QAGU

| .

Geophysical Research Letters

RESEARCH LETTER

10.1002/2016GL070414

Key Points:

« Annual and seasonal ice velocities
show no statistically significant
relationship with annual runoff
magnitude and variability

« Velocities in the North Lake region
decreased during our 7 year
observation period (—0.9 £ 1.1 myr
from 2007 to 2013)

« Decreasing velocities with increasing
melt are not necessarily evidence for a
direct hydrologic mechanism acting
on multiple-year timescales

2

Supporting Information:
« Supporting Information S1

Correspondence to:
L. A. Stevens,
stevensl@mit.edu

Citation:

Stevens, L. A, M. D. Behn, S. B. Das,

1. Joughin, B. P. Y. Noél, M. R. van den
Broeke, and T. Herring (2016),
Greenland Ice Sheet flow response to
runoff variability, Geophys. Res. Lett., 43,
11,295-11,303, doi:10.1002/
2016GL070414.

Received 12 JUL 2016

Accepted 25 OCT 2016

Accepted article online 28 OCT 2016
Published online 12 NOV 2016

©2016. American Geophysical Union.
All Rights Reserved.

Greenland Ice Sheet flow response to runoff variability

Laura A. Stevens', Mark D. Behn?, Sarah B. Das?, lan Joughin?, Brice P. Y. Noé&l*,
Michiel R. van den Broeke®* and Thomas Herring®

'Massachusetts Institute of Technology/Woods Hole Oceanographic Institution Joint Program in Oceanography/Applied
Ocean Science and Engineering, Woods Hole, Massachusetts, USA, 2Department of Geology and Geophysics, Woods Hole
Oceanographic Institution, Woods Hole, Massachusetts, USA, 3Polar Science Center, Applied Physics Laboratory, University
of Washington, Seattle, Washington, USA, “4Institute for Marine and Atmospheric Research, Utrecht University, Utrecht,
Netherlands, *Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA

Abstract we use observations of ice sheet surface motion from a Global Positioning System network
operating from 2006 to 2014 around North Lake in west Greenland to investigate the dynamical response
of the Greenland Ice Sheet's ablation area to interannual variability in surface melting. We find no statistically
significant relationship between runoff season characteristics and ice flow velocities within a given year or
season. Over the 7 year time series, annual velocities at North Lake decrease at an average rate of
—09+1.1m yr_z, consistent with the negative trend in annual velocities observed in neighboring regions
over recent decades. We find that net runoff integrated over several preceding years has a negative
correlation with annual velocities, similar to findings from the two other available decadal records of ice
velocity in western Greenland. However, we argue that this correlation is not necessarily evidence for a direct
hydrologic mechanism acting on the timescale of multiple years but could be a statistical construct. Finally,
we stress that neither the decadal slowdown trend nor the negative correlation between velocity and
integrated runoff is predicted by current ice-sheet models, underscoring that these models do not yet
capture all the relevant feedbacks between runoff and ice dynamics needed to predict long-term trends in
ice sheet flow.

1. Introduction

The rate of mass loss from the Greenland Ice Sheet is accelerating [Shepherd et al., 2012; Enderlin et al., 2014]
due to increases in surface melt [van den Broeke et al., 2009; Hanna et al., 2013] and changes in ice sheet
dynamics [Pritchard et al., 2009]. Zwally et al. [2002] presented the first in situ observations of summer ice-flow
acceleration in Greenland'’s ablation zone and proposed that during summer months surface meltwater
accesses and lubricates the ice-bed interface promoting enhanced basal sliding. This observed coupling
between surface melt and ice-sheet velocities suggests a potential mechanism for a widespread dynamic
response of the ice sheet to increased temperature forcing. These findings sparked a series of Global
Positioning System (GPS) measurements of ice flow to test this hypothesis (Figure 1a) and to provide better
constraints on the present and future dynamical component of ice-sheet mass loss [Solomon, 2007; Stocker,
2014]. With the addition of new data sets, a more detailed picture of seasonal to interannual ice-flow
variability has emerged. However, contrasting ice-flow response to melt over different timescales continues
to present a challenge to the interpretation of the physical processes underlying this variability.

