].
M
ost

sites
exhibit

slight
speed-up,

how
ever,

in
the

absence
of

surface
upliftprior

to
the

firstm
ajor

speed-up
eventof

the
sum

m
er.

T
he

m
ost

obvious
exam

ple
is
site

2,w
hich

displays
a
short

increase
in

velocity
in

the
absence

of
any

surface
uplift

betw
een

approxim
ately

M
ay

5th–M
ay

12th
in

2010.
T
his

feature
of

the
ice

m
otion

signal
is
likely

due
to

coupling
to

faster
m
oving

ice
further

dow
nglacier

or
either

side
of

the
transect[P

rice
etal.,2008;B

artholom
ew

etal.,2010,2011a]
albeit

over
relatively

short
distances.

A
t
the

m
ost

m
arginal

sites
this

longitudinalcoupling
phase

lasts
only

for
a
m
atter

ofdays,w
hile

athighersites
itcan

lastfrom
a
few

days
up

to
a
num

ber
of

w
eeks

[B
artholom

ew
etal.,2011a].T

he
m
inor

acceleration
atsite

7
is
also

attributed
to
the

effectofcoupling
to

faster
ice

dow
nglacier

[B
artholom

ew
et

al.,
2011a].

W
e

acknow
ledge,therefore,thatsom

e
partof

the
velocity

signal
ateach

site
is
due

to
non-localforcing,how

ever,the
m
agni-

tude
of

the
signal

appears
to

be
m
uch

sm
aller

than
velocity

changes
w
hich

are
due

to
localhydrologicalforcing.

3.
D
ata

C
ollection

and
M
ethods

3.1.
G
P
S
D
ata

[ 16]
W
e
used

dual-frequency
L
eica

500
and

1200
series

G
PS

receivers
to
collectthe

season
long

records
ofice

m
otion

ateach
site.E

ach
G
PS

antenna
w
as

m
ounted

on
a
pole

drilled
several

m
eters

into
the

ice,
w
hich

subsequently
froze

in,
providing

m
easurem

ents
ofice

m
otion

thatw
ere

independent
of

ablation.
T
he

G
PS

receivers
collected

data
at

30
second

intervals
in

2009
and

the
first

part
of

2010.
T
he

data
w
ere

F
igure

2.
(a–c)Ice

velocity
(blue),surface

heightprofile
(grey)and

airtem
perature

(red)atsites
1–3

dur-
ing

the
2009

sum
m
erm

eltseason.T
he

surface
heightprofile

is
show

n
relative

to
an

arbitrary
datum

and
has

a
linear,surface

parallel,trend
rem

oved.W
interbackground

ice
velocity

(black
dashes)is

determ
ined

from
displacem

entofthe
G
PS

sites
during

w
inter2009/2010.(d)D

ischarge
from

the
L
everettG

lacierproglacial
river

during
the

2009
sum

m
er

m
eltseason.
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Basal sliding

H
ard bedrock

C
avities

Soft sedim
ents
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ow

 is discharge to the ocean distributed?
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ary
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 appropriate are effective pressure-dependent sliding law
s?

W
hat is basal w

ater pressure?

A
ny channelized flow

 m
ay fan out near a term

inus.

G
reatly Increased quantity of surface runoff in recent years.

Little data on subglacial hydrology.  Sim
ple first order approaches required for m

odelling.

Ice dynam
ics; m

ay be better to use statistical links betw
een surface m

elting and sliding speed.

Evolution of the drainage system
 is im

portant.
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(e)
basal
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speed,
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(f)
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stress,
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(g)
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stress,
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xx(b) ;

and
(h)
vertical

uplift,
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figures
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transition
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the
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netw
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at
the
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the
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ater

flux
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(e.g.
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et
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the
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C
hannel discharge
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ater pressure

C
hannel cross-section

Sheet discharge

drainage
(fig.S3),and

little
or

no
acceleration
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uplift

at
the

G
PS

site
(Fig.

