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Abstract The dynamic response of High Arctic glaciers to increased runoff in a warming climate
remains poorly understood. We analyze a 10-year record of continuous velocity data collected at
multiple sites on Nordenskitldbreen, Svalbard, and study the connection between ice flow and

runoff within and between seasons. During the melt season, the sensitivity of ice motion to runoff

at sites in the ablation and lower accumulation zone drops by a factor of 3 when cumulative runoff exceeds
a local threshold, which is likely associated with a transition from inefficient (distributed) to efficient
(channelized) drainage. Average summer (June-August) velocities are found to increase with summer
ablation, while subsequent fall (September—-November) velocities decrease. Spring (March-May)
velocities are largely insensitive to summer ablation, which suggests a short-lived impact of summer
melt on ice flow during the cold season. The net impact of summer ablation on annual velocities is found
to be insignificant.

Plain Language Summary A major uncertainty in future predictions of glacier mass loss, and
the corresponding sea level rise contribution, stems from a lack of understanding of potential feedbacks
between surface melt and ice motion. Melt water penetrating to the bed of a glacier facilitates fast ice
motion through sliding. Whether increased melt water input induces a net long-term acceleration or
deceleration of ice flow however critically depends on the interaction between melt input and transience
of the subglacial drainage system at both intraseasonal and interseasonal time scales. To assess this,
long-term data sets of ice motion and runoff are essential. In this study, a 10-year record of continuous
velocity data, collected at multiple sites on Nordenskidldbreen in Svalbard, is presented and compared
to simulated runoff. We find that the sensitivity of summer velocities to runoff drops by a factor of 3 after
a runoff-induced change of drainage system morphology. While average summer motion increases with
ablation, fall (September-November) motion decreases, and spring (March—May) motion appears largely
insensitive to summer melt. Altogether, the net impact of increased summer melt on annual velocities is
found to be negligible.

1. Introduction

A major uncertainty in future predictions of mass change of glaciers and ice sheets, and thereby the
cryospheric contribution to sea level rise, stems from a lack of constraints on transient ice dynamics in a warm-
ing climate (Church et al., 2013). The connection between surface runoff, subglacial hydrology, and basal
lubrication has been widely acknowledged (Clarke, 2005). Initial suggestions of a positive long-term relation
between ice flow velocities and runoff (Parizek & Alley, 2004; Zwally et al., 2002) would imply the potential
for accelerated mass loss as ice is transported more efficiently to lower elevations. However, this disregards
changes of the drainage system in response to variable runoff, which in recent years has been shown to be
the decisive component in explaining both short-term (intraseasonal) and long-term (interannual to decadal)
velocity variations of land-terminating glaciers (e.g., Bartholomew et al., 2012; Sole et al., 2013; Tedstone et al.,
2015; Van de Wal et al., 2015).

Runoff in the early melt season drains to the bed via moulins and crevasses, thereby pressurizing the dis-
tributed (linked-cavity) drainage system. A reduced effective pressure speeds up basal sliding, resulting in a
characteristic early melt season velocity peak (e.g., Lliboutry, 1968). As surface melting and runoff intensifies

VAN PELT ET AL.

4917


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0003-4839-7900
http://orcid.org/0000-0001-6851-1673
http://orcid.org/0000-0002-6961-0128
http://orcid.org/0000-0002-6548-0215
http://orcid.org/0000-0001-8299-3883
http://orcid.org/0000-0001-8707-2223
http://dx.doi.org/10.1029/2018GL077252
http://dx.doi.org/10.1029/2018GL077252
https://doi.org/10.1029/2018GL077252

~1
AGU

100

AND SPACE S

Geophysical Research Letters 10.1029/2018GL077252

during the melt season, the drainage system expands, and when discharge exceeds a critical threshold (Kamb,
1987; Walder, 1986), the drainage system transforms into a more efficient channelized drainage system (e.g.,
Bingham et al., 2005; Hock & Hooke, 1993; Nienow et al., 1998; Rothlisberger, 1972), operating at low water
pressure and draining water from the connected distributed drainage system (Andrews et al., 2014; Cowton
etal, 2016; Hubbard et al., 1995).