Similar to the results of Zwally et al. [2002], observations of ice flow and surface mass balance in a land-
terminating region of western Greenland show that velocities increase in tandem with surface melt on
daily-to-weekly timescales [van de Wal et al., 2008, 2015]. Multiple observations from regions of slow-moving
(< ~100myr~") ice sheet flow support the depiction of a characteristic annual velocity curve (Figure 1b) with
the following: (1) slow velocities through the winter and spring, (2) a sharp increase in velocities at the onset
of surface melt, (3) fast and variable velocities during summer months, and (4) a velocity minimum near the
end of the melt season [Zwally et al., 2002; Bartholomew et al., 2010; Hoffman et al., 2011].

Velocity and hydrological observations first made on temperate alpine glaciers (reviewed by Fountain and
Walder [1998]) led to the development of a conceptual model for subglacial drainage system evolution that
can explain the seasonally varying components of the characteristic annual velocity curve for temperate
alpine glaciers and the Greenland Ice Sheet [Chandler et al., 2013; Cowton et al., 2013]. This model suggests
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Figure 1. Greenland Ice Sheet marginal velocity campaigns. (a) Swiss Camp (yellow), North Lake (green and inset), and K-transect (red) GPS campaigns. Blue circles

show maximum extent of supraglacial

lakes up to 1400 m asl from 2000 to 2010 from Yang et al. [2015]. Brown contours show ice sheet surface elevation 100 m

contours from Howat et al. [2014]. Western margin region of Tedstone et al. [2015] study in grey. (b) Conceptual ablation zone velocity curve (blue) and daily runoff
+10 in mm water equivalent (w.e.) for the North Lake region from 1958 to 2014 (black). (c) Weekly resolution and (d-e) 24 h resolution ice velocities from the North
Lake GPS array (blue) plotted with daily runoff estimates (grey bars) for the North Lake region for a representative multiyear period 2009-2011. The dates of the start
and end of the runoff season used to calculate seasonal velocities are shown with red bars. North Lake drainages are shown with green bars. Velocity records for all

years (2006-2014) are shown in Figure

ST.

that when meltwater input is low, the ice-bed interface is characterized by a slow, inefficient “distributed”
subglacial hydrologic system of thin sheets, cavities, and/or porous flow through sediments. As meltwater
input increases, the drainage system evolves toward a more efficient, “channelized” network of dendritic
channels that draws water out of the distributed system. As the subglacial system channelizes over the melt
season, this more efficient drainage system operates at lower water pressure. With this water pressure drop, a
greater region of the ice sheet is in contact with the bed, leading to greater frictional coupling and reduced
velocities in the second half of the melt season [Schoof, 2010; Hoffman et al., 2011]. In this model, seasonal
surface melt modulates the annual velocity curve by changing basal drag; however, numerous observations
show that velocity averaged over the entire year is largely insensitive to the magnitude of annual melt [van de
Wal et al.,, 2008, 2015; Sole et al., 2013; Tedstone et al., 2013]. This insensitivity to melt forcing has been
proposed to result from seasonal compensation between summer speedup and subsequent winter slow-
down, resulting in a self-regulated system [Sole et al., 2013].

Yet while the shape of the annual velocity curve (Figure 1b) appears to be robust, questions remain regarding
how time-averaged ice-sheet velocities respond now and in the future to long-term variability and/or trends

STEVENS ET AL.

GREENLAND FLOW RESPONSE TO RUNOFF 11,296

9SUBD17 SLIOLLILLIOD A1) 3|l dde auj) Aq pauLBA0B 812 S3o1LIe YO ‘88N JO SN 0 ARIG 1T 3UIIUO AB]IA UO (SUONIPUOD-PUR-SLULIBI WD A 1M A0 BUIUO//SANY) SUORIPUOD PUE SLLLB | 8U) 89S *[€202/70/TZ] Uo Alqiauliuo AB|IM ‘Uolinels uoe Arigi abei Jo AsBAIIN Ad ¥TY020199T0Z/00T OT/I0pALI0d A8 | M Aeiq1puluosandnfey/sdny woiy papeojumoq ‘Tz ‘9T0Z ‘Z008YY6T



