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Abstract. Greenland ice sheet mass losses have increased in
recent decades with more than half of these attributed to sur-
face meltwater runoff. However, the magnitudes of englacial
storage, firn retention, internal refreezing and other hydro-
logic processes that delay or reduce true water export to the
global ocean remain less understood, partly due to a scarcity
of in situ measurements. Here, ice sheet surface meltwater
runoff and proglacial river discharge between 2008 and 2010
near Kangerlussuaq, southwestern Greenland were used to
establish sub- and englacial meltwater storage for a small
ice sheet watershed (36–64 km2). This watershed lacks sig-
nificant potential meltwater storage in firn, surface lakes on
the ice sheet and in the proglacial area, and receives limited
proglacial precipitation. Thus, ice sheet surface runoff not
accounted for by river discharge can reasonably be attributed
to retention in sub- and englacial storage. Evidence for melt-
water storage within the ice sheet includes (1) characteris-
tic dampened daily river discharge amplitudes relative to ice
sheet runoff; (2) three cold-season river discharge anomalies
at times with limited ice sheet surface melt, demonstrating
that meltwater may be retained up to 1–6 months; (3) annual
ice sheet watershed runoff is not balanced by river discharge,
and while near water budget closure is possible as much as
54 % of melting season ice sheet runoff may not escape to
downstream rivers; (4) even the large meltwater retention es-
timate (54 %) is equivalent to less than 1 % of the ice sheet
volume, which suggests that storage in en- and subglacial
cavities and till is plausible. While this study is the first to
provide evidence for meltwater retention and delayed release
within the Greenland ice sheet, more information is needed
to establish how widespread this is along the Greenland ice
sheet perimeter.

1 Introduction

Greenland ice sheet mass losses derive from increased ice
discharge and meltwater runoff since the early 1990s (Rig-
not et al., 2008). Increases in meltwater runoff are estimated
to be twice as large as cumulative ice discharge anomalies
between 2000 and 2008 (Van den Broeke et al., 2009a). This
meltwater loss intensification is consistent with observations
of rising mean annual near-surface air temperature (+1.8◦C
since the Little Ice Age; Box et al., 2009) and expanding melt
area on the ice sheet surface (Mote, 2007; Tedesco, 2007), in-
cluding a record near-total surface melting on 12 July 2012
(Hall et al., 2013; Nghiem et al., 2012). Furthermore, declin-
ing ice sheet surface albedo amplifies temperature sensitivity,
driving half of the runoff increase between 2000 and 2012
(Box et al., 2012).

Continued mass loss from the Greenland ice sheet has the
potential to raise global sea levels by 9± 4 cm by 2050 (Rig-
not et al., 2011) and between 17 and 54 cm by 2100 (Pfeffer
et al., 2008). These estimates project that 13–58 % of this
increased mass loss occurs as a result of declining surface
mass balance (Pfeffer, 2008; Rignot et al., 2011). The wide
range in this fraction can partly be attributed to uncertainties
associated with quantifying the link between surface mass
balance and ice dynamics (Bindschadler et al., 2013), and
surface meltwater retention (e.g., Rennermalm et al., 2013).

It has long been known that meltwater transport from
the ice sheet surface to its margin occurs through a com-
plex, poorly understood system of supra-, en- and subglacial
pathways consisting of crevasses, moulins, fractures, con-
duits and supraglacial stream channels (Fountain and Walder,
1998), referred to as the cryo-hydrologic system (CHS)
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(Phillips et al., 2010, 2013). Meltwater passage through
the CHS and temporary storage in englacial cavities, and
proglacial and supraglacial lakes, can retard gravity-driven
flow of meltwater from its creation on the ice sheet surface to
its appearance at the ice margin (Cuffey and Paterson, 2010;
Fountain and Walder, 1998). Meltwater can be retained if
it refreezes or is accumulated in firn layers (Boggild, 2007;
Boggild et al., 2005; Brown et al., 2011; Fausto et al., 2009;
Greuell and Konzelmann, 1994; Pfeffer et al., 2008; Reeh,
1991), which may buffer meltwater losses for several decades
(Harper et al., 2012), leaving a lesser portion that truly con-
tributes to sea level rise.

Internal glacier water storage can redistribute water losses
seasonally by collecting water in the early melting season,
and releasing it in the late melting season (Cowton et al.,
2012; Jansson et al., 2003) or in winter months (Hagen et
al., 2003; Hodson, 2005; Jansson et al., 2003; Stenborg,
1965; Wadham, 2000). In southwestern Greenland, an area
with prominent surface meltwater lakes (Selmes et al., 2011),
40 % of lakes store water and freeze up in winter months
with remaining lakes either draining slowly (37 %), quickly
(14 %), or its state cannot be determined (8 %) (Selmes et al.,
2013). Sudden drainage of ice sheet supra- (Bartholomew et
al., 2011; Doyle et al., 2013), en-, sub- (Mathews, 1963), and
proglacial meltwater lakes (Mernild and Hasholt, 2009; Rus-
sell, 2009; Russell et al., 2011) can result in pronounced river
discharge anomalies.

