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Abstract. Record-highs of meltwater production at the surface of the Greenland ice sheet have been recorded with a high

recurrence over the last decades. Those melt seasons with longer durations, larger intensities, or with both increased length

and melt intensity have a direct impact on the surface mass balance of the ice sheet and on its contribution to sea level rise.

Moreover, the surface melt also affects the ice dynamics through the meltwater lubrication feedback. It is still not clear how

the meltwater lubrication feedback impacts the long term ice velocities on the Greenland ice sheet. Here we take a modelling5

approach with simplified ice sheet geometry and climate forcings to investigate in more detail the impacts of the changing

characteristics of the melt season on ice dynamics. We model the ice dynamics through the coupling of the Double Continuum

(DoCo) subglacial hydrology model with a shallow shelf approximation for the ice dynamics in the Ice-sheet and Sea-level

System Model (ISSM). The climate forcing is generated from the ERA5 dataset to allow the length and intensity of the melt

season to be varied in a comparable range of values. Our simulations present different behaviours between the lower and higher10

part of the glacier but overall, a longer melt season will yield a faster glacier for a given runoff value. However, an increase

in the intensity of the melt season, even under increasing runoff, tends to reduce glacier velocities. Those results emphasise

the complexity of the meltwater lubrication feedback and urge us to use subglacial drainage models with both inefficient and

efficient drainage components to give an accurate assessment of its impact on the overall dynamics of the Greenland Ice sheet.

1 Introduction15

Since the 2000’s a large number of studies have pointed towards large increases in the amount of melt recorded at the surface

of the Greenland ice sheet (e.g. Steffen et al., 2004; Mote, 2007; Hanna et al., 2008) which is reflected by the observation of

four record-high melt over Greenland in this 22 years period (Nghiem et al., 2005; Mote, 2007; Mernild et al., 2009; Tedesco

et al., 2011, 2013a; Tedesco and Fettweis, 2020). Ahlstrøm et al. (2017) identified that a shift in the runoff regime in southwest

Greenland took place in 2003 with an 80% increase in runoff for the following decade compared to the period 1976-2002.20

The changes in the melt season are clearly observed in the distribution of the melt (Zwally et al., 2011; Sasgen et al., 2012)

culminating in the 2012 season when the whole surface of the Greenland ice sheet experienced melt at some point during the

year (Nghiem et al., 2012; Tedesco et al., 2013a). But even if it is less visible, the length of the melt season has also been

increasing since the late 1970s (Colosio et al., 2021) and that lengthening has a large impact on the overall melt of the ice
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sheet, this has been clearly pointed out during the exceptionally long 2010 melt season which lead to a large amount of total25

melt (Tedesco et al., 2011).

These changes in the intensity and length of the melt season encourage us to investigate the effect of these changes on the

overall mass balance and flow of the ice sheet. To study the impact of surface melt on ice dynamics, we have coupled the

Double Continuum (DoCo) subglacial hydrology model to the ice flow model in the Ice-sheet and Sea-level System Model

(ISSM Larour et al., 2012). Studies on alpine glaciers, as well as larger ice sheets, have shown that the meltwater produced30

at the surface of the ice is routed supraglacialy and englacialy to reach the base of those glaciers (e.g. Seaberg et al., 1988;

Catania et al., 2008; Smith et al., 2015). Once in the subglacial drainage system, these amounts of water have the potential to

alter the water pressure at the base of the ice which is a major driver of glacier sliding (e.g. Iken, 1981; Harper et al., 2007;

Sole et al., 2011; Vincent and Moreau, 2016). A large water pressure will trigger a high sliding velocity, while a lower pressure

will lead to a relatively slower glacier (e.g. Bindschadler, 1983). But the complexity of the subglacial drainage system, and the35

fact that it can evolve depending on the volume of water that is available, means that increasing volume of meltwater would not

necessarily lead to a constant increase in water pressure and glacier speed (Sole et al., 2013; Tedstone et al., 2015). Increasing

water recharge into the subglacial drainage system will lead to an increase in the subglacial pressure until the drainage system

reaches a tipping point and reorganises itself in a more efficient configuration (Walder and Fowler, 1994; Gordon et al., 1998;

Mair et al., 2002). At this point, the more efficient drainage system will allow the provided water to drain at a much lower40

pressure and as such will trigger a deceleration of the overlying glacier (e.g. Anderson et al., 2004; Schoof, 2010).

This threshold behaviour leads to seemingly opposed results of an increase in meltwater availability that can be observed in

western Greenland: (i) at high elevations, the larger amount of water routed to the inefficient drainage system at the bed of the

glacier will increase the subglacial water pressure and lead to faster glaciers (e.g. Zwally et al., 2002; Doyle et al., 2014) but,

(ii) at lower elevations, the increased water supply could lead to the prevalence of a more efficient drainage system, leading to45

lower water pressure in the subglacial environment and a slower ice flow (e.g. Sundal et al., 2011; Sole et al., 2013; Tedstone

et al., 2015).

A few observations and modelling studies have confirmed that these different behaviours are linked to the elevation of the

measurement and the main subglacial drainage mode (efficient or inefficient) at this location (Bartholomew et al., 2010; van de

Wal et al., 2015; de Fleurian et al., 2016). The complexity of the meltwater lubrication feedback hampers its inclusion in50

Greenland’s mass balance projections. The few model simulations that have taken this feedback into account (Shannon et al.,

2013; Fürst et al., 2015) implemented a direct link between meltwater availability and ice velocity. Those simulations however

do not take into account the spatial discrepancies that are observed and the use of those simple run-off/velocity relationships are

questionable (Truffer et al., 2005). Gagliardini and Werder (2018) used a coupled subglacial hydrology model and ice dynamic

model to investigate the response of a glacier in a 40 year simulation. Their simulations focused on the effect of an increase in55

the intensity of the melt season while keeping its duration constant. It is however unclear if both those factors – melt season

length and amplitude – have the same impact on the subglacial drainage system and glacier velocities. The present study focuses

on shorter time scales to provide an answer to this question and a better understanding of the meltwater lubrication feedback

mechanisms. An improved treatment of this feedback is indeed crucial as the recent study of Gagliardini and Werder (2018)
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showed that it could account for a volume loss significantly higher than what was estimated from the simple parameterisation60

of Shannon et al. (2013); Fürst et al. (2015). We can note also that the effect of channelisation of the subglacial drainage system

has other implications for the evolution of the ice sheet such as the frontal ablation of ocean terminating glaciers or subglacial

erosion for example (Slater et al., 2015; Ugelvig et al., 2018)

We will first give an overview of the components of the model which are specific to this study before describing in more

details the set-up and forcing that are used in the study. We then focus on the results from the reference simulation which give65

us the opportunity to assess the behaviour of the system before the impact of the different forcings are presented. Finally we

give a broader interpretation of the results of our experiments in light of recent findings on the meltwater lubrication feedback.