@AG U Geophysical Research Letters 10.1002/2016GL070414

in melt input. Specifically, a multidecadal decline in velocity has been observed in concert with increasing
melt across predominantly land-terminating regions of the western Greenland Ice Sheet (notably the
K-transect [van de Wal et al., 2008, 2015] and the ablation zone south of Jakobshavn-Isbrae [Tedstone et al.,
2015]) (Figures 1a, 3g, and 3h). Furthermore, Tedstone et al. [2015] found an improved correlation when
comparing 3-4 years of average past runoff with ice speed. Based on this relationship, they proposed that
ice flow may respond to integrated past runoff over a multiyear timescale through a cumulative reduction
of stored water in the unchannelized portions of the subglacial hydrologic system reducing basal lubrication
and slowing ice velocities. The observed regional slowdown, however, is spatially variable and most pro-
nounced near the margin below 900 m above sea level (asl). This poses the question as to how representative
this effect is and whether differences in the subglacial drainage system, and therefore the dynamic ice
response to increasing melt input, may vary as a function of ice thickness and/or the distribution of meltwater
input to the bed.

Clearly, more and longer multiyear to decadal observations are needed to investigate relationships between
meltwater runoff and ice velocity on seasonal to decadal timescales and to test the various hypotheses put
forward thus far. Here we analyze a 7 year record (2007-2014) of ice flow collected using an array of GPS
stations ~50km south of the Jakobshavn-Isbrae catchment (Figure 1a). The array was situated around
North Lake (68.72°N, 49.50°W), a supraglacial lake located at an elevation of ~1000 m asl. Based on the GPS
data, we calculate seasonal and annual velocities alongside melt season runoff characteristics (e.g., magni-
tude and variability). With the K-transect and Swiss Camp observations, our data represent the third 5+ year
GPS record for Greenland. In contrast to the longer-term Landsat data set along the western margin [Tedstone
et al., 2015], our continuous GPS record provides seasonal resolution, allowing investigations of interannual
flow variability at critical periods of the year, potentially providing more insight into the dynamics of the
hydrological processes underlying the ice-flow variability. We examine our findings alongside the two other
available decadal records to evaluate ice-flow variability on multiyear to decadal timescales and improve our
understanding of the factors driving variability in annual ice velocity in the ablation region.

2. Methods

A GPS array consisting of 1-16 receivers was deployed at North Lake from July 2006 to July 2014 (Figure 1a)
[Das et al., 2008; Joughin et al., 2008; Stevens et al., 2015]. The station data were processed individually with
Track software [Chen, 1998] as kinematic sites relative to the 30 s resolution Greenland GPS Network KAGA
base station on bedrock ~55km away [Bevis et al., 2012; Stevens et al., 2015]. Continuous (Figures 1c-1e
and S1 in the supporting information) and seasonal ice surface velocities (Figure 2a) are calculated from
the horizontal GPS position estimates. For years 2011-2014 where multiple GPS stations are available, the
velocities of all online stations are averaged at 30s intervals to produce a composite, continuous velocity
across the array (Text S4 and Figures 1e and S1f-S1i). The time periods over which annual and seasonal
displacements (Figure 2c) and velocities (Figures 2b and 2d) were calculated are based on runoff estimates
from the 11 km resolution Regional Atmospheric Climate Model (RACMO) v. 2.3 [Noél et al., 2015]. These
runoff estimates are statistically downscaled using elevation dependence to 1km resolution [Noél et al.,
2016] based on a downsampled version of the Greenland Ice Mapping Project digital elevation model
[Howat et al., 2014] (Figures 1c—1e). The start of each year is defined as the date of the 1st percentile of each
year's cumulative runoff curve, tg, (Figures 1b—1e). Annual velocities (V4) are split into summer velocities (Vs)
and winter velocities (V,,). Summer velocities are calculated from tg; to ty min, the latter of which represents
the midpoint within the characteristic velocity minimum at the end of the melt season (Figures 1b-1e).
Winter velocities are calculated from ty i, to tg; of the following year. Because each year in the time series
has different runoff characteristics, the start and end of the runoff season do not fall on consistent calendar
dates (Figures 1c-1e, 2a, and S1 and Table S1). Using this method, we calculate annual and seasonal velocities
for melt seasons 2007-2013. In order to improve comparisons of our results to the prior studies of Sole et al.
[2013] and van de Wal et al. [2015], we also calculate seasonal and annual velocities using their fixed calendar
dates method. The resulting North Lake interannual trends are nearly identical regardless of the method used
to delineate seasons (supporting information Text S4, Figure S2, and Table S3).