Direct observations of ice sheet meltwater runoff extend-
ing over multiple years (Van den Broeke et al., 2011a) and
ice sheet runoff losses through river discharge are scarce
for Greenland (Ahlstrøm et al., 2002; Cowton et al., 2012;
Mernild and Hasholt, 2009; Rennermalm et al., 2012). In-
stead, these losses are inferred from satellite gravity anoma-
lies (Chen et al., 2011; Harig and Simons, 2012; Luthcke
et al., 2006; Ramillien et al., 2006; Velicogna and Wahr,
2005), remotely-sensed elevation changes at the ice sheet
surface (Krabill et al., 2004; Pritchard et al., 2009) or sur-
face mass balance models (Box et al., 2006; Van den Broeke
et al., 2009a; Ettema et al., 2009; Fettweis, 2007; Hanna
et al., 2008; Mernild et al., 2009, 2010b; Vernon et al.,
2013). All of these methods have uncertainties when used
to estimate meltwater fluxes exiting the ice sheet. For exam-
ple, gravity and altimetry measurements cannot separate dy-
namic losses from meltwater losses without relying on sur-
face mass balance models (Krabill et al., 2004), assumptions
about geographic distribution of dominant mass loss pro-
cesses (Pritchard et al., 2009), or models for glacial isostatic
adjustments and volume to mass conversions (Shepherd et
al., 2012). Runoff estimates inferred from surface mass bal-
ance models agree reasonably well, ranging between 232
and 333 km3 yr−1 between 1958 and 2007 (including mod-
els with 98 % of the time period: Box et al., 2006; Ettema et
al., 2009; Fettweis, 2007; Hanna et al., 2008; and Mernild
and Liston, 2012). However, this model agreement masks
large differences in parameterization, for example, differ-

ent treatment of meltwater refreezing in firn results in 13–
49 % retention of average meltwater production (Box et al.,
2006; Ettema et al., 2009; Fettweis, 2007; Hanna et al., 2008;
Janssens and Huybrechts, 2000; Mernild and Liston, 2012).
Furthermore, all models ignore water storage in supraglacial
lakes, which are abundant on the Greenland ice sheet (Selmes
et al., 2011).

Here, ice sheet englacial meltwater retention and duration
are estimated for a small watershed (36–64 km2) in the re-
gion near Kangerlussuaq, southwestern Greenland. To this
end, modeled ice sheet surface meltwater runoff volumes
are compared with proglacial river discharge measured 2 km
downstream from the ice margin to quantify runoff deficit
and surplus. Ice sheet runoff deficit and surplus are directly
indicative of internal ice sheet meltwater retention and re-
lease, because (1) there are no significant proglacial or supra-
glacial lake storages, (2) terrestrial fluxes from groundwater
and/or snowmelt are limited due to a very small proglacial
area (only 6–12 % of the total watershed area), and (3) mod-
eled runoff represents the ice sheet conditions very well as it
is estimated from a surface energy balance model forced by
nearby automatic weather station (AWS) data (Van As et al.,
2012; Van den Broeke et al., 2011b).

2 Study region and in situ data

The study catchment is situated along the Greenland ice
sheet’s southwestern margin∼ 30 km northeast of Kanger-
lussuaq, between the Isunnguata Sermia and Russell Glacier
(Fig. 1). The study watershed is small (36–64 km2), and
mostly ice covered with a small proglacial area (4 km2) con-
sisting of exposed bedrock, tundra, loess deposits, lakes,
and river alluvium. The ice sheet surface elevations within
this catchment range from 500 to 860 m a.s.l, well below
the mean equilibrium line altitude, which over the period
1991–2011 averages 1553 m a.s.l. (Van de Wal et al., 2012),
and has no major supraglacial lakes.

Since 2008, hydrometeorological observations have been
collected at three sites along the Akuliarusiarsuup Kuua
River (Rennermalm et al., 2012) including (1) river dis-
charge, stream water level and stream temperatures (Site
AK4, Fig. 1); (2) lake stage fluctuations (Site AK5, Fig. 1);
and (3) near-surface air temperatures (Site AK1 and AK2,
Fig. 1). Site AK4 is upstream and therefore unaffected by
episodic jökulhlaups from a large proglacial lake in this re-
gion (e.g., Russell et al., 2011). Meteorological observations
on the ice sheet were acquired at three AWSs labeled S5,
KAN_L, and S6 in Fig. 1 at 490, 670, and 1020 m a.s.l., re-
spectively (KAN_L from Van As et al., 2011, 2012; and S5
and S6 from Van den Broeke et al., 2011a), and observations
on the tundra were from Kangerlussuaq airport (data access
from National Climatic Data Center, 2011). These stations
are situated along the K-transect, which is an array of eight
surface mass balance observation points operational since
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Fig. 1. (a)Map of study area showing monitoring installations for proglacial river discharge (AK4), and its estimated watershed boundaries
(1, 2, and 3), nearby lake-level (AK5), and air temperature (AK1 and AK2) of Rennermalm et al. (2012). Supraglacial AWS monitoring sites
S5 and S6 of van den Broeke et al. (2011a) and KAN_L of Van As and Fausto (2011), and Van As et al. (2012) are also shown. Land AWS
observations are recorded at Kangerlussuaq.

1990, that extends 141 km into the ice sheet (Van de Wal et
al., 2005).

