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Abstract. Supraglacial channel networks link time vary-
ing melt production and meltwater routing on temperate
glaciers. Such channel networks often include components
of both surface transport in streams and subsurface porous
flow through near-surface ice, firn or snowpack. Although
subsurface transport if present will likely control network
transport efficacy, it is the most poorly characterized compo-
nent of the system. We present measurements of supraglacial
channel spacing and network properties on the Juneau Ice-
field, subsurface water table height, and time variation of
hydraulic characteristics including diurnal variability in wa-
ter temperature. We combine these data with modeling of
porous flow in weathered ice to infer near-surface permeabil-
ity. Estimates are based on an observed phase lag between
diurnal water temperature variations and discharge, and in-
dependently on measurement of water table surface eleva-
tion away from a stream. Both methods predict ice perme-
ability on a 1–10 m scale in the range of 10−10–10−11 m2.
These estimates are considerably smaller than common pa-
rameterizations of surface water flow on bare ice in the lit-
erature, as well as smaller than most estimates of snow-
pack permeability. For supraglacial environments in which
porosity/permeability creation in the subsurface is balanced
by porous flow of meltwater, our methods provide an esti-
mate of microscale hydraulic properties from observations
of supraglacial channel spacing.

1 Introduction

In the ablation zone of glaciers and ice sheets, surface
meltwater channelizes and thermally erodes the icy sub-
strate. This flowing meltwater localizes to form supraglacial
streams if melt production exceeds the transport capacity of
near-surface ice, firn or snowpack. Supraglacial melt trans-
port links surface melt to subglacial hydrologic systems
through englacial drainage (Fountain and Walder, 1998), so
temporal variations in the rate and volume of supraglacial
meltwater production have the potential to influence the basal
environment and hence bulk ice movement (e.g.,Iken, 1972;
Müller and Iken, 1973). Large-amplitude englacial drainage
events, (e.g.,Das et al., 2008) as well as diurnal (e.g.,Kamb
et al., 1994) and seasonal (e.g.,Iken and Truffer, 1997) vari-
ability in surface melting, all influence large-scale motion of
ice masses.

A critical parameter to both developing and sustaining
streams is the permeability of near-surface ice that con-
trols transport of meltwater into channels. Over bare and
impermeable ice or in channels, flow timescales are com-
monly parameterized according to an effective friction pa-
rameter (Manning’s equation, e.g.,Arnold et al., 1998).
However, in some settings there is also a layer of frac-
tured, partially melted or otherwise weathered bare ice in
the near surface through which porous flow of melt may oc-
cur (Fountain and Walder, 1998). Because channelized flow
moves quite rapidly (typical velocities up to∼ 1 m s−1), sub-
surface porous flow if present will be the limiting factor for
propagation of diurnal signals into the near-surface glacier
hydrologic system. Permeability varies as a function of depth
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because melting attenuates with the decay of solar radia-
tion in the subsurface and percolating meltwater can refreeze
(Pfeffer et al., 1991), in addition to possible compaction ef-
fects. Permeability will also vary with altitude and season
as surface snow transitions to bare ice down glacier (Braith-
waite et al., 1994).

Ice permeability sets the transport efficiency of the
supraglacial system, a quantity of interest in large-scale and
short-time water budgets for glaciers and ice sheets (Ren-
nermalm et al., 2013). Measurements of firn and weathered
ice permeability have been conducted onO(0.1− 1) m scale
samples (e.g.,Fountain, 1989; Schneider, 1999; Albert et al.,
2000). But because permeability is often a scale-dependent
material property (e.g.,Schulze-Makuch et al., 1999), mea-
surements on larger scales should provide better character-
ization of hydraulic transport relevant to supraglacial chan-
nels. Such measurements may also be more relevant for
relating permeability to porosity measurements taken on
larger (100–1000 m) scale (e.g.,Morris and Wingham, 2011;
Brown et al., 2012). Intermediate (1–100 m)-scale perme-
ability relevant for supraglacial stream channel formation
and spacing (Marston, 1983) is not well constrained.