2 Methods

2.1 Model

In order to investigate the impact of meltwater availability on ice dynamics we perform coupled subglacial hydrology and70

ice dynamics simulations within the Ice-sheet and Sea-level System Model (ISSM Larour et al., 2012). Within the ISSM,

the ice flow is treated following the Shallow Shelf Approximation (SSA) (Morland, 1987; MacAyeal, 1989). The choice of

this approximation is motivated by a need to run on relatively short time-steps, and so it is necessary to have a relatively

computationally-cheap ice flow model. Since our interest is in the sliding of the glacier (rather than its deformation) SSA is

well suited. The lubrication feedback and the impact of subglacial water on ice flow dynamics depends on the choice of the75

sliding law linking the ice dynamics to the subglacial hydrology. Here we use a non-linear friction law as described by Schoof

(2005) and Gagliardini et al. (2007) which links sliding velocities (ub) and basal shear stress (τb):

τb +
CN |ub|(1/n−1)

(|ub|+CnNnAs)
(1/n)

ub = 0. (1)

Where the parameters As and C are the sliding parameter in the absence of cavities and Iken’s bound parameter respectively

while n is the rheological exponent in Glen’s flow law. Iken’s bound (Iken, 1981) represent the maximum value that can be80

taken by τb/N and is only determined by the maximum up-slope of the bed. N is the effective pressure which is produced

by the subglacial hydrology model in response to the surface melt forcing and corresponds to the difference between the ice

overburden pressure Pi and the water pressure at the bed Pw. The subglacial hydrology model used is the Double Continuum

(DoCo) approach as described in de Fleurian et al. (2016). This model is based on a double sediment layer system. In both

layers, the water head hj is computed from a vertically integrated diffusion equation:85

Sj
∂hj
∂t
−∇ · (Kjej∇hj) =Qj , (2)

The water head depends on the water input (Qj) and the characteristics of the layer such as its conductivity (Kj), storing

coefficient (Sj) and thickness (ej) In this model, the layer representing the inefficient drainage system (IDS, for which subscript

j = s) has a low conductivity (Ks) and fixed thickness (es). The other layer however (with j = e), represents an efficient

drainage system (EDS) with higher conductivity (Ke) which is only activated when the local effective pressure is equal to 0.90
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Once activated, the thickness (ee) of this EDS evolves from its initial thickness following equations describing the size of

subglacial channels (Röthlisberger, 1972; Nye, 1976) and scaled to take into account the specific geometry of the EDS.

∂ee
∂t

=
gρweeKe

ρiL
(∇he)2− 2An−nNnee. (3)

The first term of the equation represents the growth of the efficient system by the melting of ice walls through the heat

generated by dissipation, where ρw and ρi are the densities of freshwater and ice, Ke and ee the conductivity and thickness of95

the EDS he the water head in the EDS and finally L the latent heat of fusion of ice. The second term represents the closing

of the system through ice creep where A and n are Glen’s parameter and exponent. As the pressure in the EDS decreases, it

will get thinner until the point where its transmitivity (Te =Ke× ee) is lower than that of the IDS at which point the EDS is

deactivated.

The treatment of the water input Qj depends on which of the systems is dealt with. The IDS receives water from a specified100

forcing, whereas the EDS only receives water from a transfer term computed between the two system.

Qs =Q−Qt, and Qe =Qt, (4)

The water input Q is the sum of the applied surface melt provided by the surface mass balance model described in section 2.3

and a basal melt contribution that is here generated by a constant geothermal heat flux of 0.063Wm−2. The input to the EDS

is due to the transfer of water between layers (Qt) which depends on the difference of the two layers water heads such as:105

Qt = γ(hs−he), (5)

with γ the leakage time defining the efficiency of the transfer between the two systems.

Finally, the water pressure required to compute the effective pressure is computed from the water head in the IDS as follows:

Pw = hw ∗ ρwg, (6)110

Where the reference datum for the water head is the mean sea level.

The parameters of the model are given in Table 1, and detailed information about the model can be found in de Fleurian

et al. (2016) and de Fleurian et al. (2014).

One challenge when running a coupled ice-flow subglacial hydrology model is that the two systems are responding on

different timescales. The subglacial hydrology model needs short time-steps to achieve stability and provide reliable results115

while the ice flow model can run on a longer time-step, which saves on computing time. In this study we used a 15 minutes time-

step for the hydrology model and a one hour stepping for the ice flow model. Testing of a number of different options showed

that this specific combination of time-steps gave consistent results while keeping the computational cost at a manageable level.

The management of the different time-steps for the coupling is performed through the averaging of the effective pressure over

the length of the ice flow time-step and the averaged effective pressure is then used to compute the flow. The geometry of120
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Table 1. Values of the model parameters.