3 Methods

River discharge was determined by relating 36 discharge
measurements with half-hourly stream water level observa-
tions (Rennermalm et al., 2012) (rating curveF1, Fig. 2b).
Data were collected with high-precision Price Type-AA cur-
rent meters, and Solinst Level- and Barologgers. River dis-
charge uncertainty is 22 % of half-hourly observations, up-
dated from Rennermalm et al. (2012). At Site AK4, river
discharge was estimated between 9 June 2008 and 20 April
2011. At Site AK5, which is downstream a neighboring wa-
tershed, water levels were measured between 2 June 2007
and 19 August 2008. To include the 2008 melt season onset
at the AK4 site, its time series was retroactively estimated
with a regression model using AK5 water levels and parame-
terized with data from an overlapping period between 9 June
and 19 August 2008. This relationship was described with a
linear relationship (LAK4 = 4.6LAK5 − 15.7 whereLAK4 is
AK4 water level, andLAK5 is AK5 water level,R2

= 0.64).
While winter discharge uncertainty could not be quantified

with conventional methods (Pelletier, 1990; WMO, 2010a, b)
due to lack of wintertime sampling, development of a simple
uncertainty model provides a lower boundary during freez-
ing temperatures. This model is based on Manning’s equa-
tion (e.g., Dingman, 2002) simulating a conservative sce-
nario with an ice filled stream channel below the pressure
transducer (i.e., no flow beneath the sensor) (Fig. 2a). Man-
ning’s equation is simplified similar to Rantz (1983) by as-
suming that Manning’s roughness coefficient,n, and stream
surface slope,S, are constant, and by relaxing the 2/3 ex-
ponent for hydraulic radius,Rh, (i.e., cross sectional area of
flow divided with the wetted portion of the flow perimeter):

Q = AV = aA(Rh)
b , (1)

Fig. 2. (a)Schematic sketch of stream cross section in summer used
to determine rating curveF1 (top), and under the hypothetical sce-
nario of an ice filled channel below sensor used to determine rating
curveF2 (bottom).(b) Discharge rating curvesF1 fitted to observed
discharge in 2009–2012 (Q2009, Q2010, Q2011, Q2012) andF2 fit-
ted to observations modified (QLOW) with the assumption of an ice
filled channel below sensor.

whereQ is discharge,a is a constant (equal toS1/2/n in
Manning’s equation),A is stream cross sectional area, and
b is the relaxed 2/3 exponent in Manning’s equation. Power
law parametersa andb were estimated with MATLAB non-
linear least squares fitting routine using all 36 open water ob-
servations of discharge and hydraulic radius (F1 rating curve,
R2

= 0.95). Q during freezing conditions was determined
using Eq. (1) withRh andA modified to only include the
area above the pressure transducer installation (see sketch in
Fig. 2a), and multiplying with an arbitrary factor of 0.8 to
account for a situation whereS andn would reduce overall
winter flow. These modified values ofQ were used to con-
struct a power-law discharge rating curve (F2 rating curve)
using MATLAB non-linear least squares fitting (Fig. 2b).

Two time series of discharge were constructed by (1) ap-
plying F1 rating curve, hereafterQ; and (2) applying theF1
except at times with subzero stream temperatures (time series
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was filtered with a 10 day moving average) whenF2 was ap-
plied, hereafterQLOW.

Three possible ice sheet watershed realizations upstream
of site AK4 were derived to quantify uncertainty in drainage
area delineation. The first watershed was determined with
methods derived from terrestrial land surface hydrology ap-
proximating hydraulic potential with elevation (e.g., Ding-
man, 2002) by using ice sheet surface topography to dictate
boundaries and water flow directions. The second and third
watershed delineations capture the influence of ice overbur-
den pressure on the hydraulic potential by using both surface
and basal topography (Cuffey and Paterson, 2010; Lewis and
Smith, 2009; Shreve, 1972). Both methods are based on sim-
plifications of ice sheet meltwater flow. The former method
assumes that any en- and subglacial flow mirrors supraglacial
flow patterns. The latter method is more sophisticated by as-
suming that water pressure equals ice overburden pressure,
but effectively considers the ice sheet to be floating on a film
of water (Cuffey and Paterson, 2010). In reality, hydraulic
potential near the ice sheet margin is more likely to be spa-
tially heterogeneous, where meltwater flows in a channel-
ized system with lower water pressures (Cowton et al., 2012)
as well as in preferential flow paths in pipes and fractures
(Cuffey and Paterson, 2010). Thus, none of these three wa-
tershed delineations may be representative for the actual ice
sheet catchment upstream of AK4, but rather provide a range
where it may be found.

