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Abstract

This study explores the ice flow acceleration (21.1%) of Pedersenbreen during 2016-2017 after the extremely warm
winter throughout the whole Arctic in 2015/2016 using in situ data and quantitatively analyses the factors
contributing to this acceleration. Several data sets, including 2008-2018 air temperature data from Ny-Alesund,
ten-year in situ GPS measurements and Elmer/Ice ice flow modelling under different ice temperature scenarios,
suggest that the following factors contributed to the ice flow acceleration: the softened glacier ice caused by an
increase in the air temperature (1.5°C) contributed 2.7%-30.5%, while basal lubrication contributed 69.5%-97.3%.
The enhanced basal sliding was mostly due to the increased surface meltwater penetrating to the bedrock under
the rising air temperature conditions; consequently, the glacier ice flow acceleration was caused mainly by an
increase in subglacial water. For Pedersenbreen, there was an approximately one-year time lag between the

change in air temperature and the change in glacier ice flow velocity.
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1 Introduction

Warming of the climate system is unequivocal (IPCC, 2013),
especially in the Arctic. The Arctic region has warmed more than
twice as fast as the global average (Cohen et al., 2014; Lei and
Wei, 2020), which is a phenomenon known as Arctic amplifica-
tion. As the climate warms, the summer melt season lengthens
and intensifies in the Arctic (Serreze et al., 2009). Arctic warming
is the strongest at the surface during most of the year and is
primarily consistent with reductions in sea ice cover (Screen and
Simmonds, 2010). With Arctic warming, there is also an increas-
ing trend in Arctic precipitation over the 20th century, and hy-
droclimate changes are expected to continue and possibly accel-
erate in the coming century (Linderholm et al., 2018).

With the warming climate of the Arctic, glaciers around this
region can be valuable indicators for past climate, being sensit-
ive to summer temperatures and winter precipitation (Huss and
Hock, 2015). Recently, there were strong warming events in
winter 2015/2016 throughout the whole Arctic (Moore, 2016),
which might derive from the splitting of the polar vortex (Over-
land and Wang, 2016) and the entry of a strong Atlantic wind-
storm bringing moist and warm air (Kim et al., 2017). Not coin-
cidently, clear ice flow acceleration of many glaciers in the Arctic,
including Greenland, western North America, Arctic Canada and
the Russian Arctic, occurred after that warm winter, based on our
study (Section 3.1). However, the over 200 m spatial and one-year
temporal resolutions of the ice flow velocity products cannot sat-
isfy our study of changes in ice flow velocity, and higher-resolu-

tion data are needed.

The area around Spitsbergen and the Fram Strait is one of the
most climatically sensitive in the world (Rogers et al., 2005), and
the in situ GPS measurement of Austre Lovénbreen and Peder-
snebreen, on Ny—Alesund, Svalbard, was started after the estab-
lishment of the Chinese Yellow River Station (CNYR) (Ren and
Yan, 2005). The GPS tracking station beside the CNYR can en-
sure data precision of 2 cm or better (Ai et al., 2006), and the GPS
surveying was performed twice a year after 2008, providing data
with better temporal resolution than that of the velocity products.

At present, numerous studies have studied the evolution of
Austre Lovénbreen and Pedersnebreen via the CNYR, revealing
changes in glacier geometry and movement and variations in ice
flow velocity. In 2006, the horizontal ice flow velocity of Austre
Lovénbreen was 2.28 m/a, and the ice flow velocity of Pedersen-
breen was 6.74 m/a (Xu et al., 2010). From 2006 to 2010, the mean
horizontal ice flow velocity of Austre Lovénbreen was 2.4 m/a,
and the mean horizontal ice flow velocity of Pedersenbreen was
6.8 m/a (Ai et al., 2012). However, in 2011, the Austre Lovénbreen
and Pedersenbreen ice flow slowed down. Thus, the average ice
flow velocity of Austre Lovénbreen from 2006 to 2011 was 2.14 m/a,
and the average ice flow velocity of Pedersenbreen was 6.28 m/a
(Li et al., 2015). Pedersenbreen has retreated considerably since
1936, with an estimated loss in ice volume of 0.054 km?, or ap-
proximately 12%, during the period 1936-2009 (Ai et al., 2013,
2014). Moreover, in recent years, Pedersenbreen has distinctly
sped up according to in situ measurements.
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The mechanism of glacier ice flow acceleration has been
studied through various methods. Some studies have investig-
ated supraglacial lake levels and the surface expression of sub-
marine meltwater plumes (Everett et al., 2016; Slater et al., 2015).
Some studies have focused on subglacial water-pressure changes
(How et al., 2017) because high water pressure in subglacial sys-
tems can reduce basal friction and lead to sliding (Iken and Bind-
schadler, 1986). However, none of these studies have indicated
the exact contribution of subglacial meltwater and the contribu-
tion of viscoplastic ice deformation in response to rising temper-
atures. Therefore, this study seeks to quantify the influence of
factors inducing glacier ice flow acceleration.