Based on steady state theory of conduit flow (Kamb, 1987; Rothlisberger, 1972), it has been concluded that
long-term slowdown of summer velocities could potentially result from extended periods of channelized
drainage and low water pressure in a warmer climate (Bingham et al., 2003; Sundal et al., 2011; Van de Wal
et al,, 2008). Conversely, it has been argued that steady state theory is unlikely to apply, because rapid fluctu-
ations in runoff entering a slowly adapting drainage system can lead to sudden water pressure fluctuations,
thereby explaining melt-induced velocity peaks even during channelized drainage (e.g., Bartholomaus et al.,
2008; Bartholomew et al., 2012; Kamb et al., 1994). High summer melt rates have been shown to coincide
with below-average winter motion (Burgess et al., 2013; Sole et al., 2013), which has recently been linked to
the action of weakly connected distributed drainage regions that gradually drain during the melt season and
only slowly refill and repressurize after the melt season (Andrews et al., 2014; Hoffman et al., 2016).

The long-term impact of increased runoff on ice velocity of land-terminating glaciers remains unclear. A mul-
tidecadal decline in ice flow has been observed in conjunction with increased melt in Greenland (Tedstone
et al,, 2015; Van de Wal et al,, 2015), but it remains uncertain the extent to which this slowdown is hydro-
logically induced or related to other factors, such as changes in ice geometry (Stevens et al., 2016), which
also explained slowdown of glaciers in Alaska (Waechter et al,, 2015) and the Canadian Arctic (Thomson &
Copland, 2017). Correlations between annual velocities and summer melt are generally insignificant (Stevens
et al, 2016; Van de Wal et al,, 2015) but may be the result of opposing sensitivities of summer and winter
velocities to melt (Sole et al., 2013).

The focus area of this study is the Svalbard archipelago, where feedbacks related to sea ice retreat cause the
climate to change at an amplified rate compared to the global mean (Bintanja et al., 2011; Serreze et al., 2009).
Recent warming has induced glacier thinning (James et al., 2012) and retreat, resulting in a 7% reduction
of glacier area between 1983 and 2013 for a set of ~400 glaciers (Nuth et al., 2013). Previous work linking
glacier flow in Svalbard to runoff has mostly focused on understanding the dynamic behavior of surge-type
glaciers (e.g., Dunse et al., 2015; Nuttall & Hodgkins, 2005; Oerlemans & Van Pelt, 2015; Sevestre & Benn, 2015),
which behave largely independently of the climate forcing (Evans & Rea, 1999). To date, knowledge about
the dynamic response of polythermal, nonsurging glaciers in the High Arctic to transient runoff remains lim-
ited (Bingham et al., 2005; Irvine-Fynn et al., 2011; Vallot et al., 2017), both at short (intraseasonal) and long
(interseasonal) time scales. This generates considerable uncertainty in the dynamic component of mass loss
of these glaciers in a rapidly warming Arctic environment.

This paper presents a data set of continuous Global Positioning System (GPS) velocities, collected at 11 sites on
Nordenskidldbreen, a nonsurging, polythermal and (primarily) land-terminating glacier in central Svalbard.
Collection and processing of the GPS data on Nordenskitldbreen has previously been discussed in Den Ouden
et al. (2010), together with a discussion of velocity time series between 2006 and 2009. Here we analyze
10 years (2006-2016) of velocity data and compare with simulated runoff and observed stake ablation. The
length of the continuous measurement record allows for a detailed assessment of the connection between
ice flow and inferred surface runoff at both intraseasonal and interseasonal time scales.

