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Introduction

Glaciers, which result from specific climatic conditions, 
are very sensitive to climate change, and many of them 
have retreated to varying degrees in a global warm-
ing context (e.g., Huss et al. 2010; Gardner et al. 2011; 
Małecki  2013; Barnard et al. 2014; Zhang et al. 2014; 
Pérez et al. 2018). Small mountain glaciers and icecaps 
have significant roles in climate and sea-level changes at 
decadal or century scales because of their short response 
times to climate change (Oerlemans & Fortuin 1992). 
Small glaciers also have impacts on river discharge and 
energy exchange within basins (Verbunt et al. 2003). 
Svalbard (10°–35°E, 74°–81°N) is located in close prox-
imity to the warm West Spitsbergen Current (Matul et al. 
2018), and the mass balance of glaciers in the archipelago 
is very sensitive to fluctuations in this current and the cor-
responding climate changes (Xu et al. 2007). At present, 
Svalbard is an international hotspot for glacier research. 
This archipelago has a total area of approximately 59 250 
km2, and more than 57% of this area is covered by more 
than 2100 glaciers (Nuth et al. 2013). Most glaciers in 
Svalbard are polythermal (Jania et al. 1996), and AL is 
a typical polythermal valley glacier based on ice tem-
perature measurements in recent years (Sun et al. 2016). 

AL is located in north-western of Svalbard (Fig. 1). AL 
is 6.2 km from Yellow River Station, China’s first Arctic 
research station, built in July 2004 (Ai, Wang, E, Pang 
et al. 2012). This research station is the base from which 
glaciologists have continuously conducted field observa-
tions of AL since 2005 (Ai et al. 2006).

The glacierized area of Svalbard has decreased by 7% 
over the past 30 years or so, with an average decrease 
rate of –80 km2 a−1 (Nuth et al. 2013). According to Lang 
et al. (2016), the total SMB over all of Svalbard was neg-
ative (–1.6 Gt a−1) from 1979 to 2013. Möller & Kohler 
(2018) researched the glacier mass balance for all of 
Svalbard from 1900 to 2010 and found that the average 
annual mass balance was –2 mm w.e. a–1. Based on the 
time series analysis of high-resolution DEMs, small gla-
ciers in Svalbard have experienced accelerated thinning 
from 1990 to 2005 (James et al. 2012). Since 1990, most 
of the small glaciers in central Spitsbergen, the largest 
island in Svalbard, have been thinning continually at a 
rate higher than the regional average (Małecki 2016). 
Considering the impact of superimposed ice, Zwinger & 
Moore (2009) performed a 53-year simulation of Midtre 
Lovénbreen, a nearby glacier on the west of AL, and pre-
dicted that the glacier tongue would retreat by approxi-
mately 500 m from 1977 to 2030. Through comparative 
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analysis of glacier terrain, another study showed that the 
Pedersenbreen glacier, which is near AL, had experienced 
a marked retreat in 1936, 1990 and 2009 (Ai et al. 2013). 
Similar to nearby studied glaciers in the area, AL experi-
enced a pronounced retreat from 1948 to 2013: the total 
retreat was 1064 ± 20 m in length and 1.82 ± 0.28 km2 in 
area (Marlin et al. 2017). GPS observations indicated that 
the maximum ice-flow velocity along the glacier centre 
line of AL was 3.8 m a–1 from 2005 to 2010 and that the 
mean velocity of all observed stakes was 2.4 m a−1 during 
this period (Ai, Wang, E & Yan 2012).

AL has been the subject of numerous studies that 
have examined the glacier’s mass balance (Xu et al. 2010; 
Marlin et al. 2017), topography (Ai, Wang, E, Pang et al. 
2012; Saintenoy et al. 2013), temperature changes (Sun 
et al. 2016) and motion (Bernard et al. 2011; Ai, Wang, 
E & Yan 2012). However, little research has been done 
on the future evolution of AL, and no scholar has used 
numerical simulation methods to predict the evolution 
and features of the glacier in the future.