2 Data and methods
2.1 Data
2.1.1 Ice surface velocity product
For the warm 2015/2016 winter, glaciers with high-quality

data from around the 2015/2016 winter in as many ice surface ve-
locity products as possible were chosen (Fig. 1).
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Fig. 1. Glaciers around the Arctic with available ice flow velocity
data. These glaciers are the ones we chose to analyse the ice flow
velocity, and the regions include Greenland, western North
America, Arctic Canada and Russian Arctic.

These glaciers are distributed in the Arctic, including Green-
land, western North America, Arctic Canada and the Russian
Arctic. Ice surface velocities of glaciers on Greenland are avail-
able from CryoPortal (spatial resolution: 250 m), which is oper-
ated by ENVEO (http://cryoportal.enveo.at/). For western North
America, Arctic Canada and the Russian Arctic, velocity data
(spatial resolution: 240 m) have been generated using auto-RIFT
(Gardner et al., 2018) and are provided by the NASA MEaSUREs
ITS_LIVE project (Gardner et al., 2019).

2.1.2 In situ GPS measurement data on Pedersenbreen

Five fibreglass stakes were set up as monitoring points on
Pedersenbreen in July 2005. The movement of these stakes,
which were drilled 2 m (5-6 m after 2016 with aluminium stakes)
into the glacier surface, has been monitored with high precision
by using dual-frequency global positioning system (GPS) instru-
ments. If a stake became inclined over time, a new stake was in-
stalled nearby and used as a substitute for the old stake. How-
ever, some new stakes could be set up only near previous posi-
tions because the stakes’ exact previous positions could not be
located after their removal by glacial ablation. Thus, not all GPS
records of the stakes cover the entire 11-year period (Table 1).

Table 1. Percentage of missing records

P1 P2 P3 P4 P5
Percentage/% 37 21 21 11 5

A GPS tracking station was set up beside the CNYR in July
2004 as an accurate reference station for measuring glacier mo-
tion. The exact coordinates of the CNYR were calculated via data
from the GPS station and the nearest International GNSS Service
(IGS) station (http://igscb.jpl.nasa.gov/). The coordinates of the
CNYR in the World Geodetic System 1984 (78°55'21.36"N,
11°56'07.81"E; 46.12 m) and its elevation (10.96 m) can be used
for converting elevation systems, and the precision of the co-
ordinates is 2 cm or better (Ai et al., 2006).

The first GPS survey in our study was conducted in July 2008,
and during the GPS survey from April 2009 to September 2018
twice a year, the September 2012 and May 2017 GPS surveys were
not performed.

2.1.3 Meteorological data

Meteorological data were obtained from the Ny-Alesund ob-
servation station, operated by the Norwegian Meteorological In-
stitute (https://seklima.met.no/observations/). The Ny-Alesund
observation station (Svalbard) is located at 78°55'27.48"N,
11°55'52.32"E at an elevation of 8 m above sea level. It is the
closest official weather station. The station was established in July
1974 and measures precipitation, temperature, snow depth and
other parameters.

Meteorological data, including air temperature data from July
19, 2008, to September 6, 2018, are employed in this article. The
temperature data were measured at 2 m above ground level every
hour and divided into different days. However, some data points
(1 265 h over 11 years) are missing for some days, and some
whole days lack measurements.

2.2 Methods

2.2.1 Horizontal ice flow velocity of Pedersenbreen

The horizontal ice flow velocity of a stake is defined as the ho-
rizontal displacement (without vertical data) per year, as de-
scribed by Eq. (1). The horizontal ice flow velocity represents the
motion of the glacier ice surface adjacent to a stake in a year.