2, Study Area

Nordenskidldbreen is a ~25-km-long outlet glacier of the Lomonosovfonna ice cap in central Spitsbergen
(Figure 1). The main flow between De Geerfjellet and Terrierfjellet merges with two main tributaries to the
south. Medial moraines originating at the western tips of Terrierfjellet and Ferrierfjellet indicate the long-term
ice flow trajectory (Figure 1). The front of Nordenskitldbreen has retreated by 15-35 m/a since the end of the
Little Ice Age, but retreat rates have been negligible since ~2002 as the glacier is retreating on land (Allaart,
2016; Rachlewicz et al., 2007). The glacier covers an elevation range from sea level to about 1200 m above sea
level (asl), and largest ice thickness (up to around 600 m) is found in an overdeepening between Terrierfjellet
and De Geerfjellet (Figure 1; Van Pelt et al., 2013). The surface mass balance between 1989 and 2010 was
—0.39 m w.e. (water equivalent) per year and the equilibrium line altitude (ELA) was estimated at 719 m asl
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Figure 1. Satellite and elevation contour map of Nordenskidldbreen. The inset panel shows Svalbard with the
approximate location of Nordenskitldbreen (black box). Elevation contours relative to sea level are drawn every 50 m
(Norwegian Polar Institute Map Data and Services). Continuous GPS positions (blue) were measured at sites S1-S11. A
reference station (BS) is installed on Terrierfjellet. Black arrows indicate mean ice flow, with arrow length proportional to
absolute velocity (maximum 59 m/a at S9). Ice thickness along ground-penetrating radar tracks in 2010 is shown in the
background (Van Pelt et al., 2013). The satellite map is from National Aeronautics and Space Administration Landsat 7
imagery taken on 13 July 2002. UTM coordinates are in UTM zone 33x. DGF = De Geerfjellet; TF = Terrierfjellet;

FF = Ferrierfjellet.

(Van Peltetal,, 2012). Nordenskitldbreen is a polythermal glacier (“type b” in Blatter & Hutter, 1991), with tem-
perate conditions in the accumulation zone due to deep meltwater percolation and refreezing (Marchenko
etal, 2016, 2017; Vega et al., 2016), and cold near-surface ice in the ablation area (Van Pelt et al., 2012). Unlike
neighboring outlet glacier Tunabreen, Nordenskidldbreen is not a surge-type glacier, at least no surges have
occurred since the termination of the Little Ice Age according to analysis of foreland landforms (Ewertowski

etal, 2016).

3. Data and Methods

Stand-alone GPS units have been mounted on stakes, drilled into the snow or ice, at 11 sites on
Nordenskidldbreen, measuring hourly positions since 2006 (Figure 1; Den Ouden et al., 2010). Long-term
mean velocities were calculated for all stakes (S1-511), while time series of 10-day velocities were determined
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Figure 2. Time series of 10-day absolute velocity (left axis) and simulated runoff (right axis) between 2006 and 2016 for
sites S3 to S9 (top to bottom). Light blue error bars indicate 95% confidence intervals for the 10-day velocities.
asl = above sea level.

only for fast-moving stakes (40 m/a) S3 to S9, for which intraseasonal and interseasonal velocity variability
well exceeded estimated errors of 10-day velocities of 1.5-4.9 m/a (Figure 2). More details on the processing
steps and data quality are discussed in the supporting information (Text S1 and Figures S1 and S2; Andersen
etal, 2010; Nettles et al., 2008).

Point summer balance and ELA are calculated from annual stake readings along with snow depth measure-
ments around the stake (Van Pelt et al., 2012; Van Pelt, Kohler, et al., 2016). Stake summer balance is calculated
using information of spring surface height and end-of-summer surface height, estimated by subtracting snow
depth from surface height in the subsequent spring measurement. In the accumulation zone, refreezing
above the summer surface is implicitly accounted for by assuming an end-of-summer remaining snow density
of 550 kg/m3. ELA is estimated per year by polynomial interpolation to find the zero-mass-balance elevation.
ELA uncertainty is estimated at 55 m, based on a balance gradient of 0.003 m w.e.-a~'-m~" and a point mass
balance uncertainty of 0.17 m w.e./a (Van Pelt et al., 2012, 2014).

Runoff at GPS sites is simulated with the coupled energy balance firn model EBFM (Van Pelt et al., 2012).
Driven by meteorological fields from the regional atmospheric climate model RACMO2 (Noél et al., 2015),
the surface energy balance model solves for glacier surface temperature and estimates surface melt. The
firn model accounts for vertical transport, storage, and refreezing of melt and rain water, while tracking
the evolution of subsurface density, temperature, and water content. Here runoff refers to downward water
flow at the base of the snow/firn column, if present, or at the surface. Runoff is simulated with a 3-hourly
resolution; 10-day sums are determined for comparison with velocity time series. More details about EBFM,
the meteorological forcing, model calibration, and validation are given in the supporting information (Text S2
and Figure S3; Dee et al., 2011; Van Pelt & Kohler, 2015; Vega et al., 2016; Van Pelt, Pohjola, & Reijmer, 2016).
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4, Results and Discussion

The following section presents and discusses the connection between ice flow and runoff/ablation at both
intraseasonal (section 4.1) and seasonal (section 4.2) time scales.