Symbol Parameter Value

es IDS thickness 20 m

ee EDS initial thickness 5.0× 10−3 m

Ks IDS conductivity 2.0× 10−3 ms−1

Ke EDS conductivity 9.0× 101 ms−1

ω porosity 0.4

γ leakage time 1.0× 10−9 s−1

As Sliding Parameter 3.2× 10−21 mPa−3s−1

C Iken’s Bound 0.35

ρw water density 1,000 kgm−3

ρi ice density 910 kgm−3

g gravitational acceleration 9.8 ms−2

L latent heat of fusion for the ice 3.34× 105 Jkg−1

A Glen’s flow law parameter 6.34× 10−25 Pa−1s−1

n Glen’s flow law exponent 3

µ water viscosity 1.78× 10−3 Nsm−2

βw water compressibility 5.0× 10−10 Pa−1

the ice model needed as an input to the hydrology model is then kept fixed for the four sub-steps of the subglacial hydrology

model.

2.2 Geometry and spin-up

The geometry of the system presented on Fig. 1 is kept as simple as possible in order to obtain a consistent response to applied

perturbations. The domain on which the simulations are performed is a synthetic representation of a land terminating ice sheet125

margin. The glacier is 150 km long and 20 km wide with a flat bedrock of elevation zb = 465 m and an initial surface elevation

zs defined by a parabolic function:

zs(x,y) = 4.5×
√
x+ 4000 + 186 (7)

The basal elevation zb has been chosen to be more representative of the elevation at the front of southwestern Greenland

glaciers.130

The parabolic function is chosen such that it resembles the topography of West Greenland as used.From this geometry, a

long spin-up is run to achieve stability of the different components of the system. This involved an offline coupling of the

ice sheet model where the surface mass balance was given by the reference forcing described in Sect. 2.3 and the subglacial
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Figure 1. Initial parabolic geometry in grey in the background and final geometry after spin-up. The colour represent the mean annual

velocities at the end of the spin-up simulation. The inset shows the shape of the temperature forcing used and the different parameters which

impact are studied.

hydrology model. A relatively stable state with only a small volume loss (0.01% per year) was attained after roughly 5000

years of simulation. This final state is then used for all the perturbation simulations.135

2.3 Forcing

Here we take an idealised forcing using the method first described by Hewitt (2013). In this formulation the temperature is first

defined at a reference height using the equation:

Tref (t) =
rm
∆m
×
(

1

2
tanh

(
t− tspr

∆t

)
− 1

2
tanh

(
t− (tspr + ∆m

∆t

))
(8)

where140

Tref is the temperature at the reference elevation of 465 m at the front of the glacier [° C].

∆m is the length of the melt season [days].

rm is the positive degree day at the reference elevation [° Cdays].

tspr is the beginning of the melt season (day 100)

∆t is the length of the initiation of the melt season [days].145

The runoff itself is then computed using a given lapse rate

r(s, t) = max{0,Tref (t)× (zs− 465)× rs}× ddf (9)

where rs is the lapse rate in ° Km−1, ddf is the degree day factor or conversion rate from temperature to runoff.
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Table 2. Values of the different parameters used in the perturbation experiments

Parameter
low

value
reference

value
high
value

∆m [days] 109 141 173

rm/∆m [° C] 5.40 5.85 6.47

∆t [days] 5 10 15

For the simulations with reference PDD, rm/∆m values

for the long and short initiation are respectively 5.96 and

5.74° C

The three parameters of this model that we chose to test the sensitivity are the length of the melt season (∆m), the PDD at

the reference elevation (rm), and the length of the initiation (∆t) as shown on the inset of Fig. 1. We use the ERA5 reanalysis150

data to derive a realistic positive degree day (PDD), season length and lapse rate for our model (Hersbach et al., 2020). First

we extracted the daily surface air temperature from 1979 to 2018 for south-western Greenland at a fixed latitude and for a

longitude band going from close to the coast (465 m above sea level) to near the highest point of the land at 2256 m above

sea level (67° N, 45–50° W). To calculate the length of melt season for each year we smoothed the daily temperatures using a

15-day midpoint running mean. This smoothing was applied to avoid creating anomalously long melt seasons due to a single155

day of high temperatures occurring far outside of the rest of the melt season of a given year. The length of the melt season was

then calculated using the first and the last day of the year with daily-mean temperatures greater than 0° C. The lapse rate for

each day was calculated by taking the gradient of a least-squares linear regression of temperature against elevation across the

domain. The daily lapse rate was then averaged for the every day where the temperature was above 0° C at at least one grid

point, to obtain a typical lapse rate for the melt season. To calculate the positive degree days (PDD) for each year we simply160

summed the positive temperatures in Celsius over all n levels of the ERA5 reanalysis data within our domain:

PDD =

n∑
s=1

max(0,T (s)) (10)

This procedure gave us a single representative value for the PDD, length of the melt season, and the typical lapse rate for each

year from 1979-2018. We then fit a normal distribution to the values for all years to determine the mean and standard deviation

(SD) of the inter-annual variability in each of these variables. These were used to define low (mean-SD), medium (mean), and165

high (mean+SD) values for our sensitivity studies. We also tested the steepness of the temperature variation at the beginning

and end of the melt season, which is controlled by the parameter ∆t and called initiation further on in the manuscript (Fig. 1).

Since this cannot be derived from ERA5 data we instead chose these values pragmatically to create a spread of reasonable

seasonal cycles. The different initiation and melt season length are given in Table 2. The value for rm is presented there with

the ratio rm/∆m which represent the maximum temperature at the reference elevation. With those temperatures, the melt area170

extends up to 1270 m of altitude for the reference melt intensity and respectively 1209 m and 1355 m for the low and high

melt intensity simulations.
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Regardless of the length of the melt season we define the summer as the period between days 100 (tspr, April 10th) and 241

(tspr + ∆m) for the reference simulation, August 29th of the simulation.