We use the RACMO output to calculate total runoff magnitude (Rmag) in m water equivalent (w.e.), seasonal
variability in runoff (R,,,), and season length (Riength) for each year. We estimate the timing of North Lake
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drainage (t p) from satellite data and field observations (Figures 3b and S4; see supporting information). To
investigate drivers of seasonal and annual ice flow, we assess the covariance between seasonal and annual
velocities and runoff parameters by evaluating the coefficient of determination (R%) and p value of linear
trends between all variables (Table S1 and Figures S5-S9). To illustrate the limitations of our small sample size,
we calculated 5-95% confidence interval bounds for all R* values. We note that our results represent a mea-
surement of local ice flow within a region of the ice sheet that exhibits substantial spatial variability in sum-
mer [Joughin et al., 2013] and interannual velocities [Tedstone et al., 2015].

3. Results and Discussion

We find a characteristic annual velocity curve consistent with results from previous studies (Figures 1c-Te).
The onset of runoff is associated with an abrupt increase in velocity, followed by multiday velocity variations
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Figure 3. Annual ice velocity and past mean runoff magnitude relationships at North Lake, K-transect, and the western margin. (a) V4 and (b) trough amplitude,
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squares), where n extends from 1 to 6 years of past runoff. R? values for relationships between past runoff magnitude and western margin velocities in grey [Tedstone
et al, 2015]. R values for relationships between K-transect annual velocities [van de Wal et al., 2015] and past runoff magnitude calculated from local daily runoff in
green. Open triangles in Figures 3e and 3f correspond to relationships plotted in Figures 3a and 3b, respectively. Open squares in Figures 3e and 3f correspond the
relationships plotted in Figures 3c and 3d, respectively. (g) Trends through annual velocity measurements at North Lake (black), K-transect (green [van de Wal et al.,
2015]), and the western margin (grey [Tedstone et al., 2015]). (h) Local runoff estimates for North Lake (black) and K-transect (green) are plotted alongside the trends
(thick lines) through these runoff values over the years in which annual velocities are ava|IabIe Western margin runoff values and trend from Tedstone et al. [2015] are
in grey. Runoff trend at North Lake from 1985 to 2014 shown in dashed black line. R Y calculation plotted for all three locations as a thin line.

that are correlated with spikes in runoff and/or North Lake drainage events (Figures 1c-1e and S1). At the end
of the runoff season, velocities reach their annual minimum (Figures 1c-1e and S1). This annual velocity
structure—and in particular the velocity minimum following melt cessation—suggests that the subglacial
drainage system becomes more efficient and channelized over the runoff season, consistent with hydrologi-
cal observations from other regions in Greenland [Chandler et al., 2013; Cowton et al., 2013].

Due to variability in the relative length of summer versus winter (see supporting information), seasonal and
annual velocities are a function of both displacement (Figure 2c) and season length (Figure 2b). For example,
the highest summer displacement in our record occurred in 2010 (Figure 2c), but due to that year’s extremely
long summer melt season (Figure 2b), the 2010 summer velocity is comparable to other years (Figures 2a and
2d). We note that by dividing each year into seasons based on runoff, the time interval over which V, is
calculated varies on a year-to-year basis (i.e., a year does not always equal 365 days). We find that Vy, in
the North Lake region is largely independent of Vs within the same year for both the tg; to ty i, seasonal
delineation method and the fixed calendar date method (Figures 2d and S2d). This result contrasts GPS
observations of seasonal velocities from Sole et al. [2013], which were the basis of their hypothesis that annual
velocities were self-regulated through a strong inverse relationship between winter and summer velocities.