Watershed 1 (W1, ice area 60 km2) was delineated from
surface topography alone, similar to Mernild et al. (2010a),
using the ASTER GDEM2 surface elevation dataset (ASTER
GDEM Validation team, 2009). ASTER GDEM2 provides
high-resolution gridded elevations (30 m horizontal resolu-
tion) with an average vertical precision of 17 m (95 % con-
fidence interval), and agrees well with ICESat (Ice, Cloud,
and land Elevation Satellite) surface elevation observations
near the ice margin (Carabajal, 2011). Watersheds 2 and
3 (W2 and W3, ice area 31 km2 and 50 km2, respectively)
were delineated based on the hydraulic potential surface
calculated using ASTER GDEM2, and interpolated point
basal topographic data from Multichannel Coherent Radar
Depth Sounder (MCoRDS) L2 Ice Thickness (IRMCR2)
data (Allen, 2010). Two delineations were made due to un-
certainties in basal topography data in this study area, which
are sparse, and include low quality and possibly unreliable
data. Erroneous basal topography data west of 49.9◦ W were
identified as points with extremely shallow ice (< 20 m)
where thicker ice is expected (judgment from field visits) and
ignored in the delineation of W3. However, removal of these
points resulted in patchy spatial coverage west of 49.9◦ W,
which may disproportionately influence any remaining, and
unidentified erroneous data (Fig. 3). Thus, W2 was created
only using MCoRDS data east of 49.9◦ W, of which the high
data density ensures better delineation quality (Fig. 3). The
W3 ice sheet area is only 57 % of W1 area and should be
considered a lowest boundary for the true watershed area.

Fig. 3. Ice sheet watersheds upstream of site AK4 (excluding
catchment proglacial area) and spatial distribution of MCoRDS L2
bedrock elevation data (black dots, only every 100th data point
is shown) included in flow direction calculations. Watershed 1
is derived using only surface topography from ASTER GDEM2
(top panel). Watershed 2 (middle panel) and watershed 3 (bottom
panel) are derived from a hydraulic potential surface determined
from ASTER GDEM2 and MCoRDS L2 bedrock data. While all
MCoRDS data points were used to determine watershed 3, only
data points from the high data density region east of 49.9◦ W were
included in watershed 2.

Daily ice sheet runoff at AWS stations were determined
with a surface mass balance model (uncertainty of runoff es-
timates: 15 % of daily estimates) (Van As et al., 2012) us-
ing inputs of air pressure, temperature, humidity, wind speed,
and downward short and longwave radiation from K-transect
AWS stations (Van den Broeke et al., 2011a) and Greenland
Analogue Project (GAP)/PROMICE (Van As et al., 2011,
2012) networks. In lieu of in situ precipitation measure-
ments, liquid precipitation was estimated from longwave ra-
diation measurements (by assuming that longwave radiation
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variability is correlated with cloudy conditions and precipita-
tion) and validated against solid precipitation measurements
(Van As, 2011; Van As et al., 2012). Any modeled energy
surplus results in melt. When the surface is ice covered, or if
snow pore space and temperatures in a snow layer do not fa-
cilitate refreezing, meltwater and liquid precipitation perco-
lates to a deeper layer and may runoff once it reaches a layer
with no pore space. By providing snow depth as a model
input, snow refreezing capacity is realistically constrained.
Superimposed ice layers (ice forming on top of snow and
firn) or internal ice layer causing perched water tables, are
marginal processes in this area due to shallow snow depth
cover and therefore were not examined in detail.

Modeled daily runoff volumes (m3 d−1) were interpolated
in 50 m wide elevation bands, and watershed runoff (RW1,

RW2, RW3 for W1, W2, and W3, respectively) was calculated
as a function of elevation band runoff and its respective area
fraction. The 2008 melting season onset predates the Van As
et al. (2012) dataset, and was estimated with a linear regres-
sion model based on a similar surface energy balance model
applied only at K-transect AWS S5 and S6 (Van den Broeke
et al., 2008, 2009b, 2011a). While AWS S5 is on the Rus-
sell glacier tongue and known to be influenced by air heated
over the surrounding tundra (Van den Broeke et al., 2011a),
inclusion of GAP/PROMICE KAN_L and AWS S6 ensures
that the watershed energy balance is representative of colder
conditions further inland. Given that S5, KAN_L, and S6 are
located just outside of W1, W2, and W3, we implicitly as-
sume that elevation is a dominant control on ice sheet runoff.

Characterizations of meteorological conditions on the ice
sheet and in the proglacial tundra environment were exam-
ined with near-surface air temperatures obtained from the
Kangerlussuaq AWS 042310 (data accessed from National
Climatic Data Center, 2011), AWS S5 (due to its full time se-
ries during the study period), and AK1 and AK2 Barologgers
(unshielded and only providing reliable temperature data for
winter and early spring). Snow depth was retrieved from
AWS S5 and AWS S6.

4 Results

The lower bounds for winter discharge (QLOW) and runoff
from the smallest watershed realization (W3) can produce
a match between cumulative ice sheet runoff and river dis-
charge over the three-year period (Fig. 4). However,QLOW
andRW3 are conservative estimates and should be considered
absolute lowest boundaries, thus water budget closure is un-
likely. The other, perhaps more realistic catchments (W1 and
W2) produce a surplus of ice sheet runoff relative to river
discharge at the end of the three-year period (Fig. 4). Uncer-
tainties of winter discharge measurements exacerbate deficit
in river discharge relative toRW1 andRW2. Thus, two sce-
narios are plausible: (1) runoff exceeds river discharge over
a three-year period suggesting ice sheet meltwater retention
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Fig. 4.Cumulative river dischargeQ, uncertainty range from winter
dischargeQLOW, and ice sheet watershed runoff from W1, W2, and
W3 (RW1, RW2, RW3) for the melt-years 2008, 2009 and 2010.
While watersheds 1 and 2 have ice sheet runoff surpluses relative to
river discharge at the end of 2010, watershed 3 has a deficit. A melt-
year is defined as the time period between river discharge onset in
two consecutive years and is designated after the year that it begins.