2.4 Statistics175

Due to the non linearity of the friction law, combined with the threshold present in the activation of the EDS system, the model

results have a significant spread for similar simulations. To extract the characteristic evolution of the system we perform an

ensemble of simulations for each parameter set. Each ensemble contains 100 simulations which only differ in their starting

time which is shifted 1 minute for each simulation. This sampling allows us to get similar simulations while still keeping the

natural variability of the model. The different starting time leads to every simulation having results on slightly different time-180

steps. To remedy this problem, and to ensure that the results are not shifted in time, all the simulations are synchronised on the

same time-steps through linear interpolation before any further analysis. The distribution of the simulations that are produced

through this procedure do not yield a normal distribution as seen on Fig. 2. To overcome this distribution issue, we decided to

use the Wilcoxon signed-rank test to investigate the difference of every parameter set to the reference simulation. We use a non

parametric Wilcoxon signed-rank test to assess the differences between the reference simulation and the perturbed simulation185

and test if the perturbations lead to significant differences in the response of the model. Every time that the differences from

one simulation with respect to the reference is said to be significant (Table 3 to 6) it means that the null hypothesis of the

Wilcoxon signed-rank test (the median of the differences is zero) is rejected with a 99% confidence level.

3 Results

3.1 Reference Simulation190

The reference simulation uses the medium value for the length and intensity of the melt season, as well as a 10 day period

for the initiation of the melt season as reported in Table 2. Figure 2 shows the evolution of the mean runoff, ice velocity and

effective pressure together with the point of highest active EDS throughout the simulations. The highest active-EDS point

corresponds to the surface elevation of the farthest inland location where the EDS is active at any time in the simulation. This

variable is a good indicator of both the spread of the EDS but also of the dynamics of its development and collapse throughout195

the seasons.

On this figure we show each individual simulation as a grey line and the mean value of the ensemble is represented by the

thick black line. The general evolution of the mean velocities on the whole domain is similar for every year of the simulation

as shown on Fig. 2b. The first year of the simulation shows a slightly lower spring speed-up event which is related to the

relaxation of the geometry from the spin-up. In the following we will focus on the second year of the simulation which is200

the one that was perturbed for the sensitivity experiments. As the melt season starts (yellow shaded regions of Fig. 2) runoff

increases, building up basal water pressure under the ice and triggering a drop in effective pressure leading to a sharp speed

up of the glacier. The decrease in the effective pressure (Fig. 2c) slows down as the efficient drainage system develops and it
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Figure 2. Evolution of the surface runoff (a), ice velocity (b), effective pressure (c) and highest active efficient drainage system node (d). All

panels show spatial means over the whole domain. The yellow shading represent the summer period while every grey line corresponds to one

member of the ensemble of simulations and the black thick line represent the median of the ensemble.

drains higher regions of the glacier (Fig. 2d). The velocities then quickly subside as the efficient drainage system develops in

the lower part of the glacier and extends upstream. After this first speed-up event, the velocities tend to stabilise to a lower205

level with each simulation showing some later velocity spikes which tend to occur more often at the end of the melt season.

These higher velocities are due to the continuous lowering of the effective pressure throughout the melt season. These spikes

are linked to a secondary reduction in the effective pressure which happens when the EDS is fully developed and so the water

going into the system tends to overload this system. These accelerations have been observed in Greenland where it is usually

linked to more important melt or rainfall events after the development of an efficient drainage system (e.g. Cowton et al., 2013;210

Doyle et al., 2015; van de Wal et al., 2015). We will further refer to this late acceleration phase as the autumn acceleration. At

the end of the melt season, the drop in runoff leads to a fast increase in the effective pressure which goes back to its winter

level.

The evolution of the mean variables over the whole glacier are however not representative of their local evolution. In Fig. 3

we show the evolution of the velocity and effective pressure at four different altitudes on the domain. These figures show two215

main behaviours for those two variables. The lowest part of the glacier, closer to the front (at 465 m of altitude), is characterised

by a strong spring speed-up (Fig. 3b-c), whereas the higher region of the domain shows a more gradual increase of velocities

throughout the melt season (Fig. 3d-e). These different responses in velocity are driven by the effective pressure at the base

of the glacier. At the lower elevations (Fig. 3g-h), the effective pressure shows a sudden drop at the beginning of the melt
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Figure 3. Evolution of the velocity (a-e) and effective pressure (f-j) for the second year of the simulation. The different columns present

values at different altitudes and the mean value on the domain is given for reference. The black dashed line shows the runoff at each elevation

on the right axis, the range of the left axis (for velocity and effective pressure) varies in the different panels. The yellow shading represents

the summer as defined in Sect. 2.3

season followed by a quick rebound when the efficient drainage system activates, which drives the spring speed-up event. At220

higher elevations (Fig. 3i) the decrease in effective pressure is more gradual and it does not reach values low enough to trigger

a spring speed-up event or lead to the activation of the efficient drainage system. Even higher up on the glacier the effective

pressure is driven by downstream activity as there is no runoff at these elevations. As a result, the effective pressure shows very

small variations which get more and more out of phase with the melt season as we go higher up the glacier (Fig. 3j). At the

lower elevations (Fig. 3g-h) and at the end of the melt season, we see an overshoot of the effective pressure winter values as225

the subglacial drainage capacity is higher than the recharge at this time. We will in the following use the acceleration of the

glacier as a reference metric to define the elevation at which the glacier shifts from the spring speed-up driven velocity pattern

to the more gradual one. This shift in behaviour, corresponds to the maximum elevation at which a spring speed-up is observed

(SSUmax). The threshold to define SSUmax is set from the reference simulation ensemble as the altitude at which the glacier

acceleration at the beginning of the melt season drops under 20 ma−1d−1 which is shown by the white line on all panels of230

Fig. 4. In the reference simulation, SSUmax is encountered at 1058 m and throughout the different simulations its elevation

varies between 1000 and 1150 m.

We can also observe the two different behaviours of the system in Fig. 4. Here we see that the fast spring speed-up is confined

below the SSUmax elevation (white line on all panels) as expected from its definition (Fig. 4b). The EDS transmitivity (Fig. 4d)

is a proxy for the capacity of the subglacial drainage system to drain water. The white region corresponds to periods where the235

EDS is not active, while the higher values indicate a highly developed and efficient system. The lowering of the transmitivity at

the end of the melt season shows how a drop in water pressure leads to the contraction of the EDS and ultimately to its collapse

and deactivation. From the EDS transmitivity we can define the maximum altitude at which the EDS is activated (EDSmax).