In this study, we used an ice-flow model—Elmer/Ice—to 
simulate the future evolution of AL, including the geomet-
ric and physical responses of AL to climate changes during 
its decay under certain climatic scenario to address such 
questions as: How will AL respond to the future climate 
warming? Will AL become extinct? If so, when will it even-
tually disappear?

Materials and methods

Data sources

The data for this study included a surface DEM, a bed-
rock DEM and the surface ice-flow velocity of AL, all 
collected in 2009 (Ai, Wang, E, Pang et al. 2012). Field 
measurements were performed on the glacier using 
real-time kinematic and ground-penetrating radar 
(Ai et al. 2014) by a snowmobile carrying measuring 
instruments. With a Leica GS10 real-time kinematic 
set, kinematic GPS surveying provided the entire sur-
face topography of AL at centimetre-level accuracy. 
The surface DEM was obtained from real-time kine-
matic measurements by natural neighbour interpola-
tion, and the bedrock DEM was provided by subtracting 
the ice thickness obtained by ground-penetrating radar 
from the surface topography. The spatial resolutions of 
both DEMs were 10 m. The surface ice-flow velocity 
was acquired from repeated measurements of stakes 
by double-frequency GPS, which has a positioning 
accuracy better than 1 cm. The surface DEM, bedrock 
DEM and locations of stakes are shown in Fig. 2. The 
maximum ice thickness was 155 m in 2009, and the 
maximum ice velocity (3.8 m a–1) measured by GPS 
along the glacier centre line occurred at point C2 (Ai, 
Wang, E, Pang et al. 2012; Fig. 2a).

Fig. 1  Geographic location of the glacier AL, Svalbard.
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There were three ice-temperature observation points 
located on the glacier centreline, and the ice temperature 
was observed every May and September during 2009–
2011 (Sun et al. 2016). Although the thermal structure 
of AL may be as complex as that of Midtre Lovénbreen 
(Zwinger & Moore 2009), we only use the in situ ice 

temperature observations at these three points to approx-
imately estimate the temperature profile of AL. According 
to the ice temperature observations by Sun et al. (2016), 
the average ice temperature was approximately –3.0 °C at 
a 14-m depth in 2009 and increased linearly with increas-
ing depth, reaching a maximum value of 0 °C (consider 0 
°C as the pressure melting point) at 100-m depth. There-
fore, for the purpose of the ice-flow model, the ice tem-
perature (in Celsius), T, was approximated as follows:
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where d is the depth and T
0
 is the average ice temperature 

at lower boundary of the active layer, which is –3.0 °C at 
a depth of 14 m in 2009. This relationship was assumed 
to be constant over time in the model.

In the IPCC’s fifth assessment report (Collins et al. 
2013), there were four representative concentration path-
ways for greenhouse gases, referred to as RCP2.6, RCP4.5, 
RCP6.0 and RCP8.5. The Arctic region is expected to 
experience varying warming from the end of the 20th 
century to the end of the 21st century; in the report, 
warming is projected under different scenarios: under 
RCP2.6, RCP4.5, RCP6.0 and RCP8.5, the temperature of 
the region will increase by 2.2, 4.2, 5.2 and 8.3 °C, respec-
tively (Collins et al. 2013). Compared with the upper 
(RCP8.5) and the lower (RCP2.6) end of emission path-
ways, the intermediate scenarios RCP4.5 and RCP6.0, rep-
resenting an average increase of 4.7 °C, are more likely to 
occur. Accordingly, during this 100-year period, the Arctic 
is expected to warm by 8.3 °C under the most pessimistic, 
high- emission scenario (RCP8.5), with an average warm-
ing rate of 0.083 °C a−1; most likely, it will warm by 4.7 °C, 
with an average warming rate of 0.047 °C a−1 (the syn-
thesis of RCP6.0 and RCP4.5). Under the most optimistic 
scenario (RCP2.6), the Arctic will warm by 2.2 °C, with an 
average warming rate of 0.022 °C a−1. In consideration of 
the report, three hypothetical future climate scenarios are 
considered in this study: (a) pessimistic scenario in which 
the Arctic will continue to warm rapidly at a rate of 0.083 
°C a−1, (b) a high-probability scenario in which the Arctic 
will continue to warm at a rate of 0.047 °C a−1 and (c) an 
optimistic scenario in which the Arctic will continue to 
warm slowly at a rate of 0.022 °C a−1.

