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Abstract We document the existence of widespread firn aquifers in an elevation range of ~1200–2000m,
in the high snow-accumulation regions of the Greenland ice sheet. We use NASA Operation IceBridge
accumulation radar data from five campaigns (2010–2014) to estimate a firn-aquifer total extent of
21,900 km2. We investigate two locations in Southeast Greenland, where repeated radar profiles allow
mapping of aquifer-extent and water table variations. In the upper part of Helheim Glacier the water table
rises in spring following above-average summer melt, showing the direct firn-aquifer response to surface
meltwater production changes. After spring 2012, a drainage of the firn-aquifer lower margin (5 km) is
inferred from both 750MHz accumulation radar and 195MHz multicoherent radar depth sounder data. For
2011–2014, we use a ground-penetrating radar profile located at our Ridgeline field site and find a spatially
stable aquifer with a water table fluctuating less than 2.5m vertically. When combining radar data with
surface topography, we find that the upper elevation edge of firn aquifers is located directly downstream of
locally high surface slopes. Using a steady state 2-D groundwater flow model, water is simulated to flow
laterally in an unconfined aquifer, topographically driven by ice sheet surface undulations until the water
encounters crevasses. Simulations suggest that local flow cells form within the Helheim aquifer, allowing
water to discharge in the firn at the steep-to-flat transitions of surface topography. Supported by visible
imagery, we infer that water drains into crevasses, but its volume and rate remain unconstrained.

1. Introduction

Mass loss of the Greenland ice sheet has been accelerating since the 1990s [Rignot et al., 2011], and in recent
years (2009–2012), about 85% of its rate of increase were due to increased surface melt and subsequent
runoff [Enderlin et al., 2014]. Greenland surface melt extent and duration have increased over the last decade,
in response to increased advection of warm air from the south during summers [e.g., Tedesco et al., 2013].
Surface melt is not only occurring in the lower elevation margins of the ice sheet but also migrating toward
the ice sheet interior, causing a reduction of the dry-snow zone and an expansion of the percolation zone
[McGrath et al., 2013]. Widespread firn aquifers have been detected in high accumulation regions
(1.2mw.e. yr�1, water equivalent, in average) of the ice sheet percolation zone [Forster et al., 2014]. In these
regions, firn aquifers retain water for at least several years, storing a substantial amount of water respon-
sible of heating the firn and delaying runoff [Forster et al., 2014; Kuipers Munneke et al., 2014]. Their impacts
on the ice sheet are numerous, including firn densification, alteration of the ice thermal state, and water
input from the aquifer into the englacial hydrology system, which has the potential to affect ice dynamics
and Greenland’s contribution to sea level rise [Forster et al., 2014; Koenig et al., 2014].

This work extends previous firn-aquifer studies within the Greenland ice sheet, outlined in section 2 below
[Forster et al., 2014; Koenig et al., 2014; Kuipers Munneke et al., 2014], focusing on mapping firn-aquifer extent
and investigating short-term temporal evolution between 2010 and 2014 using a combination of airborne
radar and lidar data, together with ground observations (radar and firn cores). We first provide background
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information on water storage systems on glaciers and ice sheets including water percolation and lateral flow
within the firn. We then present a map of the Greenland firn-aquifer extent and depth to water using 5 years
of airborne radar data. We investigate annual temporal evolution of the water table over repeated airborne
and ground tracks between 2010 and 2014. Finally, we simulate steady state 2-D lateral flow within the firn
aquifer and reveal local flow cells due to local surface undulation in the topography.

2. Background

The downward percolation of meltwater into the snow and firn is a nonuniform process in space and time
that accelerates snow metamorphism [e.g., Colbeck, 1975; Raymond and Tusima, 1979]. Water generally flows
downward due to gravity, although some water can be retained either in a liquid form in the temperate (0°C)
snow/firn microstructure due to surface tension (capillary forces) or by refreezing into a snow/firn layer below
0°C, generating ice lenses. Cold-room experiments by Coléou and Lesaffre [1998] suggested that capillary
forces hold less than 10% of water in the pore volume of 0°C seasonal snow and that holding capacity
decreases with depth and increasing snow/firn density. In their experiment, a water-saturated layer was
found at the bottom of each snow sample, with a bulk density of 900–950 kgm�3; this suggests that substan-
tial water retention is possible in natural snowpacks.

The presence of meltwater storage in the firn is well documented for mountain glaciers [e.g., Fountain and
Walder, 1998; Jansson et al., 2003], and a few examples include Vernagtferner; Oetztal Alps [Oerter and
Moser, 1982]; South Cascade Glacier, USA [Fountain, 1989]; and Storglaciären in northern Sweden
[Schneider, 1999; Schneider and Jansson, 2004]. For these last two glaciers, the water in the aquifer seems
to be present mainly in the melt season. Drainage from the aquifer is reported for South Cascade by late
November [Fountain, 1996], and only a small amount of water (irreducible water saturation) is observed to
persist by late winter in Storglaciären [Jansson et al., 2003]. In Arctic settings, perennial (>1 year) firn water
storage is observed within the Holtedahlfonna ice field, Svalbard [Christianson et al., 2015]. The depth to
the water table depends on elevation, surface slope, and glacier topography and ranges between 0m and
40m [Fountain and Walder, 1998; Christianson et al., 2015]. Despite some variations in depth to the water
table and storage time scale, firn aquifers show relatively similar hydraulic characteristics, reflecting a similar
seasonal snow grain metamorphism rate in response to water input [Fountain andWalder, 1998]. Firn hydrau-
lic conductivity values range from 1 to 5× 10�5m s�1 with an average porosity of 0.15 [Fountain and Walder,
1998]. Aquifer responds to surface meltwater input, and percolation vertical velocities are found to range
from 0.12 to 0.35mh�1 for an isothermal firn column, equivalent to ~1–3.5 days to transfer water from the
surface to the water table at 10m depth [Schneider, 1999]. In the absence of local sinks, water would flow
laterally under hydraulic gradients, following the glacier slope. Jansson et al. [2003] found that the firn-aquifer
thickness is related to the hydraulic gradient (water table slope) and the efficiency of the englacial network in
allowing water to exit the glacier system. The water can eventually drain into nearby crevasses or moulins
[Fountain and Walder, 1998].