(W1 and W2); (2) ice sheet runoff is less than river discharge
at the end of the three-year period suggesting an englacial
water source. In subsequent paragraphs, analysis of W1 and
W3 will be presented because results for W2 and W1 are
similar.

For each melt-year within the three-year period, water-
sheds switch from net release of ice sheet meltwater at the
end of melt-year 2008 to net retention at the end of melt-
years 2009 and 2010 (Fig. 5). An exception to this oc-
curs in W1 during 2008 when winter discharge uncertain-
ties (QLOW) are considered. Winter discharge uncertainty re-
duces meltwater release, but only in W1, in melt-year 2008,
doesQLOW reverse balance between ice sheet meltwater re-
tention (i.e., ice sheet runoff surplus relative to river dis-
charge) and release (i.e., ice sheet runoff deficit). Meltwater
retention in W3 is less than in W1, and the W3 water budget
is almost in balance in 2009 and 2010 with ice sheet runoff
exceeding river discharge resulting in retention of 1–14 %
and 15 % of melt-year ice sheet runoff volume, respectively.
Given that actual ice sheet runoff probably exceedsRW3, rel-
atively large net ice sheet meltwater retention in 2009 and
2010 is more likely. In contrast to W3, W1 ice sheet runoff
exceeds river discharge resulting in retention of 44–51 % of
melt-year ice sheet runoff volume in 2009 and 54 % in 2010.
This meltwater generated on the ice sheet surface and not es-
caping to the river is presumably retained in en- or subglacial
storages, given lack of supra- and proglacial lake storage.

Daily summer river discharge and ice sheet runoff dur-
ing periods with surface melting co-vary strongly with a lin-
ear relationship in all years (the correlation coefficient is
0.46, 0.85, 0.85 in 2008, 2009, and 2010 forQ andRW1).
Strongest covariability between daily river discharge and
ice sheet runoff is found during the warm season (Figs. 6,
7). During this time, runoff magnitude and variability are
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proportional to watershed size.RW1 tends to be larger and
more variable, whileRW3 is almost equal toQ for most of the
melting season. Watershed runoff and river discharge agree-
ment improve with consideration of winter discharge errors
in the early melting seasons of 2008 and 2009. However, con-
siderable discrepancies between river discharge and ice sheet
runoff are noted: spring 2008; fall 2008; and spring 2009.
Regardless of how watershed runoff is determined, river dis-
charge onset generally precedes ice sheet runoff. In 2008 and
2009, river flow commences within 0–2 days of isolated ice
sheet runoff pulses, but is followed by 18–23 days without
significant runoff (Table 1). In 2010, river discharge lags ice
sheet runoff onset by 4 days. In 2008, river discharge onset
is 31 days earlier than ice sheet thaw onset at S5, but occurs
within 3 days of proglacial thaw at Kangerlussuaq (Table 1).
In 2009 and 2010, opposite patterns are detected when river
discharge onset coincides with thaw at S5 (within 1–3 days),
but is considerably delayed compared to thaw at Kangerlus-
suaq (32–35 days).

Three prolonged periods of river flow occur at times
with no significant ice sheet surface meltwater production,
suggesting a cold-season release of englacial meltwater or
proglacial snowmelt (river surplus is shown as negative val-
ues in Figs. 6b, c and 7b, c). One period occurs in winter of
2008 between 31 October and 28 November. The two others
occur in pre-melting season months (March and April) be-
tween 23 March and 16 April 2008 and between 27 April and
15 May 2009. While cold-season river flow event magnitudes
are reduced by factoring in wintertime discharge estimation
errors, they are still present (Figs. 6c, 7c).

The 2008 winter runoff event is identified as a water pres-
sure anomaly between 30 October and 28 November (Fig. 8).
It is accompanied by a rapid temperature increase in the
stream channel from−5.5 to −0.5◦C between 26 and 28
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Fig. 7.Same as Fig. 6 but for W3 (RW3).

October, followed by a period of constant near-zero (average
is −0.5◦C) stream channel temperature until 28 November
(Fig. 8) indicative of a water phase change from frozen to
liquid. This river discharge anomaly is preceded by a small
ice sheet runoff pulse between 27 and 30 October 2008,
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Table 1.Onset of river discharge, ice sheet surface runoff, and thaw proxy (dates when cumulative near-surface air temperature exceed 0◦C
at S5 and Kangerlussuaq AWS). Dates within parentheses shows isolated melting events before onset of continuous melting.