Mass balance model

Glacier mass balance, as an important driver of glacier 
change, is closely related to the climate (Pelto 2018). 
Mass balance usually refers to SMB and may be approxi-
mated using two key parameters: the ELA and the gradi-
ent. The ELA is closely related to air temperature (Zhao 
et al. 2014) and the gradient is the rate of change in 

Fig. 2 (a) Surface, and (b) bedrock DEMs of the glacier AL. The contour inter-

val for both DEMs is 25 m. The spatial distribution of stakes is also shown in (a).
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SMB with elevation. Generally, the SMB increases with 
increasing elevation, which can be extracted from previ-
ous works (Kohler et al. 2007; Välisuo et al. 2017). Xu 
et al. (2010) found a strong linear correlation between 
the SMB of AL and surface elevation during the balance 
year 2005–06. Zhang (2011) found a similar relationship 
between the SMB and surface elevation based on mea-
surements over 2005–2010, reporting a mean gradient of 
1/200 m–1 m a–1 ice equivalent. Hence, the annual SMB at 
different values of surface elevation, Z

S
, can be calculated 

as follows:

 SMB Z Z ELA( )
1

200
( )S S= −  (2)

The unit of SMB is m a−1 ice equivalent. This relation-
ship is assumed to remain unchanged over the entire 
period of glacier simulation.

The ELA of AL in 2009 was ca. 423 m according to the 
data published by the World Glacier Monitoring Service 
(2017). The sensitivity of ELA to change in temperature, 
α, is 90 m/°C, that is, the ELA increases (decreases) 90 
m for every 1 °C increase (decrease) in air temperature 
(Fleming et al. 1997). Since most of the change in ELA is 
attributed to variations in temperature on the peninsula 
of Brøggerhalvøya, north-western Svalbard (Kohler et al. 
2002), we ignore the effect of precipitation on ELA, and 
consider only the effect of temperature on ELA in this 
study. ELA in the ith year starting from 2009 was com-
puted as

 α= + ∆ELA ELA Ti i2009  (3)

where ΔT
i
 is the net temperature change of the ith year 

relative to 2009.

Glacier runoff

Glacier runoff is an important hydrological process 
mainly determined by precipitation and glacial meltwater 
(Xu et al. 2017; Huss & Hock 2018). Currently, AL has 
almost no net accumulation; the yearly glacier runoff can 
also be defined as the sum of annual precipitation and 
ice loss. The annual precipitation in the AL basin can be 
calculated by multiplying the total precipitation (427 mm 
a−1, average for 1981–2010 from the nearby meteorolog-
ical station) (Førland et al. 2011) by the basin area (10 
km2) (Bernard et al. 2013). Considering that annual pre-
cipitation will increase in the future by 5.4% per decade 
according to the linear precipitation trend for 1975–2011 
(Førland et al. 2011) and that the reduction in glacier vol-
ume occurs entirely through transformation into melt-
water, the future basin runoff is estimated as the sum of 
annual precipitation and meltwater. To coincide with our 

yearly simulation, the future precipitation trend is simply 
converted to 0.54% a–1.

Ice-flow model

The glacier is taken as an incompressible fluid with a con-
stant density, and its flow is governed by the Stokes equa-
tions (Zwinger & Moore 2009):

 =uudiv 0  (4)

 τ ρ− + =ggpdiv grad 0  (5)

where u is the ice velocity, t is the deviatoric stress, p is 
the ice pressure, g is the gravitational acceleration and r 
is the ice density.