These previous studies provide important observations for understanding the larger firn aquifers observed
within the Greenland ice sheet. In the ice sheet firn, stored water exists in regions with moderate to strong
summer surface melt and high snow accumulation [Forster et al., 2014; Kuipers Munneke et al., 2014].
Sufficient early autumn snowfall insulates the firn from the winter surface temperatures, preserving pore
space at depth to allow retention and storage of additional meltwater [Kuipers Munneke et al., 2014]. In the
ice sheet percolation zone, the firn stratigraphy is heterogeneous and characterized by ice lenses (horizontal)
and ice columns/pipes (vertical) [e.g., Benson, 1962]. Ice inclusions offer preferential pathways for meltwater
to travel, changing firn physical properties through a complicated meltwater routing system [Pfeffer and
Humphrey, 1996; Humphrey et al., 2012; Machguth et al., 2016]. At greater depths (>10m), water-saturated
layers can persist in the firn over the winter [Humphrey et al., 2012], similar to groundwater aquifers
[Forster et al., 2014]. The Greenland firn aquifer is usually present in a 10–20 km wide band that rings the
southeast and south ice sheet perimeter and has smaller average slopes (less than 1°) [Forster et al., 2014].
Assuming a similar hydraulic conductivity value as glaciers and weak hydraulic gradients, it would take years
for water at the high-elevation end of the water-saturated firn layer to exit the firn via the englacial hydrology
system [Humphrey et al., 2012].
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3. Study Site

Surface-based measurements were made on the southeast part of the ice sheet (66.18°N, 39.04°W; ~1560m),
50 kmwest from Sermilik Fjord on a ridgeline south of Helheim Glacier, named “Ridgeline Site” in the following
(Figure 1). Fifteen kilometers west of our field site the ice thickness is 1000m, according to observations from
the Operation IceBridge (OIB) 2012 Multichannel Coherent Radar Depth Sounder (MCoRDS) [Leuschen et al.,
2014b]. Our field site was initially chosen for firn-core extraction to verify the simulated high accumulation
rates (1.44� 0.30mw.e. yr�1 [Burgess et al., 2010] and 1.67� 0.29mw.e. yr�1 [Fettweis et al., 2013]) and large
interannual variations in the region [Miège et al., 2013]. At this location, melt averages 0.73� 0.17mw.e. yr�1

over the 1979–2014 period, are simulated by the Model Atmospheric Regional (MAR) with a substantial
increase over the last decade [Fettweis et al., 2013]. For the 2010–2014 period, summer melt in 2011
(0.73m w.e.) was within the 1979–2014 average, whereas the summers of 2010 and 2012 were characterized
by important melting with 1.04 and 1.18mw.e. yr�1, respectively (Figure 1c) [Fettweis et al., 2013]. Our field
work at this site was conducted in April to early May 2013–2014, prior to melt onset, when the firn aquifer
is assumed to be at the seasonal minimum capacity.

To complement surface-based measurements, we use airborne radar data collected by NASA OIB campaign
each year between April–May 2010 and April–May 2014. OIB data set is spatially extensive and covers land ice
over the ice sheet with an average of 60,000 km of airborne data collected yearly (flight line statistics given in
Table 1). On board the NASA OIB airplane, we primarily use the accumulation radar data at a similar frequency
range to our ground radar observations. This large airborne radar data set allows us to complement and
extend our field observations and provide an ice sheet wide estimate of the firn-aquifer extent and investi-
gate temporal changes in the water table elevation over repeated flight lines.

4. Data
4.1. Airborne Data

Two different radar systems designed and operated by the Center for Remote Sensing of Ice Sheets (CReSIS) on
board a NASA OIB aircraft were used in this study [Rodriguez-Morales et al., 2013; Leuschen et al., 2014a, 2014b].
To monitor extent and depth to the water table (section 5), ultrahigh frequency radar, referred to as the accu-
mulation radar (AR), is used, which operated at a center frequency of 750MHz and had a bandwidth of 300MHz.
The ultrawide bandwidth enables imaging of internal features, including the water table, with a 65 cm vertical
resolution [Rodriguez-Morales et al., 2013]. In the along-track dimension, the radar-trace spacing is 35.8m for a
platform velocity of 140m s�1. For smooth, quasi-specular targets (i.e., internal layers), the imaged area is
equal to the first Fresnel zone, which is 20m at 750MHz and 500m height [Leuschen et al., 2014a].

In addition to the firn-aquifer water table being identified by AR, the Multichannel Coherent Radar Depth
Sounder (MCoRDS), which operates at 195MHz during the OIB campaigns, is also used to infer aquifer
presence [Leuschen et al., 2014b].

Finally, we retrieve the along-track surface elevation profile using the NASA Airborne Topographic Mapper
(ATM) lidar [Krabill, 2013], on board the OIB airplane with the CReSIS radars. The accuracy of the measured
elevation is 8.5 cm [Krabill et al., 2002]. At nadir, the elevation profile is interpolated to meet the time stamp
of each individual traces from the radar data.

4.2. Ground-Based Data

Ground-based radar measurements were made using a 400MHz ground-penetrating radar (GPR) from
Geophysical Survey Systems Inc. The vertical resolution of this system is about ~35 cm for dry firn in West
Antarctica [Spikes et al., 2004]. We collected 2048 samples per trace in a 500 ns window, for an ~0.24 ns
sample interval. Two different types of surveys were performed: one using a snowmobile (2011), moving
at ~3m s�1, and the other using skis (2013 and 2014), moving between 1 and 2m s�1. Average trace spacing
was 0.5m for the snowmobile surveys and 0.3m for the ski surveys. Time-dependent gain was used to
compensate for radar wave attenuation within the firn. In postprocessing, additional stacking (8 times)
increased the signal-to-noise ratio, bringing the average trace spacing to 4.0m (snowmobile) and 2.4m (ski).

GPR data are geolocated using a dual-frequency Trimble© R7 GPS receiver in kinematic mode with a
sampling interval of ~15m using snowmobile and ~7.5m while traveling by skis. We processed the GPS data
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in 2014 using the precise point positioning web-based processor hosted by the Canadian Spatial Reference
Service (CSRS) at https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php. Formal errors generated by
CSRS are averaged for the three field seasons and are estimated at 3.5 cm for latitude and longitude and
7.0 cm for elevation (Figure S1 in the supporting information).

Five density profiles were obtained from our firn cores between 2010 and 2013. Each core section was
weighed to retrieve a depth-density profile. The vertical resolution of density measurements was ~1m in
2010 and 2011 [Miège et al., 2013] and ~20 cm in 2013 [Koenig et al., 2014]. Seasonal snow depth (snow/firn
transition) is estimated from the extracted cores, where small (<0.8mm) dry-snow grains transition to larger
(>1.5mm) grains with rounded angles, showing evidence of previous melting (Figure S2).

Finally, we use temperature, ablation, and snowfall measurements collected from two Southeast Greenland
automatic weather stations (AWSs) in the Programme for Monitoring of the Greenland Ice Sheet (PROMICE)
network [Ahlstrøm and the PROMICE project team, 2008, www.promice.org]. TAS_L station (65.64°N, 38.90°W;
~270m above sea level (asl)) and TAS_U station (65.70°N, 38.87°W; ~570m asl) are located in the ablation
area of the ice sheet, with TAS_U being 55 km south of our field site (Figure 1a).