Site 2008 2009 2010

Flow onset

River discharge (Site AK4) 23 Mar 27 Apr 4 May
Ice sheet watershed runoff 16 Apr (22–23 Mar) 15 May (25 Apr) 30 Apr (13 Apr)

Thaw onset

S5 (ice sheet) 23 Apr 26 Apr 1 May
Kangerlussuaq (proglacial) 26 Mar 5 Mar 26 Mar
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Fig. 8. Ice sheet, river, and proglacial conditions during the
October–November 2008 runoff event, including discharge with
(QLOW) and without winter error compensation (Q), average
hourly ice runoff from W1 (RW1) and W3 (RW3) and sensor wa-
ter pressure (ρAK4) (a); and temperatures measured in the stream
channel (TAK4), in the proglacial area by site AK2 (TAK2), and
on the S5 ice sheet AWS site (TS5) (b). A short ice sheet runoff
pulse (RW1 andRW3) that accompanied above 0◦C ice sheet (TS5)

and proglacial (TAK2) surface air temperatures precedes a longer
river discharge event (Q andQLOW). Comparison of surface air and
stream channel temperatures reveals when the stream channel pres-
sure transducer sensor is exposed to air (15–28 October), and when
it is not (28 October–1 December). On 1 November, stream channel
pressure increases above background noise and stream channel tem-
peratures rise rapidly to near-zero suggesting that the AK4 stream
channel sensor is submerged by liquid water after this date.

coinciding with above-freezing near-surface air temperatures
at both AK2 and S5. River discharge peaks on 5 November,
seven days after runoff peaks on the ice sheet.

Two river discharge events observed in March/April 2008
and April/May in 2009 are also registered as pressure anoma-
lies (Figs. 9, 10). In March/April 2008, discharge is inferred
from a sensor at AK5 installed at a lake bottom and can-
not be used to determine stream temperatures at AK4 dur-
ing this anomaly. In contrast, April/May 2009 discharge is
determined from a sensor at AK4. In 2009, stream temper-
ature increases by 5◦C on 27 April, in concert with rising
water pressure. Although AK4 stream temperatures remain
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Fig. 9. Same as Fig. 8, but for the 2008 pre-melting season runoff
event (due to lack of dataTAK5 are shown instead ofTAK4). A
short ice sheet runoff pulse between 22 and 23 March (RW1 and
RW3) precedes a marked increase in water pressure at AK5 (ρAK5 ;
AK4 site was not operational at this time andQ is extrapolated from
site AK5). The ice sheet runoff between 22 and 23 March coincide
with a short period with above 0◦C ice sheet (TS5) and proglacial
temperatures (TAK1) at Sites S5 and AK1, respectively. Constant
lake temperatures (TAK5) during this period indicate unfrozen con-
ditions at the AK5 lake bottom.

below freezing, this may be indicative of a shallow layer of
thawing ice by the pressure transducer. Similar to the 2008
October/November discharge event, these two pre-melting
season events are preceded by small runoff pulses (22–23
March 2008 and 25 April 2009), and short periods (hours)
of above 0◦C air temperatures on the ice sheet and in the
proglacial environment.

Ice sheet melting preceding and during these three cold-
season events are considerably smaller than river discharge
regardless of watershed delineation, discharge calculation
method and uncertainty bounds (Table 2). Even considering
the most conservative scenario, using proglacial river dis-
charge with winter discharge errors (QLOW) and ice sheet
runoff from W1, cold-season events are 297, 7, and 300 %
larger than runoff in winter 2008, fall 2008, and winter 2009,
respectively. While watershed configuration has little impact
on total meltwater losses during these events (runoff from
W1 was only 6–13 % larger than W3 during these events),
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Table 2.River discharge and ice sheet runoff during cold-season events.

Site 2008 winter 2008 fall 2009 winter

Time period 23 Mar–16 Apr 29 Oct–31 Nov 27 Apr–15 May

River dischargeQ (106 m3) 29± 0.2 34± 0.2 23± 0.2
River dischargeQLOW (106 m3) 9.1± 0.6 10± 0.6 10± 0.6
Ice sheet runoffR1 (106 m3) 0.03± 0.005 1.4± 0.2 0.03± 0.005
Ice sheet runoffR3 (106 m3) 0.03± 0.004 1.3± 0.2 0.03± 0.005
Maximum water level (m) 0.96 0.76 0.76
Hypothetical snow depth (m) 9.6 7.6 7.6
(10 % of water density)
Hypothetical snow depth (m) 1.9 1.5 1.5
(50 % of water density)
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Fig. 10.Same as Fig. 8, but for the 2009 pre-melting season runoff
event. A short ice sheet runoff pulse (RW1 andRW3) on 25 April
that accompanied above 0◦C ice sheet (TS5) and proglacial (TAK2)

surface air temperatures precedes river runoff onset by 2 days (Q

andQLOW). Stream channel pressure on 27 April increases simul-
taneous with a 5◦C rise of stream channel temperatures, which are
suggestive of phase change and liquid water flow after this date.

the choice of discharge calculation method has a large impact
(discharge without corrections were 123–229 % larger than
with corrections).

Although precipitation, snowmelt, and/or measurement
uncertainties and errors cannot be ruled out entirely, cold-
season release of englacially stored meltwater is a likely ex-
planation for stream channel pressure increases recorded dur-
ing cold-season events. Recorded pressure anomalies corre-
spond to maximum water depths of 0.96, 0.76, and 0.76 m
respectively (Table 2), which is well within site AK3’s typi-
cal flow depths (0–1.4 m). Snow accumulation is a less likely
explanation, requiring depths of 7.6–9.6 m and 1.5–1.9 m, us-
ing respectively 10 and 50 % of water density (Table 2). Such
depths are markedly greater than typical winter snow accu-
mulation at the S5 and S6 AWS sites of 0.16 and 0.33 m,
respectively.