4.1. Intraseasonal Velocities

GPS units at ST and S2 were deployed on a southerly tributary flow and exhibit slow movement (~1-3 m/a)
due to low mass turnover and high lateral drag (Figure 1). All other GPS units (S3 to S11) are located along
or close to the main flow line of Nordenskioldbreen. High velocities are recorded in the ablation zone and
lower accumulation zone at S3 to S9 with average speeds for the whole period ranging from 42 (S8) to 59 m/a
(S9). Fastest mean ice flow is observed at S9 and explained by a combination of flow convergence and high
surface slope, induced by steep gradients in the bed topography (Figure 1; Van Pelt et al., 2013). Higher up in
the accumulation zone, velocities decrease with average speeds of 14 m/a at S10 and 4 m/aat S11.

Time series of 10-day velocities at S3 to S9 typically reveal an early melt season peak, above-average veloci-
ties throughout summer, and relatively stable lower velocities during the remainder of the year (Figure 2). A
decrease in magnitude of summer speed up with elevation is apparent between S7 to S9 and coincides with a
strong decline in runoff around the ELA at ~700 m asl. A weak delay between melt season velocity peaks with
increasing elevation is apparent (~10-20 days between S3 and S9), but exact quantification is hampered by
the coarse 10-day temporal resolution of the data. Velocity maxima typically occur in June or early July and in
all years, except 2008, are found to precede or coincide with runoff maxima.

In order to investigate the relation between intraseasonal velocities and runoff, local velocity anomalies
(relative to the mean for a stake over the entire observation period) at S3 to S9 are compared against 10-day
runoff (Figure 3). The local cumulative runoff for each velocity anomaly is indicated by the marker color.
Figure 3 suggests a transition from a period with high sensitivity of velocity to runoff in the early melt sea-
son to a period with much lower sensitivity to runoff later in the melt season. To determine the cumulative
runoff at which this transition occurs, two linear regressions were performed: one for data above and one for
data below a cumulative threshold value. A range of possible threshold values were tested to find the value
(440 mm w.e.) with the highest mean correlation for the two regressions. Based on previous work, we argue
that the decline of sensitivity of velocity to runoff around this threshold is likely to arise from a change in
drainage morphology from a low-efficiency distributed drainage system to a highly efficient channelized sys-
tem (e.g., Bartholomaus et al., 2008; Cowton et al., 2016; lken, 1981; Kamb et al., 1994). Slopes of the linear
regressions () represent the sensitivity of flow velocity to runoff during the early melt season, that is, prior
to channelization, and during the late melt season, that is, after channelization (Figure 3). For S3-59, we find
an early melt season sensitivity of 1.34 + 0.15 m/a per mm-w.e.-day~' (R = 0.70; P < 0.001), compared to a
late melt season sensitivity of 0.44 + 0.07 m/a per mm-w.e.-day~" (R = 0.61; P < 0.001). Hence, we conclude
that the sensitivity of velocity to runoff during highly efficient channelized drainage is only 33 + 10% of the
sensitivity during less-efficient distributed drainage.

Below the cumulative runoff threshold, we infer that any runoff is primarily stored in englacial voids (moulins
and crevasses), thereby raising the water pressure and allowing for gradual expansion of subglacial cavities
in response to reduced creep closure and increased sliding-induced cavitational opening (Bueler & van Pelt,
2015; Werder et al., 2013). During early-season distributed drainage, we expect water transport rates in the
subglacial system are small, which implies that new surface input primarily raises the englacial water level
and water pressure, while short periods of low input have a smaller (negative) impact on water pressure. As
water pressure reaches and remains close to overburden pressure for some time, coincident with the occur-
rence of the early melt season velocity peak, it can be argued that cavity expansion causes a gradual increase
in horizontal discharge until it reaches a critical value at which unstable cavity growth through wall melt
enforces channelization (Flowers, 2008; Kamb, 1987; Schoof, 2010; Walder, 1986). Since it is mostly local runoff
that determines the water pressure prior to channelization, we argue that a cumulative runoff threshold, in
addition to critical discharge, can be regarded as a predictor for the timing of channelization.