Figure 1. (a) The inset shows a Landsat 8 true color image mosaic (21 August 2014) over the study region. Firn-aquifer locations are color coded by depth to the
water table. OIB flight lines are in black. Firn core locations are represented by blue dots, with a two-digit number corresponding to year of collection. The blue
dashed line corresponds to the polygon generated from the aquifer linear detections. PROMICEweather stations (TAS_U and TAS_L) are represented with green dots.
The green lines indicate the last upstream crevasse visible from L-band SAR imagery [Moon and Joughin, 2008]. Elevation contours (orange) are from the 1 km
resolution Cryosat-2 DEM [Helm et al., 2014]. (b) The inset details inside the red box with diamonds for airborne depth to water table and lines for the 2014 GPR. The
gray elevation contours are obtained from linear interpolation of the GPS grid. (c) The inset shows both the simulatedmelt (red) and snowfall (black) outputs from the
MAR regional climate model (version 3.5.2; at 5 km resolution) at the FA-13 firn-core location [Fettweis et al., 2013].

Table 1. AR OIB Flight Campaign Characteristics for 2010–2014 Over Aquifer Regions

OIB Flight
Campaign

Total Flight Lines over Greenland Land
Ice (km)

Total Linear Distance with
Aquifer (km)

Aquifer-Repeat Tracks (km)
2010|2011|2012|2013|2014

2010 30,580 750 +270|210|50|130
2011 74,900 1,040 270 + 345|80|145
2012 86,220 1,130 210|345 + 85|245
2013 42,290 350 50|80|85 + 30
2014 69,790 660 130|145|245|30+
Total 303,780 3,930 660|840|885|245|550
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5. Methods
5.1. Radar-Derived Depths to Water

The presence of water in the firn slows electromagnetic wave propagation as it increases the medium’s
dielectric constant [Smith and Evans, 1972]. For soaked-firn conditions, Smith and Evans [1972] calculated a
dielectric constant of εf′= 15.2, about 6 times higher than dry firn (εf′= 2.4) with a density of 650 kgm�3.
For AR and GPR data, this dielectric contrast produces an interface with high-reflectivity and high-amplitude
return, substantially brighter than the dielectric contrast due to dry density changes in the firn column only
(see section 6.1 and Figure 3 for details). For the airborne radar, the snow surface was identified and picked
using an amplitude threshold at the start of the surface return. This threshold had to be adjusted for each OIB
campaign, but no other changes were made in data processing.

The depth to the aquifer surface (water table) is estimated from the two-way travel time (TWTT) of the
electromagnetic wave between the snow surface and the water table surface. For nonmagnetic and low-loss
dielectric media like snow and firn, the velocity (v) of an electromagnetic wave can be approximated by

v ¼ c=
ffiffiffi

ε′
p

; (1)

where c=~0.3mns�1 is the electromagnetic velocity in a vacuum and ε′ is the dielectric permittivity.

We estimate the variations of the dielectric permittivity at depth (above the aquifer) using an empirical
relationship linking it to the snow and firn density (ρ) [Kovacs et al., 1995]:

ε′ ¼ 1þ 0:845ρ zð Þð Þ2: (2)

A regional steady state ensemble density profile is compiled from five dry firn cores, extracted either above
the water table surface or less than 20 km upstream of the firn aquifer. By using an average density profile, we
attempt to minimize the impact of small-scale spatial density heterogeneities in the firn of the lower percola-
tion zone. We also use a biexponential fit to smooth and interpolate the averaged density profile with depth.

The presence of water within the snow microstructure influences the TWTT to depth conversion within the
firn aquifer, since water slows the transmitted electromagnetic waves [e.g., Bradford et al., 2009]. Here in
focusing on the water table depth, we assume that firn above the water table is dry when measurements
are made in the spring (April–May), consistent firn temperature profiles collected at our field site [Koenig
et al., 2014].

5.2. Associated Uncertainties

There are two main uncertainties in mapping the spatial extent of the firn aquifer and its depth to the water
table with AR radar: (1) the uncertainty linked to the presence or absence of the firn aquifer and (2) the uncer-
tainty in determining the depth to the water table, if present. Picking of the water table was not a fully auto-
mated process, and thus, a subjective human bias is introduced. We did not use a constant brightness
threshold to detect the water table from the radar data as brightness levels varied substantially based on
the radar system used (GPR versus AR), the year of collection of the AR radar, the depth to the reflector,
and the location. A length of ~60,000 km of radar profiles was flown over the Greenland ice sheet during each
OIB campaign (2010–2014; Table 1). For each flight line, we manually examine radar data for bright and con-
tinuous reflectors, at a depth range of 5–50m [Forster et al., 2014]. We identify a water table by the presence
of continuous reflector that can be followed for more than 0.5 km along profile. To quantify the human bias
introduced from the layer picking, the entire 2011 OIB data set was processed by two different operators,
using two different tracing methods: manual and semiautomatic. The semiautomatic routine is based on
an edge-detection method, looking at differences between lower and upper frequencies to accentuate the
peaks. The automatic part of the picker performed well in regions with clear water table signal, but manual
tracing was required for weaker signals. We find agreement (within uncertainties) over 75% of the total area
between the two operators. This difference between picks is structured and mainly occurred in locations
where internal reflectors were weak in the radar data. Discrepancies between layer picks occur on the edges
of the water table, where reflector intensity diminishes gradually.

Radar data quality and aquifer detections depend on airplane survey conditions, such as turbulence and
turning geometry. For example, aircraft roll greater than 10° prevents detection of internal layers and, as a
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result, identification of the firn aquifer. Identifying deeper water tables is challenging due to the greater
attenuation of the higher-frequency radar wave of the AR. Usually, an aquifer deeper than 40m in the
percolation zone is not well imaged in the AR profile, likely due to weak returns from internal layers that
are masked by surface clutter (off-vertical surface) at the edges of the percolation zone.

Layer depth uncertainty comes from two sources: TWTT-to-depth conversion (section 5.1) and layer
picking. The TWTT-to-depth conversion uncertainty is associated with the density profile used. For
example, within �1σ (standard deviation of the averaged density) of density, the uncertainty is �40 cm
for an average depth to the water table of 20m. For the 2011 AR data, the layer picking was repeated
twice, using a semiautomatic approach and a manual approach. The averaged depth difference was
60 cm for the ~1000 km of radar data (~50,000 radar traces). Internal reflecting horizons imaged by the
GPR were brighter and more distinct than those imaged by the AR, probably due to the lack of surface
clutter that obscured the deeper returns in the AR. The repeated picking test over a 5 km segment shows
an averaged difference of only 7 cm (or three samples) between the two picking methods. Finally, we
calculate averaged error propagations based on the two uncorrelated uncertainties of 72 cm for the AR
and 41 cm for the GPR, which remain small compared to the range of water table depths investigated
(4–40m; see Figure 6).