5 Discussion

This study finds that a large fraction of ice sheet surface
runoff produced each melt-year may be retained somewhere
within the watershed; 52± 1.6 % in 2009 and 54± 1.4 % in
2010 (Fig. 5a). In 2008 and 2009, 4–27 % (12–37 % with
Q, 10–20 % withQLOW) of ice sheet meltwater is released
with a 1–6 month delay in the cold season, but cannot close
meltwater input and output gaps, except if the ice sheet
catchment areas were very small (W3). Uncertainties associ-
ated with runoff and discharge estimation prohibit discerning
whether net meltwater retention or release took place in 2008
(Fig. 5a). Large net annual meltwater release in 2008 is only
possible from an upstream ice sheet watershed that is very
small (i.e. W3, Fig. 5b). Few basal topographic data and low
quality data near the ice margin suggest that the true water-
shed is larger than W3. Even with availability of high quality
basal topography data, calculations of hydraulic potential ig-
nore preferential flow paths in en- and subglacial conduits
thereby only providing an approximation of the true water-
shed. Assuming that the true catchment is larger than W3
and smaller than W1, and that effective ice sheet watershed
area remains the same from one year to another, meltwater
is likely to be retained in the ice sheet during the three-year
study period.

Lack of substantial surface meltwater lakes on the ice
sheet and in the proglacial study area indicate that sur-
face meltwater not exiting in the AK River must have been
stored in subglacial till or ice sheet macropores (Fountain
and Walder, 1998). Glacier macropores, i.e., the volume frac-
tion of crevasses and fractures, is a potential storage mech-
anism for some retained meltwater. Typical macroporosity
values in glaciers are∼ 1 % (Anderson, 2004; Fountain and
Walder, 1998; Harper and Humphrey, 1995), and must be
augmented by storage in subglacial cavities and till, since the
volume fraction of ice sheet runoff surplus in 2009 (0.3 %)
and 2010 (0.5 %) would saturate macropores in 2–3 yr. Some
retained meltwater probably refreezes during winter, but
cold-season discharge events show a substantial amount of
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unfrozen water throughout winter. Some ice sheet meltwater
may surpass the river channel altogether and be transported
as groundwater flow and in the river hyporheic zone, but the
presence of permafrost probably limits the magnitude of this
loss.

Evidence for delayed ice sheet surface meltwater release
is found on daily, seasonal and multiyear timescales. First,
ice sheet surface runoff and downstream river discharge have
high co-variability in summer months. Amplitude of river
discharge is dampened relative to ice sheet runoff, which is
typical of meltwater transformation in supra-, en-, and sub-
glacial environments during its passage to rivers at the ice
terminus (Fountain and Walder, 1998). Second, three cold-
season meltwater releases during times with insignificant ice
sheet surface melting suggest that the CHS system can re-
tain meltwater for months after the end of the melting sea-
son in September. Finally, ice sheet surface runoff and river
discharge are not in balance, resulting in net meltwater stor-
age two years in a row, suggesting meltwater retention on
timescales beyond one year. This is verified by modeling
of ice sheet hydrology in a western Greenland watershed,
where unfrozen ice sheet meltwater was retained internally
over multiple years (Colgan et al., 2011). Delays between
ice sheet runoff and downstream river discharge on monthly
and multiyear timescales are not unique to the Greenland ice
sheet, and have been identified for other Arctic glaciers (Ha-
gen et al., 2003; Hodson, 2005; Jansson et al., 2003; Sten-
borg, 1965; Wadham, 2000).

Three cold-season meltwater releases were only accom-
panied by modest ice sheet surface runoff, but two pieces
of evidence show that river channel flow indeed did occur
between 31 October and 28 November 2008, 23 March and
16 April, and 27 April and 15 May. First, stream channel
pressure anomalies during cold-season events cannot be ex-
plained by the weight of dense snowpacks; instead, derived
water levels and runoff are well within AK4’s natural range.
While a very conservative method to adjust winter discharge
errors reduce cold-season river discharge, it does not elimi-
nate flow at this time of year. Second, stream channel temper-
atures suggest liquid water, and/or phase change. During Oc-
tober 2008, stream channel temperatures co-vary with near-
surface air temperatures until 31 October because there is
no water evident at AK4 (Fig. 8). However, after 1 Novem-
ber, stream channel temperatures rise and air temperatures
remain below freezing, coinciding with stream channel pres-
sure increase indicating flowing unfrozen water. During the
2009 pre-melt season, a sudden 5◦C stream channel temper-
ature increase coincided with raised stream channel pressure
to indicate melting and flowing water (Fig. 10). In the pre-
melting season of 2008, meltwater release precedes ice sheet
surface melting and above-freezing near-surface air tempera-
tures (Fig. 9). Thus, despite inherent uncertainties of winter-
time river low-flow observations (Pelletier, 1990) and assum-
ing extremely reduced flow, existence of cold-season melt-
water discharge is evident. Measurement uncertainties and

errors are unlikely to completely account for this given that
the sensor operated as expected before and after the three
cold-season discharge episodes, and coherence with brief
preceding ice sheet runoff events providing a potential trig-
gering mechanism. Presence and release of unfrozen melt-
water in the Greenland ice sheet at subfreezing temperatures
suggests that parts of the CHS are intact in the cold sea-
son. Indeed, this possibility is confirmed by modeling studies
(Colgan et al., 2011; Phillips et al., 2010, 2013), and observa-
tions with ground penetrating radar (Catania and Neumann,
2010).