Assuming the glacier to be an isotropic material, its con-
stitutive equation satisfies Glen’s law (Réveillet et al. 2015):

 τ η ε= ⋅
2 ,  (6)

where ε⋅ is the strain rate, and the effective viscosity h is 
defined as:

 η ε= − ⋅
−

EA
1

2
( ) ,n

n n
1/

e

(1 )/

 (7)

where ε ε=⋅ ⋅
tr( )/ 2e

2 2

 is the square of the second invariant 
of the strain rate, E is the Glen enhancement factor (mea-
sured from 0.06 to 10, usually E = 1) and n is the Glen 
exponent (usually n = 3). A is a rheological parameter 
depending on the ice temperature (in Kelvin) relative to 
the pressure melting point, T’(Greve & Blatter 2009):

 = −A T A e( ') ,Q RT
0

/( )'

 (8)

where A
0
 is the rate factor, Q is the creep activation energy 

and R is the gas constant.
The glacier may be subject to basal sliding due to the 

presence of sub-glacial meltwater. The basal boundary 
condition (Réveillet et al. 2015) can be expressed as 
follows:

 u ,b bτ β=  (9)

where t
b
 is the basal shear stress, b is the basal friction 

parameter and u
b
 is the basal tangential velocity.

The surface elevation Z
S
 at any point (x, y) changes 

with time t following the kinematic boundary condition 
(Zhao et al. 2014):
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where u
x
, u

y
 and u

z
 are the three components of ice-flow 

velocity in the three directions x, y and z, respectively.
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The parameters of the ice-flow model in this study are 
shown in Table 1.

Simulation process

The simulation process consisted of two phases. Ini-
tially, steady-state simulation (diagnostic simulation) 
constrained by GPS data was performed; then, transient 
simulation (prognostic simulation) was performed using 
the steady-state simulation result as initial condition. 
Both phases of simulation are described in the following 
sections.

Ice velocity simulation setup. The basal friction 
parameter b and the Glen enhancement factor E are 
two important parameters in the ice-flow model. In this 
study, the model parameters b and E were obtained by 
comparison between the measured ice-flow velocities 
from GPS and simulated values from multiple steady-
state simulations.

Firstly, a glacier finite element grid was constructed. 
The boundary coordinates of AL in 2009 were input into 
an open-source finite element generator (Gmsh) (Geu-
zaine et al. 2009) using the Northern Hemisphere 33° 
projection of the Universal Transverse Mercator projec-
tion (UTM33N), and the glacier’s two-dimensional plane 
was divided into a network of irregular triangles with 
side lengths of about 50 m (Fig. 3a). Next, the whole gla-
cier was evenly extruded into 15 ice layers (Fig. 3b) with 
the surface and bedrock DEMs as the upper and lower 
boundaries, respectively. Thereafter, steady-state simula-
tion was carried out to obtain glacial physical parameters 
(e.g., velocity field, stress field and pressure field). The 
observation point C2 (Fig. 2a), located on the glacier cen-
treline, was the point of maximum velocity from early 
GPS observations. In this study, the measured velocity at 
C2 was selected as a control quantity to estimate the basal 
friction parameter and the Glen enhancement factor, that 
is, when b took a certain value, E was assigned an appro-
priate value; the combination of b and E was used to 

make simulated ice velocities match well with GPS-mea-
sured velocities at point C2. Based on the above premise, 
by comparing simulated ice velocities of each combina-
tion of b and E with measured velocities along the glacier 
centreline, the best combination with the smallest overall 
deviation was selected as the optimal solution for model 
parameters.

The main purpose of steady-state simulation is to 
obtain the values of b and E. Although there is meltwa-
ter at the base of polythermal glaciers, the amount of 

Table 1 The parameters of the ice-flow model.