B 365.25\/(x,-+1 - xi)2 + (Vi1 *Yi)z

AL (M

Vh

The coordinates of a stake at one observation time are (x; y,),
and those at the next observation time are (x;,;, y;,,). The time
span between two observations can be calculated in days as At.

In this study, annual ice flow velocities were calculated with
the data collected in September except for the year 2012 while the
seasonal ice flow velocities were calculated with the data collec-
ted between every 2 adjacent observations in the time series except
for the years of 2012 and 2017.

2.2.2 Steady-state simulation of Pedersenbreen

We used the Elmer/Ice ice flow model (Zwinger and Moore,
2009) to simulate the ice flow of Pedersenbreen.

Elmer/Ice, which is used to model ice sheets, glaciers and ice
flow, is a full-Stokes, finite-element, ice sheet/ice flow model. In
this study, a steady-state simulation was performed as the initial
phase in conjunction with GPS data and glacier ice temperature


http://cryoportal.enveo.at/
http://igscb.jpl.nasa.gov/
https://seklima.met.no/observations/
http://cryoportal.enveo.at/
http://igscb.jpl.nasa.gov/
https://seklima.met.no/observations/
http://cryoportal.enveo.at/
http://igscb.jpl.nasa.gov/
https://seklima.met.no/observations/
http://cryoportal.enveo.at/
http://igscb.jpl.nasa.gov/
https://seklima.met.no/observations/

24 Wang Zemin et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 1, P. 22-32

data describing the initial conditions of Pedersenbreen, i.e., the
surface digital elevation model (DEM), the bedrock DEM, ice
flow velocity, ice temperature and initial parameters.

The initial parameters are shown in Table 2. The surface DEM
and the bedrock DEM were derived using kriging to interpolate
high-density GPS/GPR points acquired in situ in 2009 (Ai et al.,
2014). The mean annual horizontal velocities from 2005 to 2015
were used in this study (P1: 1.07 m/a, P2: 6.54 m/a, P3: 8.20 m/a,
P4:8.39 m/a, and P5: 5.95 m/a) (Ai et al., 2019). The surface ice
temperature of -3°C was chosen for ice flow modelling because
this ice temperature was measured from Austre Lovénbreen,
which neighbours Pedersenbreen (Sun et al., 2016).

The basal friction parameter £ and the Glen enhancement
factor E are two important parameters in the ice flow model
(Wang et al., 2019), and the steady-state simulation was per-
formed mainly to obtain the values of # and E. f and E were de-
termined through comparison between the GPS-measured ice
flow velocities and the simulated values from multiple steady-
state simulations. The least squares technique was used to judge
the best § and E, and the simulated horizontal ice flow velocities
of every stake with different f and E values were compared with
the measured values in Fig. 2. As the minimum residual sum of
squares is 0.442, the best # is 0.02, and the best E is 0.938.

The simulated result with # = 0.02 and E = 0.938 is shown in
Fig. 3. The maximum horizontal ice flow velocity is 8.44 m/a (Fig. 3a).
In this case, the maximum error is 0.50 m/a at stake P5, and the
simulated result at stake P3 is 0.43 m/a less than the measured
value (Fig. 3b).

Table 2. The parameters of the ice flow model

Symbol Constant Value
p ice density 910 kg/m3
g gravitational acceleration 9.81 kg/s?
n glen exponent 3

2.2.3 Indexes for air temperature
Several indexes are used in this article to explain the temper-

Ice ablation is related to air temperature by the positive de-
gree-day factor (Braithwaite, 1995). Only under conditions in
which the air temperature exceeds 0°C does the sensible heat flux
contribute directly to melt (Cuffey and Paterson, 2010). The in-
dex positive degree-day (D) is defined for time period At meas-
ured in days by Eq. (2):

1 Tc>0

2
0 Tc<0 ’ @

D(At)Z/NTcH(TC)dl with H(TC):{

where T; signifies the temperature in Celsius of the air.
In contrast, the index negative degree-day (N) is defined by
Eq. (3):

0 Tc>0

3
1 Tc<0 ®)
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Ice will melt when the air temperature is above 0°C; thus, the
count of positive temperature days in each year makes it possible
to determine how long a glacier remains in ablation over the
course of a whole year. The index positive temperature days (F,)
is defined by Eq. (4):

1 Tc>0
H(T, ith H(T¢) = 4
A[(c)dt with H(Tc) {0 To <0 @)

The index negative temperature days (F,) is defined by Eq.
(5):