3.1. Interannual Trends and Variability in Velocity and Runoff

The mean annual velocity, Vj, for the North Lake region is 85.24+3.3myr™' over the observation period,
~15myr~" greater than the mean annual velocity for the western margin found by Tedstone et al. [2015] over
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the same time period (Figure 2a). This difference is likely due to the inclusion of the lower velocity ice margin
in the larger Tedstone et al. [2015] region, as well as the spatial variability in velocities observed across the
region more broadly [Joughin et al., 2013]. The North Lake annual velocity is intermediate between the mean
summer velocity (Vs=109.0 +5.2myr™") and the mean winter velocity (Vyy=77.1+33myr™") (Figure 2a),
with the summer velocities displaying greater variability. We find that neither V4 nor Vs exhibits a statistically
significant trend over the observation period (Figure 2a). Nonetheless, the computed trend for V4 of
—0.92myr—2 (p=0.15) (Figure 3g) and the statistically significant trend in Vi of —1.13myr 2 (R*=0.54,
p=0.05) are similar to trends in annual velocities (—1.31 myr’z; R*=0.52, p=0.06) reported by Tedstone
et al. [2015] from 2007 to 2013 (Figure 2a). These least squares regression slopes hold when considering error
on the velocities using a weighted least squares regression (Table S4).

We also find no statistically significant trend in runoff-season magnitude, variability, or length, and/or the
timing of North Lake drainage from 2007 to 2013 (Figure 2b). Rather, these parameters are most notable
for their significant year-to-year variability (Figure 2b and Table S2). The largest magnitude runoff observed
in 2010 (Rymag=2.82mw.e.) is ~70% higher than that of the lowest runoff in 2013 (Rmag = 1.66 m w.e.). Similar
year-to-year variability is found in the longer-term runoff record, but in that case we do find an increasing
trend of 0.02myr~" (p < 0.005) from 1985 to 2014 (Figure 3h). Thus, given the high interannual variability
in runoff, the lack of any runoff trend at North Lake during our study period likely reflects our inability to
detect the longer-term increase that has been observed across the ice sheet [van den Broeke et al., 2009] with
only 7 years of data.

To investigate the relationship between annual velocity and runoff, we assessed the covariance between V,
and seasonal runoff characteristics. We find no statistically significant correlation between V4 and annual run-
off parameters Rmag, Rvars Riengths tLp, and Vi, (Table S1 and Figures 3a, 3b, and S8a-58d) even during the
two extreme melt years in 2010 and 2012. These results are consistent with previous regional studies, which
showed little correlation between annual velocity and runoff [Zwally et al., 2002; van de Wal et al., 2008, 2015;
Sole et al., 2013; Tedstone et al., 2013]. Furthermore, summer and winter velocities show no correlations with
annual runoff parameters (Table S1 and Figures S6 and S7a-S7e).

3.2. Influence of Past Runoff Magnitude on Seasonal and Annual Ice Flow

We next explored whether cumulative past runoff over multiple years has a control on ice flow in our region.
Following the analysis of Tedstone et al. [2015], we calculated two forms of past mean runoff magnitude. The
first, EL:Z(_‘; O], represents runoff averaged over the n previous years including the present year (Figure 3d;
supporting information). The second, EE;Q;”, is the mean runoff calculated from the n previous years, but
not including the present year (Figure 3d; supporting information). Seasonal and annual velocities were then

[=n, —0] =[-n, —1] . .
mag  and Ry,o — for up to 6years into the past (0 <n <6) (Figures 3a-3f, S6, and
(-4, 1]

mag

regressed against R

S8f-S8q). The correlations between annual velocities and R are shown in Figure 3c, and the R? values

calculated as a function of n years included in the runoff averages are shown in Figure 3e.

Both expressions for past mean runoff magnitude show improved and significant correlations with V4
(Figures 4e and S8f-58q) and Vyy (Figures S7f-S7q) similar to that found by Tedstone et al. [2015]. The relation-
ship between V, and past mean runoff magnitude is negative (higher runoff in the past years results in a
lower V, of the present year; Figure 3c), with past runoff explaining up to 70% of the variance in V4
(Figure 3e). The relationships between past mean runoff magnitude and V, generally strengthen with
increasing values of n until n~ 4, with the exception of a particularly high correlation for n=1 (Figure 3e).
The relationship between Vy and past mean runoff magnitude is also negative and explains up to 82% of
the variance in Vyy (Figure S7i).

We stress that one must be careful not to overinterpret these results. This regression assumes a fixed relation-
ship between the variables (velocity and runoff) with time. Our data, however, display long-term temporal
trends (Figures 3g and 3h). Thus, to investigate the implications of our analysis for this study and others,
we performed Monte Carlo simulations with correlated trends displaying similar magnitude year-to-year
variability as observed (Text S5 and Figure S11). These simulations show an improved correlation when multi-
ple years of runoff are included, even when the variability in the data is not correlated on an annual timescale
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as is the case in our data set (Figure S11). Thus, the improved correlation observed when multiple years of
runoff are included is an expected outcome of analyzing two variables with long-term temporal trends, even
if the mechanism generating these trends is unrelated to the annual variability.