Here we develop novel methods to infer field-scale per-
meability in supraglacial systems, and present measurements
of a supraglacial drainage basin high in the ablation zone
of the Llewellyn Glacier on the Juneau Icefield, British
Columbia, Canada, over four days in August 2010 aimed at
characterizing both surface and subsurface components of
the supraglacial network. These measurements reveal how
near-surface permeability is expressed in the distribution and
time variation of melt transport. We measure time-varying
discharge, water temperature and geometrical properties of
a supraglacial drainage basin including channel aspect ratio,
channel spacing and the height of the subsurface water table
away from channels. We then develop two methods to infer
near-surface permeability, on a length scale of 1–10 m that
is relevant to channel development at the Llewellyn Glacier
site. One method is based on modeling the elevation of the
subsurface water table that extends perpendicular to chan-
nels, while the other uses a phase shift observed between
stream water temperature and discharge to infer a subsurface
transport lag. Both methods result in similar estimates for
permeability of near-surface ice. We end by illustrating how
these methods could be extended via remote sensing obser-
vations to large-scale supraglacial drainage networks such as
those on the western Greenland Ice Sheet.

2 Site summary and methods

The Llewellyn Glacier drains the Juneau Icefield, on the east-
ern side of the North American Continental Divide (Fig.1).
Because of the local rain shadow and relatively high eleva-
tion (1440 m), the primary input to the supraglacial hydro-
logic network at this site is locally produced meltwater rather
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Fig. 1. Landsat 7 image (taken August 15, 2001) of the Juneau Icefield. The Llewellyn glacier study site is located at 59◦ 4’36.83”N, 134◦

7’24.54”W, indicated by the solid red circle.

Fig. 1. Landsat 7 image (taken 15 August 2001) of the Juneau Ice-
field. The Llewellyn Glacier study site is located at 59◦4′36.83′′ N,
134◦7′24.54′′ W, indicated by the solid red circle.

than rain. Average yearly rainfall in Atlin, British Columbia,
Canada (60 km East and 450 m lower than the Llewellyn
site) is 0.192 m yr−1 (http://www.theweathernetwork.com).
Our study site is a drainage basin several kilometers down
glacier from the equilibrium line near a medial moraine
(Fig. 2a), exhibiting supraglacial channels that draw water
from a layer of weathered, partially melted surface ice (e.g.,
Müller and Keeler, 1969). In the time frame of our study (4–
7 August 2010), we observed the transient snow line (TSL) at
elevations∼ 75–100 m higher than our study site, implying
∼ 3 weeks of bare ice exposure prior to our study if TSL mi-
gration rates measured at other glaciers on the Juneau Icefield
(∼ 4–5 m day−1 in August 2010,Pelto, 2011; Pelto et al.,
2013) are also assumed for our site. Fractures and crevasses
in this ice-marginal area are rare, with spacing much larger
than typical stream spacing.

Although some inheritance of channels may occur, many
supraglacial channels form anew each year when melt pro-
duction exceeds subsurface transport capacity and ensuing
surface flow locally enhances thermal erosion (Fig.2b). Be-
cause of rapid glacier surface melting (several cm day−1 –
our study period coincided with higher than average temper-
atures as recorded in Atlin), we observed that channels in this
environment form and become abandoned on day- to several-
day timescales (Fig.2c), creating a hummocky glacier sur-
face topography in the upper parts of the drainage basin. This
topography reflects a competition between localized erosion
by streams and large-scale surface lowering. The Llewellyn
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Fig. 2. (a)Marginal region of the Llewellyn Glacier that contains the study drainage basin (dashed line), photo taken from medial moraine.
Black arrows indicate starting locations of survey transects, while red arrow is the stream in which the DTS temperature sensor was deployed.
Boxed letters provide approximate locations of photographs in subsequent panels.(b) Inception of a supraglacial channel high in the upper
study drainage basin, with porous icy substrate surrounding.(c)Recently abandoned channel, note difference in color between recently wetted
channel ice and the glacier surface.(d) Example of a highly regular meandering reach. Black scale bars in panels(b–d) are approximately
50 cm.

study site thus is well suited for a short duration and spa-
tially focused study: supraglacial transport is widespread, the
channel networks evolve rapidly, and both surface and sub-
surface meltwater transport are important.