Fy(At) = [ H(Tc)dt with H(Tc) =

At

{0 Tc>0 (5)

1 Tc<0

Finally, the indexes positive mean temperature (M,) and neg-
ative mean temperature (M,) can be calculated as in Eq. (6) and
Eq. (7), respectively.

ature variation during the 11 years based on the various factors My(Af) = D(Ar) (6)
associated with different mean temperatures during a year. Fi(ar)’
001 4002 4003 F:0.04 005 006  f1.00 10000
900 E:0.198 E:0.938 F:1308 E:1.502 E:1.621 E:1.700 E:2.078 E:2.102 0
L]
8.00 e 11
- / ‘ ,;; —@®— measured values
~ 700 | 7 E  —@— B001,E0.198
Z 178 f: 0.02, E: 0.938
E s £:0.03, E: 1.308
g 6.00 [ B4
% 13 ; £:0.04, E: 1.502
- 2 —#— 005 E 1621
5.00 | E - B 0.06, E: 1.700
142 .0 p100,E2078
400 F —O— p:10 000, E: 2.102
{5
3.00 1 1 1 1 1
Pl P2 P3 P4 P5
Stake

Fig. 2. Simulation results for the states of no sliding and full sliding at the glacier base and residual sum of squares between measured
and simulated ice flow velocities for the states of no sliding and full sliding at the glacier base.
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3 Results

3.1 Clear acceleration after the 2015/2016 winter around the Arctic

There was clear ice flow acceleration of glaciers in the Arctic
after the 2015/2016 winter, according to the glaciers we chose in
the ice velocity products. As shown in Fig. 4, in Greenland, the ice
flow of most glaciers accelerated after 2016, and as shown in Fig. 5,
most glacial ice flow in other Arctic areas had high velocities in
2017 and 2018.

3.2 Climate conditions in the Ny-Alesund area

The winter of 2015/2016 was warm in the Ny-Alesund area
(Yamanouchi, 2019), which might correspond to the high mean
temperature in 2016, and there are two obvious high mean tem-
peratures, from 2008 to 2018, in 2012 and 2016, in Fig. 6a.
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In 2012, the mean temperature was approximately -2.5°C,
with negative degree-day and negative mean temperature values
that were higher than those in the years before 2012. That year,
the positive degree-day and positive mean temperature were
slightly lower than those in 2011.

In 2016, the mean temperature, -1.1°C, was the maximum
during the 11 years, and that year featured the highest number of
positive temperature days and the lowest number of negative
temperature days. Furthermore, the maximum positive degree-
day and the negative degree-day among the 11 years both oc-
curred in 2016.

3.3 Ice flow velocity of Pedersenbreen

The velocity changes of the 4 stakes other than stake P1 show
comparable trends over the 11 years (Fig. 7). The velocities of
stake P1 were mainly affected by melting and retreat of the glaci-
er tongue, so stake P1 tended to tilt, and the continuity of velo-
city measurements in the time series could not be ensured. The
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Fig. 3. The simulated result with # = 0.02 and E = 0.938. a. Simulated horizontal ice flow velocity results for Pedersenbreen, and b.
error graph with the best estimates of the model parameters. The error bars are computed from the differences between simulation

and in situ measurement velocities.
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velocities of stakes P2-P5 from September 2016 to September
2017 were markedly higher than those from September 2015 to
September 2016, and for stake P5, the velocity increased by a
maximum of 21.4%. This phenomenon appears to be similar to
the increases between 2005-2015 velocities and 2016-2017 velo-
cities, with the maximum percentage increase (37.3%) at stake P5
(Table 3).

Actually, no abrupt increase in the annual ice flow velocity in-

cident occurred from 2005 to 2015 (Ai et al., 2019), similar to what
appeared from September 2016 to September 2017, which means
that the change in ice flow velocity from 2005 to 2015 was more
stable than that from 2008 to 2018. Therefore, we chose the mean
velocities of the 5 stakes from 2005 to 2015 to be elements of the
initial steady-state simulation. On the one hand, the velocities
during this period agree well with the DEMs in 2009 (we did not
obtain data for every stake in 2009 for stake inclination). On the
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other hand, with stable velocities, a stable simulation can be con-
structed to facilitate further simulations.