EDSmax is slightly higher than SSUmax and is the effective boundary between the lower part of the glacier where the effective
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Figure 4. Evolution of the velocity (b), effective pressure (c) and efficient drainage system transmitivity (d) binned in 50m elevation bands.

The runoff is given in panel (a) for reference. The white line across panels (b) to (d) represents SSUmax as defined in Sect. 3.1, The black

line across panels (b) to (d) represents the maximum altitude at which the EDS is activated (EDSmax).

pressure is mostly controlled by the efficient drainage system, and the upper part of the glacier where the effective pressure240

evolution shows more gradual evolution in line with the weaker conductivity of the inefficient drainage system.

3.2 Melt Season Length Forcing

We first investigate the effect that a shorter or longer melt season has on the glacier’s velocities. For this set of simulations, we

wish to investigate the effect of changes in the melt season length, independent of changes in the integrated melt volume, so

we vary the melt intensity inversely with the melt season length. This choice allows to compare both length and intensity of the245

melt season and investigate which parameter has the stronger effect on the glacier’s velocity. In Sec. 3.3 we will present more

details about the specific impact of a change in melt intensity or melt season length when they are applied separately. Figure 5

presents the comparison between the reference simulation (grey), the long and low intensity melt season (red) and the short

and high intensity melt season (blue) is shown for two different altitudes.

Starting with the velocities we see quite different evolution for the long and short melt seasons with a distinct evolution250

above and bellow the SSUmax elevation. We must note here that SSUmax also varies with the different forcing ranging from

996 m for the longest melt season to 1100 m for the shortest one as reported in Table 3. At low elevation, the shorter and

more intense melt season leads to a sharper, shorter lived, but also more intense spring speed-up (Fig. 5a). This differs with
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Figure 5. Evolution of the velocity (a-b), effective pressure (c-d) and efficient drainage system transmitivity (e-f) at two different altitudes.

Evolution of the maximum height of the active EDS (g). Every panel shows the reference simulation in grey, the longer lower intensity melt

season in red and the shorter higher intensity melt season in blue. The same colour scheme is used for the runoffs which are shown as dashed

lines and are referenced on the right axis. The yellow shading correspond to the fixed duration summer as defined in Sect. 2.3

the evolution modelled for the longer melt season where the spring speed-up is less marked initially and followed by a second

acceleration event. Contrasting with that, the end of the melt season and the beginning of winter show an acceleration for some255

of the simulations forced by the long melt season as seen by the red shading on Fig. 5a whereas the early shutdown of the

short melt season leads to slow velocities at the end of summer with no simulations showing re-acceleration at this time. At

1215 m, which is above SSUmax for all simulations, the velocity evolution is quite different. While the reference simulation
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only showed a small increase in velocities, there is quite a large acceleration for the intense melt season with some simulations

showing high velocities throughout the melt period. This contrasts with the reference simulation where there was no speed-up260

at the initiation of the melt season but a more gradual build-up of velocities until the glacier reached its maximum velocities at

the end of the melt season. At the other end of the spectrum, the long but less intense melt season leads to smaller velocities

than the reference at the beginning of the melt season but this low acceleration is sustained throughout the melt period. The

differences that are observed in the velocity evolution for the different altitudes and melt season length are explained by the

evolution of the effective pressure which is tightly linked to the efficiency of the draining system. Below SSUmax, the effective265

pressure shows a drop early in the melt season for both the perturbed scenarios. However, the effective pressure recovers faster

for the shorter (and more intense) melt season where it quickly rebounds to a summer value plateau. This contrasts with the

long melt season where the summer plateau is reached later and not after a second reduction in effective pressure, due to the

second acceleration event. The EDS transmitivity is responsible for these dynamics, whereby the higher intensity of the shorter

melt season allows the glacier to quickly develop a very efficient subglacial draining system which enables a fast rebound of270

the effective pressure. The greater efficiency of the EDS for the short melt season is also apparent in the EDSmax evolution

(Fig. 5g) where the shorter melt season leads to a faster development of the EDS towards higher elevations than the one

reached in simulations with longer melt seasons. We note also that with a more developed efficient drainage system (Fig. 5e)

the overshoot which is observed at the end of the melt season (Fig. 5c) is more marked with the highest overshoot observed for

the more intense melt season. This overshoot leads to the lowest velocities being reached just at the end of the melt season and275

the ice flow then accelerates throughout the winter.

At higher elevations, the changes in the length and intensity of the melt season leads to contrasting evolution for the effective

pressure. For the short melt season, the response is similar to the one that was observed at lower elevation. Indeed, at this

elevation the runoff is quite substantial leading to the rapid decrease of the effective pressure at the beginning of the melt

season. The effective pressure then reaches values that are low enough to activate the EDS as seen in Fig. 5f-g, which in turn280

drives the strong increase in effective pressure. In terms of velocities, the variations in effective pressure drive a fast flow at the

beginning of the melt season which quickly subsides. The reference and longer melt season show quite a different behaviour

regarding their effective pressure. For those simulations, the runoff at this altitude is too low to trigger the activation of the

EDS. This leads to a gradual decrease of the effective pressure throughout the melt season which only increases again when

the melt season ends. This pressure evolution induces moderate summer velocities that last throughout the melt season.285

Table 3 summarises the impact of the length of the melt season on the dynamics of the glacier. The shorter and more intense

melt season shows a significant reduction in the overall glacier velocity which is mostly driven by a reduction of the summer

velocities below the SSUmax altitude (1071 m in this case). In the case of the long melt season, the acceleration of the glacier

is mostly driven by the summer acceleration of the lowest parts of the glacier. There is a slight deceleration at higher elevations

but that is not sufficient to offset the doubling of the mean summer velocities that is observed during summer at the lowest290

elevations. The winter mean velocities of the longer melt season experiments are somewhat deceiving as the longer melt season

means that part of the melt is now happening during the so called winter. Coming back to Fig. 5a it is clear that the winter

velocities in this case are significantly lower than in the other simulations, which is in line with the behaviour shown by Sole
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Table 3. Velocity difference to the reference simulation for different melt season length and intensity. The values in bold fonts are the

simulations for which the difference with respect to the reference simulation is significant as per a Wilcoxon on test with p=0.01. The

summer and winter are defined as fixed periods with summer starting on day 100 and ending on day 241 while winter covers the rest of the

year.