We observed supraglacial streams during four consecutive
days. During this time we conducted a survey of the study
drainage basin (Fig.3) by traversing the drainage basin at
five elevations, recording stream channel positions, channel
width/depth, and hydraulic activity. Elevations of our tran-
sects are indicated by black arrows in Fig.2a, and we used
a handheld GPS unit to ensure that a transect crossed the
drainage basin at a constant altitude (relative error about
10 m). We also performed point measurements of stream dis-
charge as well as continuous (1–2 day duration) monitor-
ing of one stream, measuring water temperature, and stream
discharge. Meteorological data were gathered continuously.

Surveying of streams within the basin was accomplished
with a combination of measuring tapes/sticks and a laser
range finder (TruPulse 200B) with∼ 1 cm accuracy. Stream
long profiles were measured using a Trimble R3 geodetic
GPS unit (L1 band) in kinematic survey mode. Kinematic
survey positions are accurate to 1 cm in the horizontal and
2 cm vertically.

Stream discharge and depth were measured using a Son-
tek Flowtracker handheld acoustic Doppler velocimeter to
measure mean velocity. We used the standard point velocity
measurement at 0.6 the total depth to infer average stream
water velocity. Error on these measurements is∼ 0.1 m s−1,
∼ 10 % of measured velocities for large streams in our study
site, but similar to measured velocities high in the basin.
Channel width was obtained with a measuring tape, vary-
ing less than 0.01–0.02 m over a similar distance up- and
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downstream of the measurement (channel widths are gener-
ally slowly varying). All streams surveyed in this study were
> 0.05 m deep at peak discharge. Melt rate at both sites was
estimated by observing bulk ice lowering around ice screws
inserted perpendicular to the glacier surface, although we ac-
knowledge that this method involves significant errors and
we use these measurements only as an order of magnitude
estimate for ablation.

In situ subsurface transport is difficult to monitor, and to
help overcome this difficulty we employed a water tempera-
ture monitor, a distributed temperature sensor (DTS), to ob-
tain a stream temperature time series that represents an indi-
rect but highly accurate and noninvasive means of inferring
upstream flow variation. We monitored stream water temper-
ature continuously in one stream (indicated by the red arrow
in Fig. 2a). The DTS instrument is a cable thermometer that
operates by firing short laser pulses down a length of fiber
optic cable with a sensor measuring and integrating the spec-
trum of backscattered light. Light scattered by electrons in
low-energy states returns to the detector slightly redshifted
(Stokes scattering), while light scattered by electrons in high-
energy states returns slightly blueshifted (anti-Stokes scatter-
ing). The temperature of a particular length of cable can be
inferred from the amplitude ratio of the Stokes / anti-Stokes
signals (Tyler et al., 2009) integrated over a specified time
period.

Attenuation mechanisms within the cable itself are gen-
erally frequency dependent, so laser pulses are sent through
the cable in both directions to allow the effects of differential
attenuation to be measured and corrected for. To reduce the
effects of instrument drift during a long deployment, calibra-
tion was performed continuously by comparing temperature
measurements of an ice-water bath (mixed by a motorized
fish tank propeller) using both the DTS and a PT100 thermis-
tor. A total of 10 m of cable was placed in the ice bath. We in-
tegrate DTS temperature measurements over 30 min time in-
tervals to obtain a temperature resolution better than 0.05◦C
with a spatial resolution of 1 m. We then average measure-
ments over the length of submerged (white colored) cable
to get mean stream water temperature as a function of time.
We ensure that during the day the cable is submerged in sev-
eral centimeters of water to control for the effect of radiative
cable heating by solar radiation. At night some cable is ex-
posed, but the effects of radiation are then at a minimum, and
it is easy to distinguish sections of cable exposed to the air
by their higher temperatures.