Symbol Description Value and unit

r Ice density 910 kg m−3

g Gravitational acceleration 9.81 kg s−2

n Glen exponent 3

A
0

Rate factor

When T ≤ –10 °C 2.89 × 10−13 s−1 Pa−3

when T > –10 °C 2.43 × 10−2 s−1 Pa−3

Q Creep activation energy

when T ≤ –10 °C 60 kJ mol–1

when T > –10 °C 115 kJ mol–1

R Gas constant 8.31 J kg–1 K–1

Fig. 3 (a) Finite element mesh, and (b) vertical stratification of the glacier AL.
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meltwater varies with time and directly affects the basal 
conditions (Werder et al. 2013). Since these are unknown 
for AL, in this study, three basal assumptions are consid-
ered: no sliding, full sliding (the entire glacier base is slid-
ing with a certain velocity) and partial sliding.

Figure 4 and Table 2 show that the simulation results 
for full sliding at the base are closer to the measured val-
ues than those for no sliding at the base. This finding 
indicates that sliding phenomena are expected under cer-
tain areas of AL. However, the simulation results match 
well with the measured values at all stakes except A1, 
when there is full sliding at the glacier base (Fig. 4). The 
measured ice-flow velocity is far less than the simulated 
velocity at stake A1, where the ice thickness is ca. 20 m, 
suggesting that the glacier base is frozen around the mar-
gins of the bed. Therefore, the steady-state simulation 
was performed again, accounting for this effect in places 
where ice thickness is less than 20 m.

In the absence of sliding, the simulated velocities 
match well with the measured values at stake A1 (Fig. 5), 
suggesting that the glacier has a sufficiently cold ice-bed 
interface to prevent basal sliding when the ice thickness 
is less than 20 m. Standard deviation of the difference 

decreases at first and then increases when b is between 
0.01 and 10 000, and the absolute value of the mean dif-
ference has a similar trend (except b = 0.01) (Table 3). 
When b is 0.05 and E is 0.865, the mean value is 0.010 
m a–1, the standard deviation is 0.175 m a–1, and their 
absolute values reach minima as shown in Table 3; thus, 
b of 0.05 and E of 0.865 are the best parameter estimates 
for the model.

Despite the fact that there certainly are spatial and 
temporal variations in the sliding coefficient, they are dif-
ficult to constrain with the given data. Therefore, these 
variations were ignored in this study, and an overall opti-
mal basal friction coefficient was selected and assumed to 
be invariant with time, which simplified the simulation 
process and improved the calculation efficiency. In this 
study, the model parameters of the Elmer/Ice model are 
as follows: E = 0.865 and b = ∞ (when the ice thickness 
is less than 20 m) or b = 0.05 (when the ice thickness is 
greater than or equal to 20 m). Figure 6 shows the error 
graph using these model parameters.

Model uncertainties. Owing to assumptions and sim-
plifications in our model, many factors have impacts on 
the modelling results, such as the constant SMB gradient, 

Fig. 4 Simulation results for the states of no sliding and full sliding at the glacier base. The black line denotes the measured velocities. The grey line 

denotes the simulation results for no sliding, and the other colours denote the results for full sliding.

Table 2 Mean value and standard deviation of the difference between measured and simulated velocities (m a–1) for the states of no sliding and full 

sliding at the glacier base.

Full sliding No sliding

b a 0.04 0.05 0.06 0.07 0.08 0.09 0.10 ∞b

E c 0.667 0.814 0.914 0.987 1.042 1.085 1.120 1.430

Mean value of difference 0.286 0.160 0.074 0.013 –0.034 –0.071 –0.099 –0.375

Standard deviation of difference 0.267 0.216 0.197 0.195 0.199 0.206 0.213 0.334

aThe basal friction parameter (unit: MPa a m-1 ). bThe glacier has no basal sliding. cThe Glen enhancement factor.
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inter-annual mass balance variations, debris cover distri-
bution, insolation of glacier surface, superimposed ice for-
mation and internal accumulation. Estimating the impact 
of each and every factor is extremely difficult, so we used 
a backtracking simulation to verify modelling results with 
measured values.