5.3. Estimation of Firn-Aquifer Extent

We use five consecutive years of AR radar data (2010–2014) to estimate the spatial extent of firn aquifers.
For this analysis, we assume that the extent of firn aquifers is in steady state over the 5 year period to
allow interpolation of aquifer extent between OIB flight lines. To convert the linear distance (km) obtained
by radar profiling to an area estimate (km2), we invoke constraints along the across-flight line direction
and consider four cases (Figure 2). Cases (a) and (b) are “isolated-aquifer detections” in which there is only
one flight line and no crossover points. For aquifer detections over linear distances less than 5 km (case
(a)), we use the along-flight line aquifer length to estimate the aquifer dimension in the across-track direc-
tion, creating a squared area. For linear distances greater than 5 km (case (b)), we limit the aquifer dimen-
sion in the across-flight line direction to 5 km creating a rectangle around the flight line. We use a 5 km
threshold based on examination of the connected-aquifer detection, but the choice remains somewhat
arbitrary. Case (c) is characterized by multiple flight lines with one more crossover points; here we use
the end points of the profiles delineating the aquifer to define a polygon (Figure 2). Case (d) is character-
ized by the two parallel flight tracks closer than 10 km with a detected aquifer. We assume that the area
between the two flight lines also contains water and connect them into a polygon. The two parallel flight
lines cannot be separated by more than 10 km; otherwise, they would be included in case (a) or (b). Finally,
we allow in a given polygon linear gaps less than 10 km, gaps which may potentially be due to aquifer
detection deficiencies during radar data collection, often linked to plane geometry, e.g., airplane roll
greater than 10°.

5.4. The 2-D Lateral Flow Model

We use SEEP2D, a 2-D finite element groundwater flow model within the Groundwater Modeling System
package [Jones, 1999], to help explain lateral changes in the aquifer extent in the upper part of Helheim
Glacier. We combine radar data with laser altimetry to obtain a continuous measurement of the water table
elevation relative to the surface topography along an ice-flow line. We assign a head value to each node
along the water table as a boundary condition. The head value corresponds to the water surface elevation
inferred from the radar (one radar trace every 16m in average). A uniform hydraulic conductivity range
between 1 × 10�5 and 5 × 10�5m s�1 is used throughout the aquifer [Fountain and Walder, 1998] to deduce
volumetric flow rate, and we assume a constant aquifer thickness of 25m [Koenig et al., 2014]. To summarize,
three assumptions are made: (1) unconfined firn aquifer at steady state, (2) constant aquifer thickness, and (3)
a constant hydraulic conductivity value taken from mountain glacier observations. This modeling approach
uses only water table and surface elevations to simulate an aquifer flow pattern at steady state without
accounting for seasonal meltwater input. For future work, adding meteorological forcing, thermodynamics,
crevasses, and third dimension to this model will be essential to better constrain and simulate firn-aquifer
seasonal recharge, local discharge, refreezing, lateral flow, and drainage, but this remains beyond the scope
of this study.
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6. Results
6.1. Firn-Aquifer Identification

The last meter-long segments of firn cores ACT11-A (1 May 2011) and ACT11-A2 (30 April 2011) were
retrieved in water-saturated firn at 25.3� 0.5m and at 10.4� 0.5m depth, respectively (Figure 1 for core
location). Within an 11 day time interval, AR and GPR data imaged a bright reflector at similar depths
(Figure 3) [Forster et al., 2014]. The high correlation coefficient (r=0.995) between the water table depth
observations from the two radars gives us confidence in our ability to map the firn aquifer with only AR
[Forster et al., 2014].

The AR and MCoRDS systems have operated simultaneously onboard the NASA P-3 aircraft since 2010, allow-
ing for a direct comparison of the two systems in aquifer regions (Figure 4, for a profile located between red
arrows in Figure 1). There is good agreement found between the presence of weak, intermittent, or missing
bed echoes in the MCoRDS data and the presence of a water-saturated firn layer as detected by the AR
(Figure 4). From the MCoRDS data only we can infer the presence or absence of water in the firn layer,

Figure 2. (a–d) Schematic of the four different aquifer detection cases used to delineate polygons and convert linear aqui-
fer distance derived from radar observations into aquifer area. Flight lines are in blue, firn-aquifer detections in red, and the
deduced area in black. For aquifer detections over 5 km, a set 5 km distance perpendicular to the flight line is used as
threshold to create polygons.

Figure 3. (a) The inset represents the surface elevation (black) and surface slope (red) both retrieved from OIB ATM data
[Krabill, 2013]. Direct comparison (correlation coefficient of r = 0.995) between (b) GPR (400MHz; 2 May 2011) and
(c) AR (750MHz; 19 April 2011) over an 18 km portion of the ACT-11 traverse (transect is located between the two black
arrows on the map of Figure 1). The three boreholes (black diamonds and vertical lines) confirm the presence of water at
the bright reflector depth. The insets in Figures 3b1 and 3b2 show the details of the GPR data.
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although we cannot estimate the depth to the water table. Other causes for missing bed echoes in the
MCoRDS cannot be excluded, such as possible changes in the englacial and basal condition, but these other
causes seem unlikely, given that the surface return and its multiples do not change in strength substantially
across the aquifer transition. In addition, the relative amplitude differences of ice-bottom scattering are
negligible without the aquifer between two points, as the relative ice-bottom scattering between the same
points is large when the aquifer is present at one point. Finally, internal layers disappear simultaneously with
the loss of the bed reflection, suggesting that the latter cannot be related to changes in basal conditions
alone (Figure 4).

6.2. Firn-Aquifer Extent

We use data from five consecutive OIB seasons (2010–2014) to map the presence of firn aquifers over the
Greenland ice sheet. To estimate the total aquifer area, 110 polygons were created with areas ranging from
1 km2 to 9600 km2 (Figure 5); polygons less than 1 km2 were discarded. Roughly half of the firn-aquifer area is
found in southeastern Greenland with a total of 10,690 km2 (Figure 5c). The southern tip of the ice sheet
represents the second largest aquifer region (35%) with a total area of 7230 km2 (Figure 5d). In eastern
Greenland, smaller aquifers are detected for a total area of 2200 km2 (10%), mainly south of Kangerlussuaq
Glacier, with a few isolated aquifers on the Geikie Plateau (Figure 5). For western Greenland, the
Sukkertoppen ice cap has high accumulation rates and a small aquifer (150 km2) persists for at least the
4 years of our study (2010–2014). In a lower and narrower elevation band (1070� 150m), a few isolated
aquifers (5%) are found in northwestern Greenland (total area of 1230 km2). No aquifers were identified in
the northeast portion of the ice sheet (Figure 5).