Subsurface water table measurements were also conducted
through coring of near-surface ice, a direct although intru-
sive method for inferred subsurface permeability. Several
20–25 cm deep cores were taken in a straight line perpen-
dicular to a stream at midday on a cloudless day, using a
∼ 5 cm diameter pipe with a serrated end to facilitate coring.
Other point cores were taken in the surroundings to verify
the general level of the water table, but we focused detailed
measurements on one profile.
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Fig. 3. Network characteristics of the Llewellyn drainage basin
shown in Fig.2b, higher numbers moving upstream.(a) Mean chan-
nel spacing (inverse of channel density) with standard deviation er-
ror bars(b). Mean width to depth of active channels, with standard
deviation.(c). Ratio of active to non-active (abandoned) channels.

Finally, we installed an eKo meteorological station that
measured continuous time series of wind speed and direc-
tion, net solar radiation, air temperature and relative humid-
ity in the drainage basin. Meteorological measurements were
carried out every 30 s for∼ 2 days, although instrument mal-
function during the time period of DTS temperature measure-
ments prevented complete overlap in data sets. We use daily
averages of these data in what follows. For the period of our
observation we take the representative temperature of 7.8◦C,
relative humidity of 78 %, and wind speed of 6.8 m s−1.

3 Results

A coarse survey of the study site’s supraglacial drainage
basin (Fig. 2a, approximate area 0.07–0.08 km2) reveals
ubiquitous small streams with average daytime discharge of
∼ 0.01 m3 s−1. A close coupling of melting to solar forc-
ing (e.g.,Marston, 1983) means that discharge at this site
is strongly diurnal. Channel density decreases downstream
(Fig. 3a), and streams high in the catchment exhibit close,
regular spacing. Channel width to depth remains roughly
constant throughout the drainage basin (Fig.3b), consistent
with the observation that the range in discharge is small. Hy-
draulic geometry of supraglacial streams does seem to vary
as a function of discharge in general (Knighton, 1981), so it
may also evolve seasonally as melt rates and the nature of the
icy substrate change.

Abandoned channels are more common towards the top
of the catchment compared to the bottom (Fig.3c), indica-
tive of active channel rearrangement. We note that the short
duration of our study precludes a detailed study of the ac-
tive rearrangement of streams. However, the nearness of
our site to the TSL during the study period implies that
supraglacial streams could not have been developing over
bare ice for more than 2–3 weeks. Although they may have
developed initially under snowpack, the small size of these
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Fig. 4. (a)Water table height measurements as a function of distance away from a stream, with nonlinear fit of Eqs. (3) and (4), assuming
n0 = 0.01 m h−1 and peak melting,B = 1 m, hw = 0.05 m,φ = 0.1 andk = 1× 10−11m2. Error bars are 1 cm.(b) Sketch of the model
problem and geometry, illustrating the Dupuit–Forchheimer ellipse.(c) Variation of water table heighth(x, t) from numerical solution to
Eq. (3) parameters as in panel(a). Curves plot points along the profile as a function of time.

streams is consistent with a rather immature supraglacial
channel network. Streams combine downstream, and all
eventually empty into a shallow ice-marginal lake (Fig.2a)
or moulins near a medial moraine that bounds our site.
Discharge thus increases with distance downstream except
where water drains into moulins. Channel sinuosity is gen-
erally low, for example one channel surveyed in detail with
GPS exhibits a sinuosity of 1.32 over a distance of 550 m.
However, small amplitude and regular meandering is com-
mon (Fig.2d). We find that observed channel sinuosity fol-
lows the empirical scaling between the supraglacial channel
width and meander wavelength observed worldwide (wave-
length= 8.014± 0.517× channel width over three orders of
magnitude in channel width;Karlstrom et al., 2013).

3.1 Permeability of near-surface ice, method 1

To estimate near-surface permeability, we utilize two meth-
ods. The first method uses measurements of water table ele-
vation in near-surface ice perpendicular to a stream high in
the drainage basin to infer transport. Porous subsurface ice is
a thin unconfined aquifer perched above a less permeable ice
layer, in which meltwater flows down hydraulic gradients to
streams. Because production of melt is strongly diurnal, the
height of the aquifer varies in time and we use water table
measurements along with a model of melt forcing to infer
ice permeability.