3.3. Variability in Late Summer Slowdown

To gain further insight into the influence of runoff on the subglacial system, we take advantage of the
high temporal resolution of our data to investigate variability in the amplitude of the late summer
slowdown |V,in|- The persistent presence of a late summer velocity minimum (Figures 1b-1e and S1) supports
the theory that the local subglacial hydrologic network undergoes seasonal reorganization, with increasing
channelization throughout the summer resulting in increased frictional coupling that promotes this slowdown
[Bartholomew et al., 2010; Colgan et al., 2011; Hoffman et al., 2011; Sundal et al., 2011; Sole et al., 2013; van de Wal
et al,, 2015]. Thus, larger |Vin| has been proposed to represent more extensive subglacial channelization over
the runoff season under higher melt conditions [Sundal et al., 201 1]. While this relationship holds for 2010 (high-
est meltand largest |Vin|), over the 7 year study our data show that on an annual basis |V,yi,| does not exhibit a
statistically significant relationship with Rpag (R*=0.22 [0.00-0.55] (95% confidence interval), p=0.28)
(Figures 1d and 3b) or any other present season runoff variables (Figures S8a-S8c). This finding contrasts pre-
vious observations [Sundal et al., 2011] and theoretical studies [Schoof, 2010; Hewitt, 2013], which have shown
that higher summer runoff magnitude and variability lead to a larger magnitude late summer slowdown due to
increased efficiency in the subglacial drainage system.

3.4. Mechanisms for a Decadal or Multiyear Dependence of Ice Flow on Runoff

Existing decadal records show a significant decreasing trend in Greenland Ice Sheet velocity and increasing
trend in annual runoff (Figures 3g and 3h). Our records exhibit similar trends, though neither of these trends
are statistically significant given the high interannual variability in annual velocities and runoff over the 7 year
record (Figures 3g and 3h). While there is no correlation between velocity and runoff on annual timescales
[Zwally et al., 2002; van de Wal et al., 2008, 2015; Sole et al., 2013; Tedstone et al., 2015], the negative relation-
ship between past mean runoff magnitude and annual velocity has been invoked in previous studies
[Tedstone et al., 2015] to suggest a causal relationship where increased runoff drives slower velocities on mul-
tiyear timescales. Indeed, all three records depict a similar negative relationship between past mean runoff
magnitude and annual velocity that strengthens with increasing values of n (Figures 3e, S10, and S11).
However, it remains unclear whether this negative relationship is the manifestation of hydrologic mechan-
isms acting at the bed over multiple years [e.g., Tedstone et al., 2015] or opposing decadal trends in velocity
and melt caused by other factors.

The co-occurrence of an increasing runoff trend and a decreasing annual velocity trend (Figures 3g and 3h)
could arise for multiple reasons. Annual velocity and runoff could be changing independently of one another
on decadal timescales, such that when comparing velocity and runoff annually, they show no correlation
(Figure 3a). By integrating past runoff, the negative relationship with annual velocity emerges (Figures 3c)
as the variability in runoff is reduced (Figures 3h and S11). Thus, in this scenario the correlation between
the trends does not require causation.

Alternatively, annual velocity and runoff could be directly related to one another, but through a physical
mechanism that is weakly expressed on annual timescales. For example, as the ice sheet thins, the response
to small changes in driving stress (z4) at annual timescales is small, but the response over the longer term is
enhanced due to the nonlinearity of ice flow. A change in driving stress due to ice-sheet thinning was found
to account for up to a third of the velocity slowdown observed across the western margin [Tedstone
et al., 2015].

Finally, annual velocity and runoff may be related through a hydraulic response whereby long-term evolution
in the subglacial drainage system causes the annual velocity’s response to melt to strengthen over multiple
decades. While Tedstone et al. [2015] invoked this final mechanism to explain the majority of the slowdown,
all three explanations could apply to the North Lake, K-transect, and western margin data.