Using the historical meteorological records ( Førland 
et al. 2011), together with the data of past glacier 
 terrain (Marlin et al. 2017), a backtracking simula-
tion from 1962 to 2009 was performed to verify the 
feasibility of the model. In this simulation, the model 
parameters (b = 0.05, E = 0.865) and the bedrock ter-
rain were assumed to be unchanged in the past 50 years. 
We performed a steady-state simulation under the cli-
matic condition of 1962, and then used this steady-state 
simulation result as initial condition to perform a tran-
sient simulation from 1962 to 2009. The biases of gla-
cier features (area, volume and ice thickness) between 
the measurements and simulation in 2009 were calcu-
lated. These biases can be yearly averaged as the unified 
uncertainty rates in percentage for modelling, which 
can be applied to the future simulation results.

Table 3 Mean values and standard deviation of the difference between measured and simulated velocities (m a–1) for partial sliding at the glacier base.

b a 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

E b 0.037 0.213 0.530 0.732 0.865 0.956 1.023 1.073

Mean value of difference 0.246 0.311 0.216 0.092 0.010 –0.050 –0.092 –0.125

Standard deviation of difference 0.814 0.469 0.267 0.195 0.175 0.176 0.185 0.196

b a 0.09 0.10 0.50 1.00 10 100 1000 10000

E b 1.112 1.143 1.374 1.402 1.427 1.430 1.430 1.430

Mean value of difference –0.152 –0.174 –0.332 –0.353 –0.373 –0.374 –0.375 –0.375

Standard deviation of difference 0.207 0.216 0.308 0.321 0.332 0.334 0.334 0.334

aThe basal friction parameter (unit: MPa a m-1 ). bThe Glen enhancement factor.

Fig. 6 Error graph using the best estimates of model parameters. Black points 

denote horizontal velocities at the stakes depicted in Fig. 2, and blue vertical 

lines represent the errors between the simulated and measured velocities.

Fig. 5 Simulation results for partial sliding at the glacier base.
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With the backtracking simulation from 1962 to 
2009, the biases of area, volume and ice thickness in 
2009 were 3, 14 and 11.5%, respectively. Therefore, 
the uncertainties for the future simulations were set to 
0.06% a–1 for area, 0.3% a–1 for volume and 0.25% a–1 
for ice thickness.

Using the optimized model parameters from the 
steady-state simulation, transient simulations of AL were 
carried out to project the glacier’s future evolution from 
2010. The entire workflow of the glacier modelling is 
shown in Fig. 7.

Results and discussion

Using the optimized model parameters from the steady-
state simulation and taking the steady-state simulated 
results as the initial values, the future evolution of AL 
was simulated under the pessimistic, high-probability and 
optimistic scenarios from 2010 to glacier disappearance. 
The simulation results are as follows.

Glacier ELA and mass change 

Although the glacier ELA varies from year to year, 
predicting its future variation is difficult. Therefore, a 

simplified linear trend was applied for the future ELA 
evolution according to Eqn. 3 such that glacier ELA grad-
ually increases as in Fig. 8a. With increasing ELA,  the 
 glacial accumulation area ratio is quickly reduced to 
zero,  as  shown in Fig. 8a, which means that the gla-
cier is under full melting state from the terminus to the 
head area.

Regarding the mass changes in specific locations, the 
stakes along the centreline (A2, B2, C2, D3, E2 and F as 
shown in Fig. 2a) were chosen to evaluate their time series 
surface changes. Each stake has a decay curve of elevation, 
as shown in Fig. 8b. Generally, the higher the elevation of 
the stake, the longer the ice at stake survives. However, 
the ice thickness at the stake also plays an important role 
in the vanishing of ice at a stake position. For example, 
under the high-probability scenario, stake E2 is at a higher 
elevation than stake D3 but will disappear about four years 
earlier than D3 because of its thinner ice cover.