After picking a drainage divide between two channels high
in the drainage network that is roughly 1 m in length (total
channel spacing of 2 m), in a transect away from one stream
we take multiple cores to expose the water table (Fig.4a). In
the hole left behind from each core, the position of the wa-
ter table is recorded in terms of its depth below the glacial
surface. Cores revealed dry, porous ice (grain size 1–2 cm)

near to the surface and fully saturated ice near the bottom
(below the water table). We observe a wetting front that ex-
tends∼ 1–2 cm above the water table. The water table it-
self rises towards the glacier surface as a function of distance
away from the stream, 5 cm over 1 m horizontally above the
stream’s base level (Fig.4a).

Permeability may be estimated from these measurements
by assuming spatially homogenous subsurface properties,
then solving the equations for flow in a perched, unconfined
aquifer in 1-D. Similar flows governed by similar equations
also occur in soils and rocks (e.g.,Manga, 1999). We can
infer permeability by fitting observed water table elevation
changes to a solution of the Boussinesq equation, obtained
by combining Darcy’s law for porous flow with continuity
of water, forced by influx due to meltingN that is assumed
constant over the domainx but time variable:

∂h

∂t
= κ

∂2h2

∂x2
+

N(t)

φ
, (1)

whereκ = kgρ/µφ with k the permeability,ρ water density,
µ water viscosity,g gravity andφ the porosity.

For two streams at the same elevation separated by a divide
of length 2B (Fig. 4b), if N is constant in time the exact
solution to Eq. (1) for water table heighth is the Dupuit–
Forchheimer ellipse (Bear, 1972):

h =

[
h2

w +
N(2B − x)x

κ

]1/2

, (2)

wherehw is the (assumed equal) depth of the streams. The
maximum elevation of the water table above the stream is
Hb =

√
h2

w + NB2/κ.
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Ice screws inserted in the glacier surface provide estimates
of melt rate during peak solar forcing of∼ 1 cm h−1, a crude
method that nonetheless results in melt rates roughly simi-
lar to concurrent ablation estimates derived from TSL migra-
tion at the Lemon Creek glacier on the western side of the
Juneau Icefield of 0.03–0.04 m day−1 (Mernild et al., 2013).
We could use these as an estimate ofN in Eq. (2). How-
ever, such influx rates are comparable to spatial subsurface
water table changes from the stream, implying that the water
surface height should not be considered steady in time. Mea-
sured water table elevations are small compared to the avail-
able porous layer in the ice (estimated to be 0.25–0.5 m in
thickness) so a linearized version of the Boussinesq equation
is appropriate. This common approximation is valid when
water table height changes are small compared to the mean
water heighth0 (e.g.,h′

� h0):

∂h′

∂t
= κh0

∂2h′

∂x2
+

N(t)

φ
. (3)

We takeN in the form

N(t) = n0e
−(t−nint(t))2/σ2

, (4)

wheret is simulation time in days (measured in days here
for N(t)), nint refers to “next integer” andσ = 6 h, to
model diurnal forcing with dominant 12 h melting period. We
then solve this equation numerically with a Crank–Nicolson
method, subject to boundary conditions thath′

= hw, the
stream depth at the channel outletx = 0 and that∂h′/∂x = 0
atx = B, taken to be 1 m from our measurements.hw ∼ 5 cm
in the channel nearest our measurements, andh0 = 0.25 m.
We estimaten0 ∼ 1 cm h−1 and porosity asφ ∼ 10 % similar
to other firn studies (Fountain, 1989) although we consider
these to be the most uncertain of parameter estimates (noting
that melt rateN likely varies more than porosityφ). Other
functional forms for melt rate Eq. (4) over a 12 h cycle (e.g.,
a sinusoid) do not affect the results.

We assume that all meltwater infiltrates into the perched
aquifer, and thus neglect evaporation/sublimation. This can
be justified by estimating the latent heat flux at our site, for
which we use Eq. (5.28) ofCuffey and Paterson(2010). We
have daily average relative humidity of 78 %, wind speed
of 6.8 m s−1 and temperature 7.8◦C. These values give a
latent heat flux of−68 W m2, which corresponds to evapo-
ration/sublimation rates of∼ 0.001 m h−1, ≤ 1 % of our in-
ferred melting rate.