2).
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(Fig.
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lterna-
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atthe
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edge
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that
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into
and

through
the
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lake.Surface
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rates
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(1)
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tensile
(e

xx
=

0.003
year −1;
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directed
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flow
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ation,
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rates
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the
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year −
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e
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sim
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in
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hich
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spilled
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the
fracturing

ran
adjacent

to
rather

than
through

the
lake

basin,
drainage

occurred
over

w
eeks

as
overflow

m
elted

and
deepened

the
spillover

channel
leading

to
the

m
oulin.

For
either

hypothesis,the
low

seism
icity,lack

of
up-

lift
and

acceleration,
and

the
slow

drainage
rate

suggestthatlittle
or

no
w
ater

reached
the

bed
of

the
ice

sheetduring
this

firststage.
T
he

second
stage

began
w
hen

the
fractures

breached
the

full
ice

thickness,
establishing

a
direct

connection
to

the
basal

hydrological
sys-

tem
.R

apid
lake

drainage
(1.4

hours)w
as

accom
-

panied
by

an
increase

in
seism

ic
energy

(fig.S3)
and

synchronous
surface

displacem
entof

the
ad-

jacentshoreline
up

(1.2
m
)and

aw
ay

(0.8
m
)from

the
lake

center
(Fig.

2).
T
he

short
duration

be-
tw
een

the
drop

in
lake

leveland
shore-based

sur-
face

m
otion

indicates
rapid

and
directtransportof

w
ater

to
the

bed.U
plift

at
the

center
of

the
lake

w
as

likely
larger

than
the

1.2
m

observed
nearby

on
shore,

and
probably

coincided
w
ith

uplift
of

the
large

block
atthe

lake’s
center.T

he
synchro-

nous
upliftindicates

a
nearly

verticalpath
to

the
bed,as

w
ell

as
the

form
ation

of
a
transient

sub-
glaciallake

thatdisplaced
the

overlying
ice.T

he
high

drainage
rate

and
the

presence
of

rafted
ice

blocks
observed

along
lake-bed

fractures
suggest

thatdrainage
occurred

along
m
ostofthe

fractures’
length.T

he
turbulentw

ater
flow

during
the

rapid
discharge

w
ould

have
m
elted

the
fracture

w
alls

through
frictional

heating,
concentrating

flow
paths

and
leading

to
the

developm
ent

of
larger-

diam
eter

openings
at

points
w
here

inflow
w
as

greatest(6).
W
e
hypothesize

that
during

the
third

stage,
w
hich

lasted
a
few

days
after

the
rapid

lake
drainage,

m
ost

of
the

fractures
closed

at
depth

and
discrete

m
oulins

form
ed.T

he
surface

w
ater

flow
(~24

m
3/s)

previously
filling

the
lake

provided
inflow

into
the

areas
still

connected
to

the
bed.M

eltw
idening

atlocations
w
here

inflow
w
as

greatest(e.g.,atthe
ends

ofsurface
stream

s),
com

peting
w
ith

the
tendency

ofoverburden
pres-

sure
to
close

the
no-longer

w
ater-filled

fractures,

probably
produced

and
m
aintained

a
few

discrete
m
oulins

thatrem
ained

open
throughout

the
rem

ainder
of

the
m
eltseason

(fourth
stage),

sim
ilar

to
those

w
e
observed

after
drainage

in
2007

(Fig.1).
A
lso

during
the

third
stage,

the
transient

subglacial
lake

drained
over

a
~24-hour

period,
as

suggested
by

the
G
PS-m

easured
vertical

subsidence
and

horizontal
southw

ard
m
otion

(Fig.
2
and

fig.
S2).

T
he

relatively
rapid

sub-
glaciallake

drainage
suggests

the
presence

ofan
efficientsubglacialhydrologicalsystem

.Increased
ice

fracturing
likely

occurred
during

this
stage

as
w
ell,possibly

explaining
the

elevated
seism

ic
en-

ergy
in
the

1-hour
period

im
m
ediately

follow
ing

the
lake

drainage
(fig.S3).