Annual
mean

Summer
Mean

Winter
Mean

Shorter
melt season

higher intensity

SSUmax = 1071 m
EDSmax = 1251 m

domain -4.13% -7.77% -0.17%

715 m -6.55% -12.13% 0.03%

965 m -3.23% -6.75% -0.32%

1215 m -0.02% 0.36% -0.34%

1465 m 0.15% 0.26% 0.09%

Longer
melt season

lower intensity

SSUmax = 1003 m
EDSmax = 1123 m

domain 20.98% 32.55% 9.55%

715 m 66.13% 115.12% 5.14%

965 m 7.54% 10.71% 5.50%

1215 m -1.38% -5.02% 1.39%

1465 m -0.04% -0.12% 0.00%

et al. (2013) in southwest Greenland. It is interesting to note here the reversed pattern in the velocity variations with the altitude,

where the shorter and more intense melt season leads to a slower glacier at low elevation and faster at higher elevations where295

the reversed response is observed for a longer, less intense melt season. In both cases however it is the summer velocities at

low elevations which are driving the changes in the annual velocities of the glacier.

3.3 Intensity vs length

In order to discriminate between intensity and length of the melt season we release the requirement that the runoff must be

equal in all simulations. First we run a series of experiments with the same intensity but in which the length of the melt season300

varies (Fig. 6). Second, we keep the melt season length fixed, but vary the intensity (Fig. 7).

As expected the evolution at the beginning of the melt season of those experiments is very similar as they are all experiencing

the same forcing. The simulations start to differ at the point when the short melt season ends. At this time, the effective pressure

for this simulation goes back to its winter level with a slight overshoot (Fig. 6c). This timing also coincides with a period during

which the effective pressure of the two longer melt seasons are dropping again. This decrease seems to be due to the efficiency305

of the drainage system reaching a maximum before slowly decreasing and driving the effective pressure down (Fig. 6e). The

effect of this effective pressure decline is transferred to the ice velocities where we see an accelerating trend at the end of

summer for the simulations with the longer melt seasons (Fig. 6a). At higher elevations the overall behaviour of the glacier

is not strongly impacted by the change in melt season length. Whereas at lower elevations, when the simulation with the

shortest melt season finishes the melt season the effective pressure goes back to its winter levels, while the simulations with310
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Figure 6. Evolution of the velocity (a-b), effective pressure (c-d) and efficient drainage system transmitivity (e-f) at two different altitudes.

Evolution of the maximum height of the active EDS (g). Every panel shows the reference simulation in grey, the longer melt season in red

and the shorter melt season in blue. The same colour scheme is used for the runoffs which are shown as dashed lines and are referenced on

the right axis. The yellow shading correspond to the fixed duration summer as defined in Sect. 2.3

longer melt seasons have a continued decrease of the effective pressure (Fig. 6d). In terms of velocity, only the duration of the

summer acceleration is significantly different under different forcings, with a mean summer velocity that is comparable for all

simulations (Fig. 6b). However, while the median summer velocity is similar for all simulations, individual ensemble members

with large acceleration events late in the melt season are more common in the longer melt season.
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Table 4. Velocity difference to the reference simulation for different melt season length and reference intensity. The values in bold fonts

are the simulations for which the difference with respect to the reference simulation is significant as per a Wilcoxon test with p=0.01. The

summer and winter are defined as fixed periods with summer starting on day 100 and ending on day 241 while winter covers the rest of the

year.

Annual
mean

Summer
Mean

Winter
Mean

Shorter
melt season

SSUmax = 1058 m
EDSmax = 1164 m

domain -4.47% -8.38% -0.17%

715 m -2.80% -5.55% 0.39%

965 m -2.79% -5.94% -0.16%

1215 m -1.90% -4.17% -0.33%

1465 m -0.07% -0.11% -0.05%

Longer
melt season

SSUmax = 1058 m
EDSmax = 1203 m

domain 4.45% 2.45% 8.45%

715 m 2.96% 2.52% 5.03%

965 m 2.87% 2.92% 3.30%

1215 m 1.33% 1.68% 1.22%

1465 m 0.05% 0.03% 0.07%

The overall changes in velocities are presented in Table 4, contrasting with the experiments performed with a constant PDD,315

we see here that the changes in the melt season length act in the same direction (either acceleration or slow down) at all

altitudes. We also note that the symmetry in the forcing difference leads to a linear response in term of velocities where the

annual mean velocities for the shorter melt season forcing are decreased by a similar amount with respect to the reference

simulation and vice versa.

Comparing the simulations with different intensities yields larger differences between simulations (Fig.7). We find here a320

similar pattern to the simulations with varying intensity and duration (Sec. 3.2). At low elevation the initiation of the melt

season yields the same pattern with a strong spring speed-up which is followed by a secondary acceleration in the case of the

low intensity forcing (Fig.7a). The higher intensity melt season also shows a marked overshoot of the winter effective pressure

value at the end of the melt season (Fig.7c). Above SSUmax the difference in the melt intensity means that the experiments with

the lower intensity do not experience runoff at this elevation. This leads to the effective pressure in this case being driven by the325

downstream evolution of the effective pressure which results in a slow decrease of the effective pressure throughout the melt

season (Fig.7d). The velocity response follows the variations in effective pressure with a slow increase towards a rather low

maximum summer velocity towards the middle of the melt season (Fig.7b). Despite showing some recharge at this elevation,

the reference simulation shows a similar velocity pattern as the meltwater availability at this altitude does not lead to very low

water pressures. The response to the more intense (warmer) melt season is quite different. Here the water input is sufficient to330

drive a quick drop in effective pressure and the following rebound once the efficient drainage system is activated (Fig.7f). In
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Figure 7. Evolution of the velocity (a-b), effective pressure (c-d) and efficient drainage system transmitivity (e-f) at two different altitudes.