The velocities varied clearly along different seasons (Fig. 8),
with lower velocities in winter than in the adjacent summers.
Stake P4 featured the fastest flow among the 5 stakes during the
observation period; therefore, stake P4 was chosen to analyse the
ice flow features. There were no observations in the 2012 sum-
mer and 2016/2017 winter; therefore, these two time periods are
not included in Table 4. The largest change was approximately
50% and occurred between the September 2017-May 2018 and
May 2018-September 2018 results.

Except for stake P1, the one-year velocities from September
2016 to September 2017 are as high as the summertime velocities
from June to September 2016 (in Fig. 8). However, before 2016,
the annual velocities were much lower than the summertime ve-
locities. This change suggests that the velocities in the winter
from 2016 to 2017 were much higher than those in previous win-

ters or that the velocities in the summer of 2017 were much high-
er than those in previous summers.

3.4 Ice flow changes under different scenarios

Glacial ice temperature increases in response to changes in
the local climatic environment soon or later. The glacier usually
receives heat from increasingly warm air over long time periods,
so the glacier ice temperature changes after the change in air
temperature.

Suppose the ice temperature increases from -4.0°C to -0.5°C;
then, we can obtain the maximum horizontal ice flow velocity
with steps in 0.5°C increments in Elmer/Ice, while holding the
values of f and E constant at 0.02 and 0.938, respectively (Fig. 9).
The results represent the change in the glacier based on the con-
ditions from 2005 to 2015.
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represent the beginning and ending times of observations, so the

length of the line represents the observation time span. The point on the y-axis corresponding to the line represents the annual

velocity during the observation time span.

Table 3. Velocities and percentage increases

Velocity/(m-a!) Percentage Percentage

Stake 2005-2015 2015-2016 2016-2017 increase!)/% increase®/%
P2 6.45 6.36 7.69 19.2 20.9
P3 8.20 8.58 10.02 22.2 16.8
P4 8.39 9.07 10.98 30.9 21.1
P5 5.95 6.73 8.17 373 21.4

Note: V) Percentage increase between 2005-2015 velocities and 20
and 2016-2017 velocities.

4 Discussion

4.1 Factors for ice flow acceleration in the simulation

Topographic focusing, reduced ice viscosity and basal lubric-
ation account for faster glacier ice flow (Cuffey and Paterson,
2010). Specific topographical features such as lowering bed elev-
ations or narrowing valleys make ice flow faster. Because the to-
pography was fixed in the simulation, we considered only the last
two factors.

The viscosity of ice decreases by a factor of approximately
seven as ice warms from -10°C to 0°C (Cuffey and Paterson,
2010). Therefore, with higher ice temperatures put into the simu-
lation of the glacier, different ice flow velocity fields would ap-
pear. As the penetration of seasonal and long-period changes in
surface temperature can be analysed by heat conduction theory,
and the surface layer is approximately 10 m thick, putting differ-
ent ice temperatures in the simulation was supposed to exagger-

16-2017 velocities; 2) Percentage increase between 2015-2016 velocities

ate the influence of rising air temperature on glacier ice flow.

Fluctuations in surface melting related to basal lubrication
are known to affect the ice flow velocity of glaciers and ice sheets
(Joughin et al., 2008; Shepherd et al., 2009; van de Wal et al., 2008;
Palmer et al., 2011; Bartholomew et al., 2010; Das et al., 2008;
Zwally et al., 2002). It has been widely hypothesized that a warmer
climate may increase the volume of lubricating surface melt-
water reaching the ice-bedrock interface, accelerating ice flow
(Joughin et al., 2008). Interannual variations in ice acceleration
are correlated with variations in the intensity of surface melting,
with larger increases accompanying higher amounts of summer
melting (Zwally et al., 2002).

Correlated with rising air temperature, this simulation quan-
tified the influence of rising ice temperature on the glacier ice
flow in an extreme assumption, and only in that case, can we
conservatively estimate the impact of basal lubrication on the
glacier ice flow.
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Fig. 8. Seasonal velocities of the stakes. Crosses indicate missing observations, so only annual velocities can be calculated during
these time spans (June 2012 to May 2013, and September 2016 to September 2017).