Regardless of the co-occurrence of opposing decadal trends in velocity and runoff, annual velocities on the
western margin are slowing down (Figure 3g). As the changes in driving stress due to ice-sheet thinning are
insufficient to explain the observed decrease in annual velocities [Tedstone et al., 2015], other physical

STEVENS ET AL.

GREENLAND FLOW RESPONSE TO RUNOFF 11,301

85UB017 SUOWILLIOD SR80 8|cedl|dde au Aq pauIsnob 818 sajole YO ‘85N JO S9jni 10 AR 8UIIUQ AB]IAM UO (SUORIPUOD-PUE-SLIBY WD A 1M Ale.q]1BUI|UO//SANY) SUOTIPUOD PUe SULB | 84} 88S *[£202/70/T2] UO ARIqiTauliuo A8 ‘yolinelo uo9 Ariqiabel jo AiseAluN Aq ¥T¥020199T02/200T OT/I0p/LI0d A8 |mARiq1jpuluo'sqndnBey/sdny woiy pepeojumoq ‘Tz ‘9T0Z 'L008YY6T



@AG U Geophysical Research Letters

10.1002/2016GL070414

Acknowledgments

Support was provided by the National
Science Foundation’s Office of Polar
Programs (NSF-OPP) and the National
Aeronautics and Space Administration’s
(NASA) Cryospheric Sciences Program
through ARC-0520077, ARC-1023364,
and NNX10AI30G to S.B.D. and M.D.B.
and through ARC-0520382,
ARC-1023382, and NNX10AI33G to IJ. L.
A.S. was also supported by the National
Science Foundation Graduate Research
Fellowship and an American
Geophysical Union Horton Research
Grant. Logistical and instrumental
support was provided by UNAVCO and
CH2MHILL Polar Field Services. We
thank M. Bhatia, J. Carmichael, G.
Flowers, I. Howat, B. Johns, L. Kehrl, T.
Moon, K. Poinar, and D. Shean for their
assistance in the field. The data used are
listed in the supporting information
tables and figures. M.D.B., S.B.D., and I.J.
conceived the study. L.AS., M.D.B., S.B.
D., and IJ. carried out the fieldwork. L.A.
S. and T.H. processed and analyzed the
GPS data. B.P.Y.N. and M.R.v.d.B.
provided the downscaled RACMO2.3
data. L.AS, M.D.B,, S.B.D,, and I.J.
interpreted the results. L.A.S. wrote the
paper. All authors commented on the
paper. The authors declare no
competing financial interests.
Correspondence and requests for
materials should be addressed to L.AS.
(stevensl@mit.edu).

processes driving this slowdown should be considered. A slowdown driven by changes in internal deforma-
tion or basal motion through sliding and/or till deformation could be occurring independently of, or along-
side, a change in subglacial hydrology. Additional observations of ice-sheet velocity, geometry, internal
structure, and basal properties are needed to determine the causal relationship between annual velocity
and runoff and to understand the observed slowdown of the ice-sheet margin.

3.5. Implications for Future Predictions of Ice Flow

While hydrology and ice-flow models now capture the seasonal velocity structure of the ablation zone at a
qualitative level [Schoof, 2010; Hewitt, 2013; Werder et al., 2013], our results suggest that additional feedbacks
must be considered in order to understand the details of how ice flow is related to trends in runoff and runoff
variability over longer timescales. Extrapolating the trends in runoff and velocity found in our study and
earlier data sets suggests that a sustained increase in runoff would lead to a systematic decrease in ice-sheet
velocities. However, we stress that the correlation between annual velocity and integrated past runoff is not
necessarily evidence for a hydrologic mechanism acting on the basal system over timescales of a few years
and could be related to other factors including changes in ice-sheet thickness, internal deformation, or basal
motion. Further, we find that in contrast to model predictions [Schoof, 2010; Hewitt, 2013], the magnitude of
the late summer velocity minimum is not the product of the present summer runoff (Figure 3b). Thus, the
mechanisms required to recreate seasonal ice-flow characteristics may not translate into accurate predictions
of longer duration ice-flow variability. Observational studies targeted at long-term records of ice-sheet shape,
subglacial hydrology, and basal motion are needed to better understand mechanisms controlling ice sheet
flow on annual to decadal timescales. Moreover, future modeling studies should be evaluated alongside
the available measurements of ice flow collected at North Lake, Swiss Camp, and the K-transect.
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