Evolution of the maximum height of the active EDS (g). Every panel shows the reference simulation in grey, the higher intensity melt season

in red and the lower intensity melt season in blue. The same colour scheme is used for the runoffs which are shown as dashed lines and are

referenced on the right axis. The yellow shading correspond to the fixed duration summer as defined in Sect. 2.3

term of velocities, that translates to a spring acceleration of small magnitude with gentler slopes than what is observed on the

lower part of the glacier.

The general impact of the melt season intensity on the glacier’s velocity shows counter-intuitive results (Table 5). The mean

velocities over the whole domain indicate here that the stronger intensity forcing does not lead to any significant difference in335
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Table 5. Velocity difference to the reference simulation for different intensity of the melt season with the reference duration. The values in

bold fonts are the simulations for which the difference with respect to the reference simulation is significant as per a Wilcoxon test with

p=0.01. The summer and winter are defined as fixed periods with summer starting on day 100 and ending on day 241 while winter covers the

rest of the year.

Annual
mean

Summer
Mean

Winter
Mean

Lower
melt season

intensity

SSUmax = 1003 m
EDSmax = 1111 m

domain 13.62% 26.05% -0.13%

715 m 45.15% 94.95% -4.60%

965 m 4.16% 8.30% 0.34%

1215 m -2.31% -5.53% -0.04%

1465 m -0.08% -0.14% -0.05%

Higher
melt season

intensity
SSUmax = 1077 m
EDSmax = 1269 m

domain -0.44% -0.85% -0.00%

715 m -4.93% -8.64% -0.56%

965 m -2.71% -5.82% -0.17%

1215 m 2.25% 5.49% -0.03%

1465 m 0.35% 0.64% 0.22%

velocity compared to the reference simulation. However, the melt season with lower intensity shows a substantial increase in

the mean annual velocities. This acceleration is mostly due to a two fold increase of the summer velocities at low elevation,

which in our experiments can not be offset by the slowdown at higher elevation or during winter. The increase of the melt

area that is driven by the larger intensity of the melt season drives an acceleration of the upper part of the glacier, but this

acceleration is not sufficient to impact the overall velocity of the glacier.340

Figure 8 summarises the effect of intensity and length of the melt season on both the subglacial hydrology system and the

glacier dynamics. In Fig. 8a we see a clear linear relation between the increase in the runoff volume and the transmitivity of

the efficient drainage system, that shows that on the whole glacier, an increase in meltwater volume leads to a more developed

subglacial drainage system either in areal extent (increase of EDSmax) or transmitivity of the system. This relationship is not

related to the distribution of the melt throughout the year, and we see that an increase in runoff driven by either a longer melt345

season (growing marker sizes) or a intensifying melt season (darkening markers) lead to a similar increase in transmitivity.

The response is more contrasted for the areal development of the efficient drainage system. This characteristic is described

by EDSmax (Fig. 8b), the maximum altitude of the glacier surface under which the efficient drainage system is active. As for

the transmitivity, Fig. 8b shows that the efficient drainage system develops further upstream if the increase in runoff is due to an

increase in the intensity of the melt season. However,EDSmax shows a more gradual increase if the runoff is only increased by350

a lengthening of the melt season. A result of these two different behaviour is that for a given runoff, the spread of the efficient

drainage system will be greater for a short and intense melt season (small black dot of Fig. 8b) than for a long and less intense

melt season (big light grey dot of Fig. 8b). The interplay between these two relations leads to a complex relationship for the

18



0.08

0.09

0.10

0.11

Tr
an

sm
iti

vi
ty

 [m
2 s

1 ] (a)

1150

1200

1250

ED
S m

ax
 [m

]

(b)

0.4 0.6 0.8 1.0
Runoff [ma 1]

35

36

37

M
ea

n 
ve

lo
cit

y 
[m

a
1 ] (c)

Increasing melt length

Increasing
melt

intensity

Figure 8. Evolution of the subglacial drainage transmitivity (a), of the maximum elevation at which the efficient drainage system is active

(EDSmax,b) and of the mean glacier velocity (c) function of the mean glacier runoff. The different shades of grey represent different melt

intensity with the low intensity being lighter than the high intensity. The size of the marker represent the length of the melt season with bigger
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mean velocity of the glacier as seen on Fig. 8c. In our experiments, and if the intensity of the melt season is fixed, an increase

in runoff and so a longer melt season will lead to an increase in the glaciers velocity. However, for a fixed season length an355

increase in the melt intensity first drives a sharp decrease in velocity followed by a slow velocity increase. Focusing again on a

constant runoff, the velocities in our model are increasing if the length of the melt season increases. That is the reverse scenario

of the one of EDSmax which was expected. Indeed, a more widespread efficient drainage system allows to drain away a larger

amount of water and in the end allows the velocities during summer to settle at a lower point than on a glacier with a lower

effective pressure.360

3.4 Initiation Length Forcing

The definition of our forcing means that a change in amplitude would lead to small variations in the steepness of the initiation

of the melt season. In order to evaluate the effect of this change in the recharge increase, here we present a set of experiments

where the length of the initiation has been changed which leads to initiations with different rates. Figure 9 shows the evolution

for simulations in which the initiation rate is altered from the common reference. These simulations have a common runoff365

which means that the simulation set with the shorter initiation has the lowest melt intensity.

At low elevations, the simulations with the steeper initiation show a very sharp and short-lived spring speed-up Fig. 9a. That

contrasts with the simulation with a more gentle initiation where the spring speed-up reaches lower peak velocities and has a

longer duration with a secondary peak later in spring. Figure 9a also shows that with a steeper initiation the velocities after the

initial speed-up are relatively slow which contrasts with the more gentle speed up where a number of the ensemble members370

show quite high velocities throughout the melt season. These two contrasting responses can be explained by the development

speed of the efficient drainage system as seen in Fig. 9e. The simulations with steep initiation periods show the fast development

of a very efficient drainage system, whereas the simulations with longer initiation periods show a later development of a less

efficient drainage system. This difference explains why the effective pressure in the case of the steep initiation simulation shows

a very steep rebound to a rather high summer value for the effective pressure, while the effective pressure for a more gentle375

melt season initiation stays rather low throughout the summer, which drives the observed fast velocities. The development of

an efficient draining system with a low draining capacity in the case of the gentle initiation also leads to a large migration

upstream of this system and its limited efficiency produces low effective pressures on the higher part of the glacier if compared

to a fully developed efficient drainage system.