Table 4. Velocity change of the stake P4 velocities between adja-
cent time spans

Time spans Velocity/(m-a1) Velocity change/%
2008/07-2009/04 8.52 -
2009/04-2009/09 9.50 11.5
2009/09-2010/05 7.53 -20.7
2010/05-2010/09 9.29 23.3
2010/09-2011/05 8.06 -13.3
2011/09-2012/06 7.94 -
2013/05-2013/09 9.28 -
2013/09-2014/04 8.32 -10.4
2014/04-2014/09 9.72 16.9
2014/09-2015/04 8.32 -14.4
2015/04-2015/09 8.82 6.0
2015/09-2016/06 8.51 -3.5
2016/06-2016/09 10.57 24.2
2017/09-2018/05 8.54 -
2018/05-2018/09 12.78 49.6

Note: - means the seasonal velocity change in a time span could
not be calculated due to lack of adjacent summer/winter velocity.

4.2 Quantitative analysis of glacier ice flow acceleration
According to Fig. 6a, the mean temperature in 2016 was ap-
proximately 1.5°C higher than that in 2015, causing the ice flow
velocity of Pedersenbreen from September 2016 to September
2017 to be higher than that from September 2015 to September
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~ 8.80 ——— trendline T
E -
t\g‘ 8.40 o y=—0.075 1x*-0.005 6x+9.103
3 e R=0.999 9
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7.60 . . . . . . . )
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Surface ice temperature/°C

Fig. 9. Maximum horizontal ice flow velocities in different scen-
arios with different ice temperatures

2016 (Fig. 7). In this study, Elmer/Ice, as a glacier simulation tool,
facilitates our quantitative analysis of glacier ice flow accelera-
tion in the three scenarios.

When the ice surface temperature increases by 1.5°C, the
maximum horizontal ice flow velocity of Pedersenbreen in-
creases (Fig. 9), and the percentage velocity increase varies with
different temperature interval (AT) (Table 5).

There are differences between the percentage increase in the
simulation results and that of the measured values. In Table 5,
the increase in surface ice temperature could accelerate the gla-
cier ice flow by 0.6%-9.1%, but in Table 3, the velocity of stake P4
(the stake with the highest velocity) increased by a maximum of
21.1% during the 11-year study period. If the glacier ice flow be-
haved as expected based on the glacial conditions from 2005 to
2015, the velocity change in response to increasing temperatures
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should be similar to the simulated results; however, in reality, the
measured and simulated values differ. Therefore, basal lubrica-
tion contributes to the increase in the glacier ice flow velocity.

Normalized to 21.1% (the percentage increase in stake P4 in
Table 3), the glacier ice flow acceleration factors can be quantit-
atively analysed, as shown in Table 6. Under all three scenarios,
softened ice due to increasing temperature accounts for
2.7%-43.0% of the glacier ice flow acceleration, while basal lub-
rication contributes 57.0%-97.3%. Considering that the ice tem-
perature of the glacier Austre Lovénbreen was approximately
-3.0°C at a depth of 14 m in 2009 (Sun et al., 2016) and that a
1.5°C increase in ice temperature is impossible over the same
time period, the temperature-induced softened ice contributed
2.7%-30.5%, while basal lubrication contributed 69.5%-97.3%.
Therefore, the air temperature increase did not directly impact
the ice flow, although indirect processes, such as meltwater pen-
etration, may have had stronger impacts.

4.3 Melt-induced ice flow acceleration

The penetration of surface meltwater to the base of an ice
sheet represents a mechanism for the rapid response to ice flow
to climate change (Das et al., 2008). Enhanced basal sliding can
occur in response to the penetration of surface meltwater to the

Table 5. Velocity changes under different increasing tempera-
ture scenarios

Velocity change/%
Surface ice temperature/°C AT=05C AT=I'C_AT=15°C
-4.0 3.3 6.4 9.1
-3.5 3.0 5.5 7.6
-3.0 2.5 4.5 6.0
-2.5 1.9 3.4 4.4
-2.0 1.5 2.5 3.0
-1.5 1.0 1.6 -
-1.0 0.6 - -

Note: - means not available.

Table 6. Quantification of ice flow acceleration factors
Factor contribution rate/%
AT=0.5°C AT=1°C AT=1.5°C
2.7-15.9 7.4-30.5 14.4-43.0
84.1-97.3 69.5-92.6 57.0-85.6

Ice flow acceleration factor

Softened ice
Basal lubrication

Velocity/(m-a™)
o]

base of the glacier because of the lubrication between the ice and
the bedrock. When surface meltwater reaches the bed in sum-
mer, high water pressure can develop, which reduces basal res-
istance and increases the ice flow velocity (Hewitt, 2013).