Glacier volume and area

Under all scenarios, the glacier is in a continuously decreas-
ing state until disappearance (Fig. 9). Glacier volume and 
area decline slowly at first, then rapidly and finally slowly 
again at the end. Under the pessimistic, high-probability, 
and optimistic scenarios, the disappearance periods of AL 

Fig. 7 Flow chart for glacier modelling.
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are 84 years (by 2093), 111 years (by 2120), and 161 years 
(by 2170), respectively. During its decay (from 2009 to its 
demise, the same below), the mean volume loss rates are 
0.0040, 0.0030 and 0.0021 km3 a−1, respectively; and the 
mean area reduction rates are 0.055, 0.042 and 0.029 km2 
a−1, respectively. Note that uncertainty in glacier volume is 
very large in long-term projections.

Compared with the retreat of AL from 1962 to 2013 
(mean volume loss rate: 0.0025 km3 a−1, mean area reduc-
tion rate: 0.026 km2 a−1) (Marlin et al. 2017), the glacier 
will melt quickly in the future. The mean area reduction 
rate of AL is also similar to those of Midtre Lovénbreen 
(0.019 km2 a–1 over 1966–1990) (Moreau et al. 2008) and 
Austre Brøggerbreen (0.025 km2 a−1 over 1936–2010) 
(Tsuji et al. 2016). Outside the Arctic archipelago of 
Svalbard, Grosser Aletschgletscher, a glacier in the Swiss 
Alps, is expected to lose 90% of its present volume by 
the end of the 21st century (Jouvet et al. 2011); Gur-
enhekou glacier in the southern Tibetan Plateau would 
lose 35% of its volume by 2057 under continued steady 
warming (Zhao et al. 2014); the volume loss of Glaciar 

Zongo, a tropical glacier in the Andes, will be 69% by 
2100 under the intermediate scenario RCP6.0 (Réveillet 
et al. 2015). These studies reveal rapid melting trends for 
many mountain glaciers worldwide in the 21st century, 
and many small mountain glaciers will probably disap-
pear in one or two centuries.

The evolution of ice thickness under the three sce-
narios is illustrated in Fig. 10. The retreat rate of the 
glacier terminus is ca. 7.9 m a−1 over 2010–2060 under 
the high-probability scenario. This retreat rate is of the 
same order of magnitude as that of the nearby glacier 
Midtre Lovénbreen (ca. 10 ma−1 from 1977 to 2030) 
(Zwinger & Moore 2009). However, the retreat rate of 
AL is lower than that of Midtre Lovénbreen. This differ-
ence is probably because the snout of AL is more con-
strained and smaller than that of Midtre Lovénbreen for 

Fig. 8 (a) Glacier ELA and accumulation area ratio (AAR) evolution; (b) 

stake elevation change under the high-probability scenario.

Fig. 9 Simulated glacier (a) volume, and (b) area as functions of time in 

the pessimistic, high-probability and optimistic scenarios. The dotted line 

in (a) denotes half the glacier volume in 2009, and the dotted line in (b) 

denotes half the glacier area in 2009.
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their respective modelling periods. To compare with a 
glacier in the southern Tibetan Plateau, the terminus 
retreat rate of Gurenhekou glacier will be ca. 9.1 m a−1 
during 2008–2057 (Zhao et al. 2014), which is compa-
rable with those of small glaciers in Svalbard, for exam-
ple, AL and Midtre Lovénbreen. When the breaking 

between mainstream and east tributary occurs, the 
mainstream will also be separated into two parts under 
the high-probability and pessimistic scenarios, whereas 
the mainstream will be still a whole under the optimis-
tic scenario. By the late decay stage, only a little glacier 
ice remains; the remaining ice covers three regions (the 

Fig. 10 Simulated glacier area and thickness in different years: (i) the 50th year (2060), (ii) disappearance of west tributary, (iii) breaking between main-

stream and east tributary and (iv) the late decay under the (a) optimistic, (b) high-probability and (c) pessimistic scenarios. 
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middle part, the head of the mainstream and the east 
tributary) under high-probability scenario, whereas it 
covers only two regions (the head of the mainstream 
and the east tributary) under the optimistic scenario, 
and another two regions (the middle and head parts) 
under the pessimistic scenario.