Numerical results (Fig.4c) show that water surface height
varies diurnally. Because our measurements were taken near
peak melting (13:00 local time), we use the maximum cal-
culated water table height and perform a Newton–Raphson
iteration to find the permeability that minimizes the differ-
ence between modeled and measured water table in a least
squares sense (solid line in Fig.4a), assuminghw = 0.05 m,
B = 1 m, andh0 = 0.25 m. For our measuredn0 ∼ 1 cm h−1

on the Llewellyn Glacier we estimatek ≈ 1×10−11 m2, with

Hb −h0 ∼ 5 cm the water table height above the stream, sim-
ilar to estimates based on the static solution Eq. (2) with peak
melting rate. In general there is a linear trade off between the
ratio of melt rate to porosityn0/φ and permeability for this
model (illustrated with the exact solution, Eq. (2) in Fig. 7a).

3.2 Permeability of near-surface ice, method 2

Our second method for estimating permeability uses time
series measurements of stream flow and water temperature,
in a section of stream∼ 100 m lower in the drainage basin
than that surveyed for method 1. If surface ice is at the melt-
ing point, solar radiation during daylight hours will induce
melting. Once melting has occurred, additional solar radia-
tion will heat water above the melting temperature. Thus we
might expect diurnal variations of meltwater temperature for
sufficient solar heating, lagged by the heating time for chan-
nels.

This heating time in general reflects a competition be-
tween thermal diffusion through water depthD, and ad-
vection of stream water down a channel reach (take scale
length L) encapsulated by a Péclet number for the stream
Pe = V D2/(Lκd), whereV is a scale velocity andκd =

1.5× 10−7 m2 s−1 is the water thermal diffusivity. For
small streams in the upper parts of the drainage basin,
D ∼ 1 cm,V ∼ 1–10 mm s−1 andL ∼ 1–5 m.Pe = 0.1–6≤

O(1), demonstrating that water heating through diffusion
over the stream depth likely dominates advection. The dif-
fusion time for solar radiation is thenD2/κd ∼ 0.012/1.5×

10−7
∼ 11 min. This is much shorter than the period of di-

urnal heating, so some temperature variability is to be ex-
pected in supraglacial streams. Solar heating of meltwater
will therefore be an indirect tracer of melting surrounding
ice, which also closely tracks downward radiation (Marston,
1983). We expect that slower porous transport of freshly
melted ice to streams will then cause a lag between increases
in water temperature and stream discharge (e.g.,McGrath
et al., 2010; Munro, 2011) that may be used to infer perme-
ability of the porous flow region.

DTS temperature measurements in the surveyed Llewellyn
stream show differences in day-to-night water temperatures.
Raw DTS traces (Fig.5a) resolve lengths of cable running
over ice and cable submerged in water, with marked temper-
ature differences between the two that decrease during night-
time when solar radiation does not heat the cable exposed
directly to air. Because discharge varies diurnally, the length
of cable submerged in the small channel varies as a function
of time, with a fraction of the cable exposed to the air at night
when discharge is low. This exposed cable is clearly distin-
guished in the temperature signal (grey versus black curves
at different times of day in Fig.5a) and may be removed dur-
ing post processing via thresholding. We therefore focus only
on lengths of cable submerged in water, averaging over total
submerged length to get a time series of average stream water
temperature. A 24 h time series of DTS measurements during
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a cloudless day on the surveyed stream (peak discharge of
0.013 m3 s−1) show a smoothly varying water temperature
between∼ 0 and 0.3◦C (Fig.5b), consistent with other mea-
surements of supraglacial stream water temperature (Isenko
et al., 2005).

While we do not measure discharge with the same time
resolution as temperature, the length of cable submerged in
the channel is a proxy for relative discharge because the in-
strumented reach has consistent (straight) geometry and the
cable is well fixed in place with ice screws. We observe
the expected lag between peak temperature and discharge
(Fig. 6a). This lag as discussed above likely corresponds to
the timescale of porous flow from the weathered ice aquifer
into supraglacial channels, if we assume that peak water tem-
perature corresponds to peak melting (and ice that is at the
melting point). By fitting sinusoids with a 24 h period to
these time series, we determine a best fit lag ofτ = 2.63 h
between peak temperature and peak discharge, with some
uncertainty in this estimate due to the 30 min signal integra-
tion performed for each DTS measurement. We can use the
observed lag between peak discharge and water temperature
(Fig. 6a) to infer a permeability from our solution to Eq. (3),
which also exhibits a lag between forcing and discharge (pro-
portional to∂h′/∂x atx = 0, Fig.6b).