With a mean elevation at 1615� 300m and a mean accumulation rate of 1.0� 0.4mw.e. yr�1, most of the
firn aquifers are found below the 2000m contour line, except for the southern tip of the ice sheet where

Figure 4. (a and c) Accumulation radar at 750MHz and (b and d) MCoRDS at 195MHz profiles over the firn aquifer in the
upper part of Helheim Glacier collected on 17 April 2012 and 5 April 2013. Missing bed reflections in the MCoRDS radar
correlate with the presence of a water-saturated firn layer as illustrated by vertical dashed lines that indicate coincident
transitions in both radar profile. Profiles are located between the two red arrows in Figure 1.
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aquifers extend up to the 2200m contour (Figures 5 and 6). A total linear distance of 3930 km of firn aquifers
were imaged in the five spring airborne surveys (Table 1), yielding a total estimated area of 21,900 km2. Due
to the varying nature of OIB flight lines, sampling bias always exists and surface elevations are not equally
sampled across flight campaigns (Figure 6a). The depth to the water table is normal distributed over the
5 year survey period with amean of 22� 7m, implying aminor bias for this time period (Figure 6b). Themean
accumulation in aquifer regions ranges between 0.4 and 1.6mw.e. yr�1, based on a Calibrated Polar MM5
simulation [Burgess et al., 2010] (Figure 6c). The total radar-derived firn-aquifer area is about 3.5 times less
than the Regional Atmospheric Climate Model (RACMO2) simulation (70,000 km2) of the water-saturated firn
layer for April 2011 [Forster et al., 2014]. To explain this discrepancy, we suggest that the radar-derived aquifer
extent is a lower bound estimate, as it is biased by flight line locations and the need for sufficient water to be
detected in the radar data. In contrast, the RACMO2 liquid-water-content estimate is more likely to represent
an upper bound estimate for aquifer total area. RACMO2 simulates water overwintering in firn for locations
where no aquifers are detected in the AR, but this may be due to the fact that the RACMO2 aquifer-extent
estimate includes relatively small water amounts (<200 kgm�2) integrated over the entire firn column thick-
ness [Forster et al., 2014]. This could likely be below the detection limits of the AR since no water table might
be present but only small amount of water held by capillary forces.

6.3. Temporal Evolution

Radar measurements repeated over the same locations allow the interannual monitoring of firn-aquifer var-
iations (Figure 1). Two transects are selected, one located at our Ridgeline field site with ground-based radar
profiles and the other on a Helheim Glacier ice-flow line, where airborne radar repeat profiles exist in close

Figure 5. The ice sheet wide map shows the firn aquifers mapped from AR data for 2010–2014 (colored by detection year).
OIB flight lines are in light gray. (a–d) The four different insets present the depth to the water table for the 5 year combined
data set. The two black arrows (Figure 5c) show the AR profile location of Figure 10. The polygons contoured in blue
are used to estimate aquifer extents for each inset. Figures 3b and 3c have a 40° angle from geographic north. All inset
maps are at the same spatial scale. Coastline, ice mask, and 1 km DEM are from Rignot and Mouginot [2012], Howat et al.
[2014], and Helm et al. [2014], respectively.
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proximity to our Ridgeline Site (~20 km). Since the radar tracks are not exactly superposed between years (up
to 220m of horizontal differences for AR), we linearly interpolate the radar data to a given profile to avoid
image distortions.

At our Ridgeline Site, a GPR profile (~2.5 km) was first collected in May 2011 and then resurveyed in April 2013
and April 2014 between two firn-core locations (ACT11-A and ACT11-A2; Figures 1 and 7). In 2012, the same
transect was overflown by OIB allowing us to fill the temporal gap with AR data. We record temporal changes
of the water table elevation as the difference between the snow surface elevation and the depth to the water
table between two consecutive years (Figure 7b). Along this transect the average snow surface lowered by
0.4, 1.4, and 1.0m for 2011–2012, 2012–2013, and 2013–2014, respectively. The water table elevation does
not follow the same trend. After a 0.6m average lowering between 2011 and 2012, the water table rose by
1.1m in 2013, illustrating filling from the more extensive melt year of 2012. Later, in 2014, the mean water
table is 2.5m deeper than in 2013. To put this lowering in context, we look at possible differences in the
amount of seasonal snow but find that seasonal snow depth was about 280 cm on 6 April 2013 and
300 cm on 10 April 2014, rather similar. In addition, we compare the vertical stratigraphy from four firn cores
extracted above the water table to observe changes in ice lenses to firn ratio over time (Table 2 and Figure 1

Figure 7. Temporal evolution of the snow surface and the water table depth from GPR data for 2011, 2013, and 2014 and
from AR data for 2012*, along profile between two firn-core sites (ACT11-A to ACT11-A2; Figure 1). (a) The snow-surface
elevations, water-surface elevations (solid lines), and the water table depths (dashed lines) for the 4 years. (b) The water
table elevation changes between two consecutive years. The uncertainty bounds (Figure 7a) are estimated at both ends of
the profile.

Figure 6. Firn-aquifer (a) surface-elevation, (b) depth-to-water, and (c) mean-accumulation rate distributions for 5 years of
airborne radar data: 2010 (orange), 2011 (red), 2012 (blue), 2013 (green), and 2014 (magenta). Mean and �1 standard
deviation are given for each year. The mean accumulation rate is simulated by Calibrated Polar MM5 between 1958 and
2007 [Burgess et al., 2010].
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for core locations). From the snow surface to the water table, ice lenses represent less than 10% of the dry firn
column, and no obvious increase is observed over the short 2 year period, even though it included the stron-
ger 2012 melt year (Table 2). We hypothesize that the water table lowering observed in 2014 is due to a com-
bination of a decrease in surface meltwater production while lateral water flow and drainage remained more
or less constant.

The second study transect is located in the upper part of Helheim Glacier between 2010 and 2014 (Figures 4
and 8). The first measurement in spring 2010 was made shortly before the above-average 2010 summer melt
[Fettweis et al., 2013] (Figure 1c) that produced an average rise of 1.8� 0.9m in the water table elevation by
spring 2011. The water table elevation lowered by 1.0� 0.6m between 2011 and 2012, and a 3 km upstream
extension of the aquifer is observed in 2012. At the lower elevation end, the water table undulates, following
the surface topography, before encountering crevasses, where the bright return from the top of the water
table disappears (~19 km in Figure 4a). In 2013, consistent with MCoRDS observations, the water table is sub-
stantially lowered or missing between 13 and 18 km (Figures 4c and 4d). In contrast, on the upper end of the
profile (5 to 12 km), the water table elevation increased by 3.3� 0.4m between 2012 and 2013 and finally
lowered by 0.8� 0.8m between 2013 and 2014. All the water table elevation changes between 2010 and
2014 are compiled in Figure 8. In addition, from the ATM elevation data collected over the 12 km long trans-
ect simultaneously with the AR, we observe an average 1.0� 0.4m surface lowering between the springs of
2011 and 2012, and a 1.5� 0.5m surface lowering between springs 2010–2011 and 2012–2013, in agreement
with the two above-average summer melt years of 2010 and 2012. For those two years, large meltwater pro-
duction increased meltwater percolation and therefore increased recharge of the firn aquifer.