T
hroughoutthe

m
eltseason,the

onshore
G
PS

recorded
fluctuations

in
ice-sheet

velocity
of

50
to

100%
that

correlate
w
ell

w
ith

calculations
of

daily
m
elt

intensity
and

regional
ice-sheet

flow
(1).

O
ther

than
the

~24-hour
period

follow
ing

the
drainage

(Fig.2
and

fig.S2),the
characterof

the
pre-and

postdrainage
speed

fluctuations
did

notdifferappreciably
(1).T

hus,the
opening

ofa
new

m
oulin

draining
a
large

daily
m
eltvolum

e
(24

m
3/s)

had
little

apparent
lasting

effect
on

the
local

ice-sheet
velocity.Instead,w

e
hypoth-

esize
thatthis

eventcontributed
to

the
collective

form
ation

of
a
netw

ork
of

regionally
distributed

m
oulins

supplying
m
eltw

aterto
the

bed
thatm

od-
ulated

ice
flow

both
before

and
afterthe

drainage
event.Such

m
odulation

im
plies

the
presence

ofa
w
ell-connected

subglacial
drainage

system
capa-

ble
ofreceiving

w
aterinflow

atdiscrete
locations

and
dispersing

ituniform
ly
beneath

the
ice

sheet.
This

creates
w
hatappears

to
be

partialice-bed
de-

coupling
associated

w
ith

a
distributed

subglacial
hydrological

system
.
These

indirect
observations

highlighthow
m
uch

rem
ains

to
be

learned
about

the
subglacialenvironm

entbeneath
the

G
reenland

Ice
Sheet.
O
ur

lake-drainage
observations

provide
ev-

idence
for

a
fracture-driven

process
opening

a
1-km

-deep
through-ice

conduit
and

injecting
a

large
volum

e
of

surface
m
eltw

ater
directly

be-
neath

the
ice

sheet.
A
lthough

fracturing
estab-

lished
the

initial
connection,

additional
m
elting

from
energy

dissipation
during

the
turbulentflow

ofw
aterin

its
1-km

descentlikely
played

a
role

in
w
idening

and
m
aintaining

discrete
m
oulins

that
stayed

open
throughoutthe

rem
ainderofthe

m
elt

season.T
housands

oflakes
are

form
ed

on
the

ice
sheet’s

surface
throughout

the
ablation

season,
and

although
w
e
have

detailed
observations

from
only

a
single

lake,
w
e
do

not
believe

the
lake

drainage
w
e
observed

w
as

an
isolated

or
unique

event.
O
ther

G
reenland

supraglacial
lakes

have
previously

been
observed

to
disappear

from
the

surface
in

1
day

(12).
D
uring

ground
and

aerial
surveys

in
2006

and
2007,w

e
investigated

m
ore

than
10

surrounding
lake

basinsnearourstudy
site

and
detected

num
erous

stream
s
draining

into
m
oulins

across
the

ice
sheet’s

surface.These
sys-

tem
s
w
ere

observed
both

w
here

lakes
had

drained
com

pletely
and

also
w
here

lakes
cut

overflow
channels

that
later

drained
into

nearby
fractures

and
m
oulins.

In
addition,

all
of

the
postdrainage

lake
basinsthatw

e
observed

had
fracturesrunning
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Fig.
2.

Data
from

the
2006

lake
drainage

event.
(A)

Relative
elevation

(zrel )
and

rate
of

elevation
change

(left
axis:

black
and

red
lines

respectively)
are

derived
from

the
on-shore

GPS
elevations

sm
oothed

to
5-m

in
tem

poralresolution.Lake
levelas

recorded
by

water-pressure
loggers

(right
axis:

blue
and

m
agenta

stars
connected

with
a
gray

line)
and

referenced
to

the
lake

level
just

before
drainage.