Using model parameters as with method 1, a value of
k ≈ 0.5×10−11 m2 produces the observed phase lag between
melting and discharge at the stream. However because this
channel is lower in the drainage basin than that for which
we measure the water table, the distance between channels
is larger (Fig.3b), and therefore the recharge distanceB

is likely larger when solving Eq.3). Calculated lag times
are insensitive to the magnitude of melt influxn0 because
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Fig. 6. (a) Lag between normalized time series of DTS tempera-
ture and fraction of cable in water (Fig.5) with nonlinear fits of
daily-periodic sinusoids.(b) Modeled time lag between discharge at
channel outlet and melt input (assumed constant over the domain).
Length of recharge isB = 10 m, all other parameters as in Fig.4.

we are only concerned with the relative peak in discharge
and n0 is spatially homogeneous in our model. By fixing
n0 = 1 cm h−1 but varyingB, and setting all other parameters
as in the previous calculation, we find a range of permeabil-
ities as a function ofB that fits the observed time phase lag
of 2.63 h (Fig.7b). If we takeB = 10 m as representative for
the integrated upstream channels, we findk = 8× 10−11 m2.

4 Discussion and conclusions

We have estimated permeability of near-surface ice high
in the ablation zone of the Llewellyn Glacier, using two
independent methods that link observed drainage network
properties to near-surface glacial hydrology. Permeability in-
ferred by measuring water table elevation away from a stream
(method 1) is consistent within an order of magnitude to per-
meability estimated from lag times between peak tempera-
ture and peak discharge (method 2, Fig.7). The permeabil-
ity inferred from method 2 is slightly larger, suggesting per-
haps some scale dependence of permeability based on the
larger length scales of the estimate (∼ 10 m versus∼ 1 m
based on channel spacing differences within the drainage
basin, Fig.3). Scale dependence in near-surface permeabil-
ity is common (e.g.,Schulze-Makuch et al., 1999), although
our current data do not allow for further investigation of this
matter. Larger permeability on a 10 m scale than a 1 m scale
would occur if, for example, fractures began to exert an in-
fluence on infiltration at the larger scale.

The permeabilities inferred by our measurements are 1–
2 orders of magnitude smaller than permeabilities of near-
surface snow and firn (e.g.,Sommerfeld and Rocchio, 1993;
Campbell et al., 2006; Courville et al., 2010), values often
employed for Darcy flow at the base of a snowpack or firn
layer in the upper ablation zone (Arnold et al., 1998). Our
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Fig. 7. Summary of permeability estimates from the two methods
presented in the text.(a) Predicted permeability as a function of
melt influx rateN∗ from Eq. (2) and Llewellyn Glacier water ta-
ble measurements. We assume porosity ofφ = 0.1 here.(b) Perme-
ability estimated from matching the phase lag between discharge at
stream and melt input (Fig.6a) as a function of recharge length scale
B. Estimates for melt rate(a) and recharge length(b) are shown
with grey bars.

measurements are, however, similar to the∼ 0.1–0.3 m scale
of near-surface permeability measurements of sea ice at tem-
perate latitudes (Kawamura et al., 2006) and, appropriately
scaled, similar to hydraulic conductivities of firn reported by
Schneider(1999).

The seasonal development of supraglacial stream net-
works reflects competition between surface melting, endo-
genic channelization instabilities and external control by un-
derlying glacier structure. Supraglacial hydrology directly
couples surface processes to solar forcing, so characterizing
this system is important for understanding the response of
glaciers and ice sheets to evolving surface energy balance.
As the accumulation and retention of meltwater has consider-
able variability in large-scale systems such as the Greenland
Ice Sheet (e.g.,Braithwaite et al., 1994; Rennermalm et al.,
2013), field-scale estimates of near-surface permeability may
better inform models for surface runoff and energy balance
(e.g.,Bougamont and Bamber, 2005; Banwell et al., 2012a).