Figure 8. Temporal evolution of the snow surface and the water table depth from AR data for 2010–2014 for the upper
Helheim Glacier (between red arrows in Figure 1). (a) The snow-surface elevations, water-surface elevations (solid lines),
andwater table depths (dashed lines) for the 5 years. (b) The water table elevation changes between two consecutive years.

Table 2. Depth to Water and Ice Fraction of the Different Firn Cores Collected During Fieldwork (Figure 1)a

Firn Cores Elevation (m) Depth to Water (m) Ice Fraction (%)

ACT11-A 1589 25 14
ACT11-A2 1559 10 7
FA13-A 1563 12.2 9
FA13-B 1563 12.2 8

aThe two-digit numbers in the firn-core names give the year of collection. Note that FA13-A and B are only located 2m
apart.
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6.4. Lateral Boundaries

The lateral limits of the Ridgeline Site aquifer are studied for the two transects using the GPR (upper elevation
limit) and AR (lower elevation limit) data. The AR can cover crevassed terrain, whereas the GPR provides
greater penetration depth and finer detail at the upper end of the firn aquifer. We find that the upper eleva-
tion transition (~1700m along the ACT traverse) between dry and wet firn is gradual and diffuse. In Figure 3
b1, two brighter reflectors are found in the GPR profile at depths between 30 and 40m but with some short
discontinuities. This suggests that the upglacier firn-aquifer expansion is sensitive to surface meltwater input
and surface topography. Also, we note that these two brighter reflectors observed in the GPR data are not
well defined in the AR data (Figure 3); we postulate that the AR might be less sensitive to small amounts
of water (<200 kgm�2), particularly at greater depths (>30m). The low-elevation end of the aquifer is inves-
tigated using AR data, coupled with ~0.5m resolution visible satellite imagery (WorldView-1, DigitalGlobe©).
The upper crevasses are imaged by the AR, as vertical stripes locally disrupting the internal layers (Figure 9).
Combining the AR profile with the satellite images, we note that the lower elevation edge of the water table is
a sharp boundary and corresponds to the initial encounter of the crevassed area, implying that water drains
into them. The exact depths of the crevasses are unknown; however, due to the loss of the aquifer reflector, it
can be assumed that they at least reached the water table. Our current measurements do not allow us to
investigate the fate of the water once it reaches the crevasses, but it is likely that some water enters the eng-
lacial network, possibly reaching the bedrock. In Figure 9, the upper crevasses (4–5 km) are located on a steep
section, and a bright reflector is observed lower down, where the slope decreases and there no visible cre-
vasses nearby (5–6 km). The relationship between firn aquifers, crevasses, and the impact of water flow are
further addressed in section 7.

6.5. Unconfined Firn Aquifer

Radar imagery shows stacked sequences of internal reflection horizons in the dry firn above the water table,
layers that represent density contrasts from the accumulation and melt histories. Throughout the study area
we find places where these internal reflection horizons intersect the water table at an angle (Figure 3b2).
After showing that the water table fluctuates in the radar data from year to year, the fact that the water table
intersects preexisting internal layering implies that lateral flow of water is influenced by the surface slope and
not bounded by possible laterally extensive refrozen ice layers. This observation, coupled with the interann-
ual repeat radar profiles, shows the free vertical bound of the water table and gives an unconfined behavior

Figure 9. Lower end of the firn aquifer in relation to crevasses for the upper part of Helheim Glacier (starts at 11 km in
Figure 8). (a) The WorldView01 image from ©DigitalGlobe with a 0.5m resolution. The colors indicate the depths to the
water table inmeters. The flight lines in red, blue, and green represent the OIB data from 2011, 2012, and 2013, respectively.
The dashed line indicates the last upstream crevasse visible in close proximity to the firn-aquifer edge.
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to the aquifer. This is consistent with the unconfined firn aquifers observed on other glaciers [Fountain and
Walder, 1998; Christianson et al., 2015]. The thickness of the unconfined aquifer is unknown; at the GPR
and AR frequencies the bottom of the aquifer, where water-saturated firn transitions to glacial ice, is
not detected.

The unconfined aquifer assumption allows continuous hydraulic head estimates to bemade directly from the
depth of the water table along the radar profile. Figure 10 illustrates the water table imaged by the AR over a
25 km along-flow transect, corrected for topography. Small-scale surface undulations (<5 km) with, for exam-
ple, 50m of elevation changes are associated with water table fluctuations up to 20m (Figure 10). Over the
full length of the profile (~25 km), the water table is deeper in the upper part, with a gradual decrease in the
depth to the water table; consistent with those made on mountain glacier aquifers, although the latter have
shorter aquifer lateral extents [Fountain, 1989]. Along our profile, the average surface slope is 0.64° and the
averaged hydraulic gradient is 0.01 (water table slope of 0.61°), 10 times lower than at Storglaciären (0.1
for a water table slope of 7.1°) [Schneider, 1999]. Minima in the depth to the water table coincide with areas
where the surface slope is flat; this is found extensively in our airborne data as well as along other
radar transects.

6.6. The 2-D Simulated Flow

SEEP2D simulates the flow of water within the firn aquifer while using the variables, assumptions, and bound-
ary conditions described in section 5.4. Figure 11 shows the simulated local flow cells [Tóth, 1963]; their size
depends on surface undulations, and the spacing between flow lines decreases with increasing water velo-
city. To interpret the groundwater simulation, we assume that Darcy’s law is valid and that there is no flow
into or out of the plane of the cross section (i.e., 2-D flow). Following Darcy’s law, the volumetric flow rate
Q (m3 s�1) of an incompressible fluid is calculated under stationary conditions within a porous medium of
the cross-sectional profile area A (m2), and length ΔL (m) under a head difference ΔH (m), which represents
the hydraulic gradient [Schneider, 1999]. These three variables (A, L, and H) are taken from the AR profile from
spring 2012 over an ~12 km long section (Figure 11).

Q ¼ K A
ΔH
ΔL

(3)

We obtain an averaged total flow rate (Q) ranging between 3300 and 16,500m3 yr�1 per meter width of the
profile, based on a hydraulic conductivity (K) range between 1× 10�5 and 5× 10�5m s�1, taken from

Figure 10. (a) AR profile (2011) corrected for topography using the ATM elevation data [Krabill, 2013]. Profile location is
shown in Figure 5c and is oriented perpendicular to elevation contours. (b) The inset corresponds to the water table
depth (red), the surface slope (black), and water table slope (green). The vertical dashed lines illustrate that local minimum
water table depths are observed when the surface slope intersects 0.
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mountain glacier studies [Fountain and Walder, 1998]. The flow rate needs to be taken with caution, as it is
directly proportional to the assumed value of K, which has not been measured directly at our field site.
Fluctuations in head translate to variations in drainage rates; as such, the drainage rate is not constant
throughout the aquifer. Spatial undulations of the water table can imply that local flow cells are created in
the aquifer with a similar scale to undulations of the surface topography (typically less than 10 km). The local
flow cells are strongly related to the local topography (Figure 11). Local surface depressions (vertical arrows in
Figure 11) may act as local discharge locations of the firn aquifer, as is discussed in section 7.2.