A
linear

fit
to

the
last

two
lake-level

m
easurem

ents
when

the
depth

loggers
rem

ained
subm

erged
suggeststhatthe

lake
drained

com
pletely

by
~17:30

UTC
(dashed

gray
line).(B)North

(red)
and

east
(blue)

velocity
com

ponents
at

the
GPS

station
sm

oothed
to

10-m
in

tem
poralresolution.(C)

Relative
position

of
the

GPS
station

during
the

5
days

im
m
ediately

before,
during,

and
after

the
drainage

event
showing

the
rapid

translation
of

the
surface

as
it
floats

up
and

away
from

the
lake

center,and
subsequently

returns.The
color-bar

indicates
the

hour
of

day,and
the

bold
black

arrows
delineate

each
day’s

netm
otion.
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C
hannelized flow

 expected if discharge sufficiently large. 

Tem
poral evolution of the drainage system

 is im
portant.

M
odels

M
ass conservation fundam

ental.

- Effective pressure / ice dynam
ics

- D
elivery to m

argin

A
 num

ber of m
odels im

pose a distribution of channels.

Som
e recent m

odels allow
 a dynam

ically evolving channel netw
ork.  T

hey im
pose a seedling 

netw
ork of ‘conduits’ w

hich com
pete w

ith each other to grow
 into channels.

Flow
ers &

 C
larke 2004,  K

essler &
 A

nderson 2004, Pim
entel &

 Flow
ers 2011, C

olgan et al 2012

Schoof 2010,  W
erder et al 2012, H

ew
itt 2013

Sim
plest m

odels are film
 / diffusion m

odels.
A

rnold &
 C

larke 2002, Johnson &
 Fastook 2002, Le Brocq et al 2009, van Pelt &

 O
erlem

ans 2012
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m
)is

such
thatbed

features
w
ith

w
avelengths

less
than

the
ice

thickness
are

not
expressed

at
the

ice
surface

[G
udm

undsson,2003].A
s
a
consequence,w

e
assum

e
thata

is
constant

over
the

short
distances

traveled
during

one
season.W

e
assum

e
thatany

change
in

observed
surface

velocity
from

background
is
due

to
increased

sliding.
A
ccordingly,

our
velocity

data
indicate

that
u
b
increases

during
m
ost

of
the

sum
m
er,

but
w
e
cannot

reliably
deter-

m
ine

the
com

ponent
of

the
observed

background
surface

velocity
due

to
sliding.

T
herefore

w
e
m
ake

an
assum

ption
thatis

conservative
forthe

calculation
ofċ

as
a
residualfrom

equation
(5)

and
assum

e
that

during
the

background
tim

e
period

u
b,bg

=
u
s,bg ,

w
hich

m
inim

izes
the

increase
in

m
ag-

nitude
that

w
e
subsequently

apply
to

u
b
tan

a
during

the
sum

m
er.

B
ecause

a
slopes

dow
nw

ard
in

the
direction

of
flow

or
is

close
to

zero
at

all
stations,

this
m
inim

izes
our

calculation
of

elevation
low

ering
due

to
bed

parallelm
otion

and,therefore,m
ay

underpredictupliftdue
to

ċ.
[20]

W
e
integrate

equation
(5)

in
tim

e
to

calculate
the

displacem
ent

due
to

bed
separation,

D
ċ
as

a
residual

using
D
t
=
1dD

ċ
¼

ċD
t¼

D
zs !

u
s =u

s;bg
!

"u
b;bg

tan
a
D
t!

D
!

ð7Þ

w
here

D
zs
is
the

observed
surface

displacem
ent.