Above-freezing air temperatures may provide a trigger-
ing mechanism for release of stored meltwater. During these
times, a short thaw period (1–4 days) started at the S5 AWS
site 30–75 h before they were detected in the stream. Al-
though bursts of ice sheet runoff accompany all events, their
durations are too short (1–3 days versus 18–30 days) and vol-
umes are too small (never exceeding 14 % of river discharge
volume even when the most conservative estimation tech-
niques were used) to explain all river runoff observed during
these periods. A lack of significant ice sheet runoff during
these months indicates that cold-season river discharge was
produced during warm summer months. Additional drivers
for winter release may stem from buildup of subglacial pres-
sure as englacial meltwater drains to subglacial cavities and
drainage exits close (Irvine-Fynn et al., 2011).

It is known that meltwater may be retained on the ice sheet
surface in lakes (Selmes et al., 2011; Sundal et al., 2009) and
percolate into firn layers (Harper et al., 2012; Humphrey et
al., 2012). However, evidence presented in this study sug-
gests that meltwater transported through englacial conduits
(Catania and Neumann, 2010; Catania et al., 2008) to stor-
age cavities in englacial and subglacial environments may
remain there until short thaw events presumably trigger its
release. Such subglacial storages, and delayed release, have
been observed for high Arctic glaciers in Svalbard (Hodson,
2005; Wadham et al., 2001), but not previously identified
for the Greenland ice sheet. In contrast, good agreement be-
tween ice sheet runoff and river discharge was found for the
large Watson River watershed (∼ 12 500 km2) in southwest-
ern Greenland in 2009 and 2010 (Van As et al., 2012). While
ice sheet runoff in the Watson River watershed was larger
than observed discharge (8 % in 2009, and 19 % in 2010),
the AK4 study site examined here exhibited much larger ice
sheet runoff (up to 118 % more than river discharge in 2009–
2010). Because the AK4 site is a subwatershed within the
Watson River, this discrepancy could suggest that the AK4
site retention cannot be upscaled to the entire Watson River
watershed. However, this cannot be established without Wat-
son River winter discharge observations, which are currently
unavailable. Regardless, an increase in ice sheet runoff sur-
plus relative to river discharge from 2009 to 2010 in the Wat-
son River indicate a non-systematic underlying driver, for ex-
ample, en- and subglacial meltwater storage.
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Cold-season release may in fact be a consequence of melt-
water storage within the Greenland ice sheet according to
the following hypothesis: meltwater retention builds up sub-
glacial pressures such that CHS, in the cold-season near the
ice margin, remains largely intact and can rapidly reactivate
in response to short-lived melt events. This hypothesis is
not unique to this study. Six years of energy and mass bal-
ance studies from a Svalbard glacier reveal that years with
lower than expected ice sheet meltwater export (due to in-
ternal storage) preceded years when less than usual energy
was required for activating the subglacial system, perhaps
due to increased subglacial pressure from larger than usual
internal storage (Hodson, 2005). It is unclear how meltwater
retention influences CHS evolution. Modeling and observa-
tional studies suggest that CHS seasonally evolves from an
un-channelized state dominated by distributed cavities to an
efficient channelized system with large conduits controlled
by meltwater fluxes to the subglacial hydrologic drainage
system (Schoof, 2010; Sundal et al., 2011). This influences
ice sheet velocities, so that in years with strong surface melt-
ing, and thus more efficient subglacial drainage, ice sheet
velocities decelerate early in the melt season (Sundal et al.,
2011). To understand the importance of Greenland ice sheet
meltwater retention on these processes, more observational
and modeling studies must establish how common this is in
other parts of Greenland, and how it is related to subglacial
pressure, cold-season releases, and CHS development.

6 Conclusions

Greater cumulative ice sheet surface runoff relative to down-
stream river discharge suggests meltwater retention in en-
and subglacial storages up to as much as 54 % of annual ice
sheet runoff. However, estimation errors, particularly asso-
ciated with watershed delineations, may reduce this amount
and explain discrepancies between runoff and downstream
river discharge resulting in very small retention. While the
upper estimate of meltwater retention is a large fraction of
annual ice sheet runoff (e.g., 54 %), it is less than 1 % of
total watershed ice volume. This is similar to observed val-
ues of glacier macroporosity, thus macropores, and sub- and
englacial storage provide reasonable storage mechanisms for
excess ice sheet runoff. Furthermore, alternative storages are
unlikely due to lack of ice sheet firn, surface lakes, and lim-
ited proglacial area.

Three observed river runoff events outside of the regular
summer melting period, and preceded by very small ice sheet
runoff fluxes, are examples of 1–6 month delayed release of
en- and subglacially stored water. These cold-season events
cannot be explained by proglacial lake drainage (there are
no significant proglacial lakes) or snow melt. Instead, stream
channel temperature recordings provide strong evidence for
water flow during these events. Regardless, these delayed
meltwater releases do not close the watershed water budget,

indicating multiyear retention of ice sheet meltwater, and ev-
idence that parts of the Greenland ice sheet CHS may remain
active year round.
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