The cumulative runoff threshold is likely to vary spatially, due, for example, to variability in ice thickness
affecting the rate of creep closure. Hence, the cumulative runoff threshold of 440 mm w.e. should be
regarded as a spatial average. Spatial dependence of the cumulative runoff threshold becomes apparent
when repeating the calculation of the threshold for two subsets of the data (53-56 and S7-S9) resulting in
cumulative runoff thresholds of 410 (S3-56) and 600 (S7-59) mm w.e. As runoff rates decrease with elevation,
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Figure 3. Comparison of 10-day velocity anomalies and local runoff for S3 to
S9 between 2006 and 2016. Cumulative runoff for each velocity anomaly is

Local runoff (mm w.e. day'1)

Cumulative runoff (mm w.e.)

indicated by the marker color. Linear regressions for the early melt season
(cumulative runoff <440 mm w.e.; solid blue line) and late melt season

(cumulative runoff >440 mm w.e.; solid red line) are shown; trend slopes (f)

and 95% confidence limits are given. w.e. = water equivalent.

4.2, Seasonal Velocities

with a most pronounced decline around the ELA, channelization is delayed
at higher elevations or may not occur when cumulative runoff does not
exceed the threshold. During the 10-year observation period, the cumula-
tive runoff threshold (440 mm w.e.) was exceeded in all years at S3 to S6
(315-530 m asl), during 7 years at S7 (595 m asl), 6 years at S8 (675 m asl),
and only 1 year (2013) at S9 (835 m asl).

We find a weak but positive correlation between velocity and runoff during
channelized drainage (cumulative runoff >440 mm w.e.), which has previ-
ously also been found by Bartholomew et al. (2010) and was ascribed to
short-term (daily) peaks in runoff, causing short-lived pressurization of the
channelized and adjacent distributed system. Fast ice flow during channel-
ized drainage may occur in response to high short-term runoff variability,
since cavity expansion in the connected distributed system adds a forward
component to ice flow, while cavity closure is more downward (Cowton
et al, 2016; lken, 1981). It has been argued that steady state theory, sug-
gesting an inverse relation between runoff and water pressure during
channelized drainage, is unlikely to apply in environments with rapid varia-
tions in runoff (Bartholomew et al., 2012; Cowton et al., 2016; Hewitt, 2013;
Kehrl et al., 2015). Since we find a strong positive correlation of 10-day
runoff and the variance of daily runoff within 10-day intervals (R = 0.79;
P < 0.001), we expect that the positive relation between runoff and veloc-
ity at a 10-day time scale may well be the result of runoff fluctuations at
time scales shorter than 10 days.

Next, we shift our focus to the longer seasonal time scales and discuss the impact of summer mass balance on
summer and winter velocity. Point mass balance observations provide data of summer mass balance at GPS
sites and are also used to extract time series of ELA (section 3). Seasonal mean velocities per stake are calcu-
lated for summer (June-August, JJA), fall (September-November, SON), winter (December-February), and
spring (March-May). To facilitate calculating correlations between seasonal velocities and summer balance
for all stakes (Figures 4a and 4b), normalized seasonal velocities are determined (by dividing by the long-term
seasonal mean at individual sites), and compared with summer balance anomalies (determined by subtract-
ing the long-term mean summer balance at individual sites). This is done for GPS sites S5 to S9, for which at
least 5 years of data were available. Note that a positive (negative) summer balance anomaly at a site implies
a negative (positive) ablation anomaly, that is, less (more) melt, relative to the long-term mean.

Comparing normalized summer velocity (JJA) and summer balance anomaly at S5-S9 (Figure 4a) reveals a
significant negative trend of —8% per mw.e.a™' (R=—0.44; P <0.01) for all data. This suggests above-average
summer velocity during high-melt summers. Based on the found positive intraseasonal relations between
runoff and velocity (section 4.1) both a longer duration of the runoff season and higher intensity of runoff
events are likely to enhance ice flow during warm summers.