Glacier runoff 

The annual precipitation, glacial meltwater and glacial 
runoff are estimated as shown in Fig. 11. Under the 
high-probability scenario, glacier runoff peaks in 2070 
approximately (10.34 × 106 m3 a−1), whereas the run-
off peaks under the pessimistic and optimistic scenarios 
occur in 2057 and 2096, respectively (Fig. 11c). Under 
the high-probability scenario, the yearly runoff increases 
to as much as two times the level of current year (i.e., 
2009). Under the pessimistic scenario, the peak runoff 
will be even larger. Since the uncertainty in the future 
precipitation trend is unknown, the uncertainty in glacial 
runoff is difficult to estimate, so we do not present the 
uncertainty scope in Fig. 11.

The latest research indicates that the total annual 
 runoff from six major glaciers near Ny-Ålesund is about 
0.6 × 108 m3 a−1 in 2010 (Pramanik et al. 2018). AL is 
among the six glaciers which in total cover a glaciated 
area of about 42 km2. Note that the non-glaciated area 
(ca. 75 km2) is also included in this total runoff estima-
tion. The area averaged runoff for the AL basin is ca. 5 × 
106 m3 a−1, which is close to our result for AL in 2010 
(5.5 × 106 m3 a−1).

The increase in runoff may have strong impacts on 
the landforms below the glacier. For example, the sum-
mer runoff lowers the level of the riverbed in the tundra 
area, and larger quantities of sediments are potentially 
transported into the bay, which will probably produce a 
new delta on the shore. The increased runoff also triggers 
potential floods on glacier foreland and raises the risks 
involved in field expeditions.

Conclusions

In this study, the Elmer/Ice ice-flow model was used 
to simulate the future evolution of AL during its decay. 
The modelling process consisted of steady-state simula-
tion and transient simulations. Combining the measured 
velocities from GPS with steady-state simulation, the rel-
evant parameters for the ice-flow model were obtained. 
Using these model parameters, from 2010, transient 
simulations of AL were performed to predict its future 
evolution under three climatic scenarios of pessimism, 
high-probability and optimism.

In all three scenarios, AL eventually disappears. 
Its disappearance time is likely to be 111 years (in the 
high-probability scenario by 2120); the fastest simulated 
disappearance time is 84 years (in the pessimistic scenario 
by 2093), and the slowest is 161 years (in the optimistic 
scenario by 2170). Under the three scenarios, glacier vol-
ume and area will decline slowly at first, then rapidly, and 
finally slowly again at the end. Under the high-probabil-
ity scenario, the mean volume and area loss rates will be 

Fig. 11 (a) Predicted precipitation in the glacier basin as a function of 

time. (b) Simulated glacial meltwater as a function of time in the pessimis-

tic, high-probability and optimistic scenarios. (c) Annual glacial runoff as a 

function of time in the pessimistic, high-probability and optimistic scenar-

ios. The black dashed line denotes the annual precipitation in the glacier 

basin from 2010 to 2170.
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0.0030 km3 a−1 and 0.042 km2 a−1, respectively. Under the 
pessimistic, high-probability and optimistic scenarios, gla-
cial runoff will peak in 2057, 2070 and 2096, respectively. 
The peak runoff will be double the current value under 
the high-probability scenario.

Most glaciers in Svalbard are polythermal glaciers, and 
AL is the representative of this type of glacier. Based on 
the modelling results for AL under three climatic scenar-
ios, other Arctic valley glaciers with similar sizes, eleva-
tions, and the current and projected future conditions 
might be expected to gradually retreat to disappearance. 
This process is an inevitable glacier evolutionary trend 
under current climatic conditions. Notably, although this 
study presents the evolution of AL for three scenarios, 
many parameters are simplified in the ice-flow model. In 
fact, the response of glaciers to climate warming is a com-
plex process. Therefore, continual corrections by more 
in situ data are needed to make glacier predictions more 
accurate in the future.
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