7. Discussion
7.1. Firn-Aquifer Variability

We study the temporal and spatial variabilities of the firn aquifer on AR profiles in the upper part of Helheim
and at our field location (Ridgeline site), where repeated data are available. At the field location, the firn-
aquifer lateral extent appears stable between the springs of 2011 and 2012, but both snow-surface elevation
and water table elevation decreased (Figure 7). The relatively constant depth to the water table between
these 2 years implies that water discharge was able to accommodate additional meltwater input, if any.
The vertical rise (+1.1m) of the water table observed in spring 2013 is likely due to a combination of an
increase in surface melt in summer 2012, compared to 2011, and a reduction in snowfall prior to data collec-
tion. Data from nearby AWSs confirm that accumulated snowfall was 40% less in 2013, compared to the
2008–2014 mean, and that the annual mass loss in 2011 was ~5% below average, whereas 2012 was ~20%
above average. However, the rise of the water table observed in 2013 may not simply represent an increase
in water volume storage. For the Storglaciären firn aquifer, Schneider [1999] observed that the rise of the
water table was similar to the rise of firn/ice transition (~1.5m yr�1), meaning that the aquifer thickness
was relatively constant. In our study, the lack of radar signal penetration through the aquifer prevents us from
evaluating this conclusion. The following winter (2013–2014) corresponded to another low snowfall year
(50% less than the 2008–2014 average), from the AWS data, but the aquifer water level dropped (�2.5m).
This lowering can be explained by lateral water flow in the aquifer, associated with lower input of new melt-
water, depleting the water from these elevations. In case of shallow water tables, usually located less
than10m from the surface, it is not excluded that refreezing from the winter cold wave might contribute
to lowering the water table. From the AWS data, 2013 was a relatively low melt year, with ablation rates
20% below average, implying that less meltwater was produced.

The OIB repeat radar surveys in the upper part of Helheim Glacier present a strong case for partial drainage of
the firn aquifer after spring 2012. Between 2012 and 2013, the aquifer disappeared at low elevations, while
the water surface rose at higher elevations (Figures 4 and 8). The absence of radar reflectors can be due to
(1) water drainage, (2) refreezing, or (3) reduced penetration of the AR signal. We favor the drainage

Figure 11. (a) The steady state flow lines (solid) simulated using 2-D flowmodel using water table and an assumed aquifer
thickness (25m) as boundary conditions (dashed). The vertical arrows represent the local discharge locations that occur
at steep/flat transitions. (b) The AR profile used to retrieve the depth to water (similar to profile of Figure 4a, located
between red arrows in Figure 1).
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hypothesis by ruling out the other two possibilities. Refreezing seems unlikely, after the above-average sum-
mer melt of 2012; it would be difficult to refreeze substantial amounts of water in the firn, which would have
been temperate over a few years, particularly since, based on the AWS temperature data, winter tempera-
tures were not abnormally cold. Reduced penetration of AR radar signal also seems unlikely. We use a con-
tinuous bright radar reflector in the AR data to infer the presence of a water table; its absence might be
due to thick ice layers preventing the radar signal from reaching greater depths (>10m). But even if the
AR signal (750MHz) was attenuated, the lower-frequency MCoRDS system (195MHz) would have been able
to indicate water. However, the MCoRDS profile shows clear bed-echo returns over the lower part of the pro-
file (Figure 4). Drainage of a 5 km stretch of the aquifer implies that hydraulic gradients and hydraulic conduc-
tivity must be high enough to mobilize a large volume of water and remove it, presumably into crevasses.
This lower part of the aquifer appears to be decoupled from the upper part, at least temporarily, until it
can be recharged either from seasonal surface meltwater production or from upstream water flowing later-
ally downglacier. Based on nearby AWS data, summer 2013 melt was below the 2008–2014 average, and the
low-elevation end of the aquifer stayed dry in spring 2014.

7.2. Lateral Water Flow

Hydraulic gradient is the main driver of the water flow over the relatively flat surface of the Greenland ice
sheet. For mountain glacier aquifers, hydraulic gradients can be up to 10 times greater than the ones for
the ice sheet but over smaller lateral extents; the steeper gradients route meltwater more efficiently, thus lim-
iting water from overwintering. The hydraulic gradient is related to the firn-aquifer thickness and surface
slope [Jansson et al., 2003]. For our study transect, the hydraulic gradient is 0.01 on average, an order of mag-
nitude lower than Storglaciären [Schneider, 1999], implying the presence of thicker firn aquifers within the ice
sheet. However, as the hydraulic gradients vary spatially following ice sheet surface undulations, the aquifer
thickness is expected to be variable.

In the percolation zone, the presence of ice lenses complicates water percolation. Horizontal ice lenses dis-
rupt the vertical flow of water, forcing it to flow horizontally [Conway and Benedict, 1994]. On the Devon
Ice Cap and in West Greenland, thick and continuous ice lenses force meltwater to pool above them and flow
laterally downstream either to run off or refreeze at the end of the melt season [Gascon et al., 2013;Machguth

et al., 2016]. At our field location, dur-
ing the spring 2014, the GPR profile
suggests slow downstreammigration
of water, following hydraulic gradi-
ents (Figure 12). In this figure, the
water surface happens to diverge
from the water table while the sur-
face slope reaches 0°. A thick ice
layer, which creates an impermeable
boundary, could have been encoun-
tered by the water. The water pools
on this horizon and expands laterally,
slowly flowing downstream at the
firn ice interface, saturating the
above firn. This feature is thought to
be a perched water-saturated firn
layer on top of the firn aquifer. The
sharp termination of the reflector on
the flatter portion of the radar profile
implies that lateral water flow was
active, progressing downslope (white
arrow in Figure 12). In concordance
with low hydraulic gradients, we infer
a slow lateral motion of water during
the winter, but we did not monitor its

Figure 12. GPR profile from April 2014, corrected for surface elevation, over
a 1.5 km segment (Figure 1). A perched water table is observed ~1–2m
above the firn-aquifer surface, interpreted as water ponding on an ice layer
and traveling downglacier under low hydraulic gradients.
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changes in real time. This observation is consistent with observations from Humphrey et al. [2012], showing
that deep pore water slowly migrates downglacier under low hydraulic gradients.