A comparison of normalized fall (SON) velocities and summer balance anomaly at individual sites (Figure 4b)
reveals a significant positive trend of 10% permw.e.a~' (R=0.49; P < 0.01) for all data points. This suggests that
high-melt summers generally induce below-average fall motion, in line with previous findings in Greenland
(e.g., Sole et al., 2013; Van de Wal et al,, 2015). One possible explanation for this is given by Andrews et al.
(2014) and Hoffman et al. (2016), who ascribe reduced late melt season and winter velocities to gradual
drainage of weakly connected parts of the distributed drainage system during the melt season and slow refill-
ing and repressurization of these regions during the subsequent cold season. Alternatively, Sole et al. (2013)
and Tedstone et al. (2015) ascribed reduced winter velocities after high-melt summers to more widespread
channelized drainage, inducing low water pressures across a larger fraction of the bed. Interestingly, we find
that the correlation between summer balance anomaly and seasonal ice motion drops over the course of the
cold season to R = 0.43 (P = 0.01) in winter (December-February) and to an insignificant value of R = 0.14
(P> 0.05) in spring (March—May). This drop in correlation suggests that the influence of summer ablation on
subglacial conditions after the melt season is typically a few months.
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Figure 4. Normalized summer (a) and fall (b) velocity as a function of summer balance anomaly at S5 to S9. Panel (c)
shows V)5 /Vson as a function of summer balance. Time series of V), /Vsoy for individual stakes (left axis) and ELA
(right axis) are shown in (d). Trend slopes (§) in (a)-(c) are in (m w.e.)~" a with 95% confidence limits given in brackets.
JJA = June-August; SON = September-November; ELA = equilibrium line altitude; asl = above sea level.

We find no evidence for runoff-induced flow acceleration or deceleration in a warming climate, since opposing
trends during and after the summer season cause normalized annual velocities, determined for years start-
ing 1 June, to be insignificantly correlated to summer balance anomaly (R = 0.10; P > 0.05). Nevertheless, a
strong anticorrelation is found between the ratio of summer and fall velocity (V,;, /Vson) @and summer balance
(R=-0.71; P < 0.001; Figure 4c), which suggests amplification of the seasonal velocity cycle in a warming cli-
mate. A mean trend of —0.19 per m w.e. a~! is found, which is equivalent to a 19% increase of V, /Vsoy for
a 1-m w.e./a increase in summer ablation. Finally, time series of V|, /Vsqy at S5-59 and ELA are compared in
Figure 4d, revealing very similar temporal patterns. A pronounced decrease in magnitude and temporal vari-
ability of V5 /Vson is apparent between sites in the ablation zone (S5-58) and the lower accumulation zone
(S9), which is explained by a sharp contrast of runoff and its interannual variability around the ELA. Upward
migration of the ELA in a warming climate may therefore be expected to enhance and extend the seasonal
velocity cycle to higher elevations.

5. Conclusions

Using a decade of GPS velocity data, modeled runoff and observed summer balance, we analyzed the connec-
tion between ice flow and surface runoff/ablation on Nordenskitldbreen, Svalbard, at both intraseasonal and
seasonal time scales. During the melt season a transition from inefficient (distributed) drainage to efficient
(channelized) drainage is found to occur when cumulative runoff exceeds a local threshold. We find a posi-
tive dependence of velocity to runoff throughout the melt season, however, velocities are found to be 3 times
more sensitive to runoff variability during distributed drainage than during channelized drainage. Our results
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confirm that steady state theory, suggesting an inverse relationship between runoff and water pressure for
channelized drainage is unlikely to apply in environments with rapid variations in runoff.

Comparing interannual variability of seasonal velocity and stake summer balance reveals a significant positive
correlation between summer ablation and summer velocity, while a negative correlation is found between
fall velocity and summer ablation. Spring velocities are found to be insensitive to summer ablation, thereby
suggesting a relatively short-lived influence of summer melt on ice motion after the melt season. Altogether, a
high sensitivity of the ratio of summer and fall velocity to summer balance (19% per m w.e.a™") is found, which
implies an increased amplitude of the seasonal velocity cycle, as well as the potential for upward extension of
the zone with a pronounced amplitude of the seasonal velocity cycle, in a warming climate. Despite changes in
the seasonal velocity signal, annual velocities are found to be insensitive to summer ablation, which suggests
a negligible impact of enhanced runoff on mean ice motion.
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