[21]
W
e
estim

ate
the

uncertainty
in

calculated
cum

ulative
bed

separation
to

be
%
6.5

m
m

during
the

background
tim

e
period,follow

ed
by

an
increase

of%
3
m
m

d
!
1.B

y
day

191
this

results
in
10

cm
and,by

day
223,20

cm
ofuncertainty

in
bed

separation
(see

A
ppendix

A
).A

dditionalunquantifiable
uncertainty

is
introduced

by
assum

ptions
that

vertical
strain

rates
are

constant
w
ith

depth,
the

station
pair

spacing
used

forcalculating
strain

rates
is
appropriate,and

upliftdue
to
till

dilation
is

negligible
(see

A
ppendix

A
).
For

these
reasons,

w
e
consider

the
estim

ated
tim

e-series
of

bed
separation

to
be

broadly
indicative

ofincreases
ordecreases

in
the

volum
e

of
w
ater

stored
at

the
bed,

and
w
e
consider

the
relative

m
agnitude

and
tim

ing
to

be
m
ore

reliable
than

the
absolute

values.

3.
R
esults

and
A
nalysis

3.1.
SeasonalD

escription
3.1.1.

Surface
H
ydrology

[22]
PD

D
in

the
region

began
around

day
152

(1
June)and

term
inated

around
day

244
(1

Septem
ber)of2007

(Figures
2

and
3);the

tw
o
w
eatherstations

reported
sim

ilarvariations
in

air
tem

perature
during

the
sum

m
er.T

hree
prolonged

periods
of

elevated
PD

D
occurred

in
the

m
iddle

of
the

sum
m
er:

days
175–182,185–210,and

222–233
(Figure

2).H
ow

ever,
due

to
the

upglacier
m
igration

of
the

snow
line

during
the

sum
m
er

(Figure
4),

late-sum
m
er

m
odeled

m
elt

rates
tend

to
be

higher.
For

exam
ple,

the
highest

tem
peratures

of
the

season
occurred

around
day

190.In
the

dow
nglacier

region
ice

w
as

exposed
atthis

tim
e,leading

to
the

highestm
odeled

m
elt

rates
of

the
sum

m
er.

In
the

m
idglacier

and
upglacier

regions,
the

highest
m
odeled

m
elt

rates
occurred

during
som

ew
hatlow

er
tem

peratures
later

in
sum

m
er

as
the

underly-
ing

ice
w
as

exposed
in
those

regions.M
odeled

m
eltdecreased

w
ith

distance
upglacier

due
to

both
few

er
PD

D
and

prolonged
snow

cover.M
odeled

m
eltforthe

entire
sum

m
erw

as
1.9,1.1,

and
0.4

m
w
.e.

in
the

dow
nglacier,

m
idglacier

and
upglacier

regions,respectively.
[23]

In
2007

there
w
ere

15
lakes

w
ithin

5
km

of
our

G
PS

stations
in

our
dow

nglacier
region,

28
in

the
m
idglacier

region,
and

19
in

the
upglacier

region.
O
f
these

62
lakes,

45
(73%

)had
a
diam

etergreaterthan
0.25

km
,and

25
(40%

)
had

a
diam

eter
greater

than
0.50

km
.
L
ake

filling
in

all
regions

began
shortly

after
the

onset
of

m
elt

and
nearly

all
lakes

w
ere

identifiable
before

snow
cover

becam
e
patchy,

F
igure

3.
Six-hr

m
ean

horizontal
velocity

(dark
blue,

green,
and

red
lines)

and
hourly

air
tem

perature
(gray)

for
G
PS

stations.
(top)

Stations
107,

207
and

307
overlying

tem
perature

from
JA

R
1.

(m
iddle)

Stations
407,

507
and

W
ild1

overlying
tem

perature
from

Sw
iss

C
am

p.
(bottom

)
Stations

607,
707

and
807

overlying
tem

peratures
extrapolated

to
m
ean

elevation
in

this
region.

V
elocity

has
been

norm
alized

w
ith

respect
to

the
background

velocity
(T
able

1)
at

the
beginning

of
the

data
collection

period
(days

133–158).N
ote

the
change

in
horizontal

and
vertical

scales
from

Figure
2.

H
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Basal sliding

H
ard bedrock

C
avities

Soft sedim
ents
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