How long will it take for melt water to induce the acceleration
of glacier ice flow? For Pedersenbreen, we tried to obtain the an-
swer from data with limited temporal resolution.

The change in velocities was an annual period after the
changes in temperature in Fig. 10. The velocities of stakes P2-P5
decreased from B to C, increased from C to E and then decreased
from E to F. The mean temperature from A to B decreased, in-
creased from B to D, and then decreased from D to E. The high
temperatures in D induced high velocities in E, while the low
temperatures in E induced low velocities in F. Therefore, under
the one-year temporal resolution data, it can be assumed that
there is a one-year time lag between temperature variations and
glacier ice flow velocity variations.

4.3.1 One-year temporal resolution

For the continuity of velocity results of the 5 stakes and the
lack of data in September 2012, we chose velocities of P2-P5
stakes from September 2013 to September 2018 and mean tem-
perature with the same time in Fig. 10 (annual mean temperat-
ure from September 2012 to September 2013 is discussed later).

4.3.2 Less than one-year temporal resolution

Analysing the highest annual velocity from September 2016 to
September 2017, the velocities of the P4 stake around this obser-
vation time period were compared with the mean temperature
from May 2013 to September 2018 (Fig. 11).

The highest 2016/2017 annual velocity was not induced by
temperature in the same observation time period. It has been
discussed in Section 3.3 that the highest 2016/2017 annual velo-
city contains higher velocity in the winter from 2016 to 2017 or
higher velocity in the summer of 2017. However, in Fig. 11, the
two mean temperatures calculated between the September 2016
and September 2017 observations were not as high as the winter
or summer mean temperature before. Focusing on the summer/
winter velocities in Fig. 11, a higher/lower summer/winter velo-
city corresponds with the higher/lower mean summer/winter
temperature the last year. Thus, the high annual velocity must be
influenced by the high temperature from September 2015 to
September 2016.

In the analyses of data with different temporal resolutions, a
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Fig. 10. Annual mean temperature and annual velocities. Dotted lines divide the time series into annual periods from A to F. The
annual mean temperature is the mean temperature in each annual period, and the annual velocities are calculated from the annual
observation data, with the point located at the centre of each observation time interval.
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less than one-year time lag between the change in air temperat-
ure and the change in glacier ice flow velocity is presumed. It
takes time for meltwater to reach the glacier bed and run off the
glacier, and the water sometimes may also refreeze because of a
decrease in temperature. For Pedersenbreen, the glacier surface
meltwater caused by the rising temperature permeated to the
bedrock, intensifying basal sliding and allowing the glacier ice
flow to accelerate in the following year (or less than one year).
Conversely, when the air temperature decreased, the meltwater
production decreased and permeated less to the base.

5 Conclusions

The combination of glacier modelling and in situ measure-
ment is an effective way to quantitatively analyse the contribu-
tion of meltwater to glacier ice flow acceleration. Based on this
method, we found that the 2016/2017 acceleration of Pedersen-
breen ice flow was governed by the increase in subglacial water
in response to rising temperatures. The softened glacier ice
caused by an increase in air temperature (1.5°C) contributed
2.7%-30.5% of the acceleration while basal lubrication, domin-
antly enhanced by meltwater penetrating to the bedrock, contrib-
uted 69.5%-97.3%.

The change in glacier ice flow velocity occurs some time after
the change in the local air temperature. The glacier surface melt-
water caused by increasing temperatures may penetrate through
moulins to the glacier base and enhance the lubrication between
the ice and bedrock, leading to ice flow acceleration. However,
when the temperature decreases, it takes some time for the
englacial water to discharge, eventually reducing the basal slid-
ing and slowing the ice flow. This process explains the time lag
between changes in the local air temperature and changes in the
ice flow velocity. For Pedersenbreen, there is a less than one-year
time lag between a change in the air temperature and a change in
the glacier ice flow velocity.

A change in the temperature influences glacier ice flow, and
even a small glacier can play a role in climate change. In this
study, the clear ice flow acceleration of Pedersenbreen from 2016
to 2017 is one of the simultaneous acceleration events following
the extremely warm winter of 2015/2016 in the Arctic. Therefore,
changes in a small glacier may be closely related to extreme cli-
mate events on a large scale and represent some potential envir-
onmental reactions afterwards.
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