Based on our hydraulic simulations, flow cells are revealed and the transition “steep to flat”marks the succes-
sion of local water discharge areas within the larger aquifer (~12 km), indicating local flow patterns (2–3 km;
Figure 11). This pattern was expected due to the undulating water table inferred from the radar data. These
local discharge features are located in surface depressions and seem to be transient, increasing the water
level temporally due to additional water coming from a steeper uphill. This process seems to happen
throughout the fall and winter (after the melt season shutdown) as the lateral flow evidence observed in
Figure 12 for early spring. However, our 2-D simulation does not include 3-D effects in water flow occurring
if flight lines do not intersect surface undulations at the lowest point of a given depression. Such a scenario
would make water flow in a direction that is not parallel to an ice-flow line, therefore not parallel to our 2-D
flowmodel, moving spatially the simulated discharge locations. If the hydraulic gradients were steep enough,
we would have observed water tables intersecting the surface in a few instances elsewhere over the ice sheet
in the AR data. Additionally, Christianson et al. [2015] reported water near or at the surface in a topographic
depression for the Holtedahlfonna firn aquifer in winter, consistent with low backscatter radar signals from
satellites. As a result, the near-surface water becomes sensitive to the cold winter temperature and partial
to complete refreezing would occur based on the amount of water. In west Greenland, water discharge
has also been observed, and Humphrey et al. [2012] documented the presence of pingo-type features (usually
found in permafrost) forming at similar locations to our local water discharge simulations (Figure 11), where
the slope transitions from steep to flat.

7.3. Impacts of Firn Aquifers

The impact of firn aquifers on broader ice sheet mass balance and hydrologic systems must be considered
since stored water within the aquifer influences firn densification, the mass of the firn column, and influences
meltwater runoff routing and timing. Currently, firn models implemented in regional climate models have a
water-retention scheme that only allows water to be held in the firn by capillary forces [e.g., Kuipers Munneke
et al., 2014]. This model assumption results in underestimation of water storage in firn-aquifer regions, as it
neglects the storage term at the firn-ice transition, where water tends to pool. Additionally, drainage from
the firn aquifer, such as we observe between 2012 and 2013, can impact ice dynamics by delivering melt-
water to the ice sheet bed or by increasing the ice temperature, contributing to cryo-hydrologic warming
[Phillips et al., 2013].

Firn aquifers are important sites for storage of the increased melt observed in Greenland. In the percolation
zone of West Greenland, Harper et al. [2012] reported available pore space in the firn being filled with melt-
water that refreezes, leading to an increased number of ice lenses, until capacity is reached. Recent observa-
tions, in a similar region [Machguth et al., 2016], suggested that formation of near-surface thick ice layers
renders pore space at depth inaccessible during intense melt years (i.e., 2012), promoting early runoff. For
the aquifer at our Ridgeline site, however, even if we observe surface lowering, we did not observe a substan-
tial interannual increase in ice fraction in the snow/firn column above the water table, not even after the
warm summer of 2012. If the additional meltwater is not contributing to an increase in the ice fraction of
the firn above the water table by refreezing, then this implies that there is slow runoff of the water at depth
under low hydraulic gradient year-round. However, our ice-fraction observations are spatially limited (four
firn cores only), and in places where water is close to the snow surface (less than 10m), we suspect that freez-
ing would occur from top-down as the cold wave penetrates at depth during winter. The fate of the water
drained from the firn aquifer is not clear from the radar data set only. In crevassed areas, the absence of bright
reflectors in radar profiles suggests that the water could have drained into the crevasses either refreezing or
finding englacial pathways toward the glacier bed. On mountain glaciers, the firn aquifer is intimately linked
to the englacial network via crevasses andmoulins [Fountain and Walder, 1998], allowing meltwater to access
the bed after being delayed in the aquifer. In Greenland, englacial pathways from the surface to the bed have
been inferred [e.g., Catania and Neumann, 2010]; however, there are no observations yet of meltwater exiting
the aquifer to reach the bed. The consequences of delaying or suppressing meltwater flow to the bed can be
related to seasonal changes in glacier velocity in Southeast Greenland [Moon et al., 2014]. For the studied
aquifer location, the ice thickness is >800m and the formation of moulins, necessary for bringing water to
greater depths, depends on the water amount and rate. Indeed, to bring aquifer water to the bed, enough
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water would need to flow at a high rate to keep up with the crevasse penetration rate [e.g., van der Veen,
2007]. However, an initial modeling effort using similar flow rates to the ones calculated in section 6.6 shows
that the aquifer can release sufficient water into downstream crevasses for fractures to propagate to the bed
[McNerney, 2016].

8. Conclusions

Widespread firn aquifers have been detected directly or inferred over high accumulation regions of the
Greenland ice sheet by a variety of radars systems: a 195MHz radar depth sounder, a 750MHz accumulation
radar (AR), and a 400MHz ground-penetrating radar. A total linear distance of 3930 km of firn aquifers,
inferred to represent a total area of 21,900 km2, has been observed andmapped using the AR between spring
2010 and spring 2014 in the lower part of the percolation zone (wet-snow zone). The firn aquifers are mainly
observed in the southeast and south sectors of the ice sheet, representing an area of 17,920 km2. Firn aquifers
are found at an average elevation of 1615� 300m (�1σ), an average accumulation rate of 1.0� 0.4mw.e.
yr�1 (�1σ), and the average depth to the water table (top of the aquifer) is 22� 7m (�1σ). Driven by low
hydraulic gradients (0.01), water in the aquifer flows downglacier following ice sheet surface undulations.
Within the firn aquifer, local flow cells are simulated and their lateral limits are related to the surface topogra-
phy with water discharge located at the steep-to-flat transitions. The firn-aquifer observed upstream of
Helheim Glacier responds to the recent above-average melt years and is expanding toward the ice sheet
interior. We also observed drainage of its lower elevation portion between spring 2012 and spring 2013.
The movement of meltwater from the aquifer into nearby crevasses would warm the ice in the vicinity by
refreezing and releasing latent heat. If the amount of water draining out of the aquifer into a crevasse is suffi-
cient for hydrofracturing, the water could reach the bed, influencing ice dynamics. To further our understand-
ing of firn-aquifer drainage, we recommend modeling work joint with water discharge measurements to
characterize these englacial pathways and subglacial connections. Regarding firn-aquifer formation and evo-
lution, we also recommend additional field observations to better constrain both the hydraulic variables
(hydraulic conductivity, water age, and residence time) and the water volume mobilized in the aquifer.
Althoughmany firn-aquifer effects on the ice sheet still need to be further characterized, we have shown that
firn aquifers are extensive features covering a substantial portion of the ice sheet percolation zone. They are
long-lived, dynamic systems responding to surface melt variations that will likely increase and play a more
significant role in future warmer climate scenarios.
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