Many such models assume that friction-limited surface
flow sets the transport rate of surface meltwater, for example
into supraglacial lakes and moulins that then connect to the
subglacial hydrological system. If flow is instead dominated
by porous flow in weathered near-surface ice, these models
will significantly underestimate the time scales of surface
melt routing. Because the regime of supraglacial meltwater
transport may vary spatially and in time, it may be important
to model the development and seasonal evolution of chan-
nel networks and supraglacial drainage basins to predict the
large-scale response of large ice masses to surface melting
(Palmer et al., 2011).

As an illustration, we apply our methods to data from a
study of western Greenland’s supraglacial drainage in Au-
gust 2009 made byMcGrath et al.(2010). These authors pro-
vide a survey of channels comprising one drainage basin, and
measure a phase lag between daily maximum melt produc-
tion averaged over the basin and stream discharge measured
at a moulin that drains the basin. Typical stream velocities are

0.25–0.5 m s−1, ∼ 5 orders of magnitude greater than likely
Darcy velocities in the subsurface. Therefore, any phase lag
between discharge and melting should be limited by trans-
port of melt to streams. This will occur either through sub-
surface porous flow or via surface flow if the transport ca-
pacity of the subsurface is exceeded. We digitally measure
via pixel counting the distance between 35 stream segments
in Fig. 1 of McGrath et al.(2010), which yields a channel
spacing of 18.0± 6.7 m high in the drainage basin. Taking
half this distance as the typical recharge length-scaleB in
our model estimates (Fig.4), we can use the measured phase
lag of 2.8±4.2 h to estimate permeability of ice in this region
ask ≈ 7× 10−11 m2. This is considerably smaller than per-
meabilities used in current models (Arnold et al., 1998). Al-
though we advocate caution and site-specific calibration be-
fore directly applying our measurements on the Juneau Ice-
field to western Greenland, recent observations of an exten-
sive firn aquifer in Greenland (Forster et al., 2013) suggest
that the methods presented here may be useful for inferring
near-surface permeability on a broader scale still.

Not all supraglacial environments exhibit a porous near-
surface region that accommodates significant subsurface
porous flow, particularly if melt rates or external water input
rates are high, or if local meteorological conditions promote
ablation of the porous layer. A near-surface perched aquifer
of meltwater is to be expected only where the creation of
porosity/permeability (for example by differential absorption
of solar radiation along grain boundaries,Müller and Keeler,
1969) is not outpaced by influx of meltwater from surround-
ings. Still, a layer of porous and/or fractured ice containing
a subsurface water table is common (e.g.,Fountain, 1989),
and in these settings the water table height will depend on a
balance between time varying porosity creation and porous
flow.

If macroscale characteristics of supraglacial drainage such
as channel spacing generally reflect transport efficacy, our
study provides a basis for remotely estimating permeability
with models calibrated by field data. It suggests dependen-
cies on the characteristic length scales of channels to com-
plement other remote sensing techniques (e.g.,Brown et al.,
2012). By establishing a connection between near-surface
ice permeability and channel spacing, we can connect mi-
croscale hydraulic characteristics of ablation zone surface ice
to macroscale features that are observable in satellite imagery
(e.g.,Yang and Smith, 2013).

If calibrated and tested by longer period field mea-
surements, the models presented here could have appli-
cation in the remote study of seasonal meltwater rout-
ing evolution on large scales that are otherwise inacces-
sible to direct observation. Generally, in western Green-
land, supraglacial lake occurrence, longevity and size co-
vary with melt intensity (Liang et al., 2012), and subsur-
face flow and storage may contribute significantly to Green-
land’s meltwater budget (Forster et al., 2013). Similarly, con-
trols on supraglacial stream occurrence and spacing such as
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near-surface permeability likely vary seasonally and year to
year. Because surface flow sets the timescale for supraglacial
lake filling and subsequent draining (Hoffman et al., 2011;
Banwell et al., 2012a, b), better constraints on field-scale,
near-surface permeability should help to better link glacier
melt with glacier and ice sheet motion in general.
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