We see in Table 6 that the effect of a change in the initiation length only impacts significantly the lower part of the domain380

where the efficient drainage system controls the effective pressure response. The domain means show that the gentler initiation

has a larger impact on the velocities with an acceleration of roughly 15% where the steeper initiation only drives a 6% decrease

in ice velocity.

It is interesting here to compare these results with the ones from the preceding experiment Fig (7c. In Fig. 9c the simulation

with the lowest intensity (sharper initiation) shows a behaviour that is closer to the one of the highest intensity (which is also385

the one with the sharper initiation) of Fig. 7c, where the drop in effective pressure is quickly followed by a fast rebound to

rather high summer velocities.
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Figure 9. Evolution of the velocity (a-b), effective pressure (c-d) and efficient drainage system transmitivity (e-f) at two different altitudes.

Evolution of the maximum height of the active EDS (g). Every panel shows the reference simulation in grey, the longer initiation period

in red and the shorter initiation period in blue. The same colour scheme is used for the runoffs which are shown as dashed lines and are

referenced on the right axis. The yellow shading correspond to the fixed duration summer as defined in Sect. 2.3

This reinforces the hypothesis that the rate of recharge of the subglacial drainage system might have a similar or even a

larger impact than the volume of water that is actually injected into the system (Bartholomaus et al., 2008; Hoffman et al.,

2011; Bartholomew et al., 2012; Cowton et al., 2016).390
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Table 6. Velocity difference to the reference simulation for initiation period length. The values in bold fonts are the simulations for which

the difference with respect to the reference simulation is significant as per a Wilcoxon test with p=0.01. The summer and winter are defined

as fixed periods with summer starting on day 100 and ending on day 241 while winter covers the rest of the year.

Annual
mean

Summer
Mean

Winter
Mean

Steeper
initiation

SSUmax = 997 m
EDSmax = 1174 m

domain -6.60% -12.62% 0.09%

715 m -12.06% -22.13% 0.44%

965 m -2.13% -4.76% 0.10%

1215 m -0.45% -1.17% 0.08%

1465 m -0.02% -0.03% -0.01%

Gentler
initiation

SSUmax = 1037 m
EDSmax = 1201 m

domain 23.86% 45.82% -0.30%

715 m 30.24% 56.48% -2.10%

965 m 6.79% 14.78% 0.23%

1215 m 0.37% 0.64% 0.21%

1465 m 0.02% 0.02% 0.02%

4 Discussion

As with any modelling study, the results presented here might be impacted by the model design and the experiment set-up. It

is important to note that subglacial hydrological models have not converged on a standard way to treat the subglacial drainage

system yet and the SHMIP exercise (de Fleurian et al., 2018) has shown that there are some discrepancies between the different

approaches. However, the agreement of the results presented here with existing theories and observations of subglacial drainage395

as well as the physical explanation of the modelled results give us confidence in their robustness.

The results of our model suggest that the relationship between ice velocity and meltwater runoff is also strongly influenced

by the distribution of the melt during the year. Hence if an increase in runoff is driven by a longer melt season the mean

annual velocities of the glaciers will show a strong increase at all elevations. However, an increase in the intensity of the melt

season first drives a reduction of the ice velocities before they start to increase again with what seems to be a smaller rate.400

The mean annual velocities can however not explain the complexity of the lubrication feedback. The effect of a change in

the length of the melt season has a similar effect on all regions of the glacier, and the velocity increases linearly with the

length of the melt season (Table 4). This differs from the response to an increase in the intensity of the melt season. There

the response is different at low elevations, where the subglacial drainage is controlled by the efficient component, and at high

elevations, where the drainage is controlled by the inefficient components. At higher elevations, our results compare well with405

those of Gagliardini and Werder (2018) where we see that an increase of the recharge in the regions controlled by the inefficient

drainage system leads to an acceleration of the glacier. However, at lower elevations our results diverge from preceding studies.

In the lower parts of the glacier, where the subglacial drainage is controlled by an efficient drainage system, an increase in
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the intensity of the melt season leads to a decrease in the ice-flow velocities. We explain this result through the evolution of

the efficient drainage system in those simulations (Fig. 7e-g). In these figures we can see a faster development of the efficient410

drainage system to higher elevations for the more intense melt season. The development of this system leads to an increase

in the effective pressure on the lower part of the glacier, and so keeps the velocities at levels that are comparable to the ones

of our reference simulations. In the case of the low intensity melt season however, the water recharge is not sufficient to

trigger the development of a well-developed efficient drainage system, that leads to low effective pressures throughout the melt

season which in turn induce a large increase in velocities compared to our reference simulation. It must be noted however that415

these conclusions only hold on seasonally averaged velocities and that a higher intensity runoff will lead to higher maximum

velocities.

We can see the effect of the rate of recharge on the experiments where the length of the initiation of the melt season was

changed (Fig. 9). These results can be compared to the observations made on lake drainage by Tedesco et al. (2013b) where a

fast draining lake triggered a large and short lived speed-up while a slower draining lake only generated a mild speed-up after420

which the velocities stabilised at a higher level than what was recorded before the lake drainage. In this case, the variation

in the duration of the initiation of the melt season leads to quite large variations in the overall velocities of the glacier. Here,

the sharper initiation leads to slower velocities, but this simulation also has a slightly smaller amplitude to keep the overall

runoff identical for all simulations. This is in contradiction with the the preceding experiments where the smaller amplitudes

were driving a faster glacier. But the similarities here lie in the sharpness of the runoff curve at the beginning of the melt425

season. Hence a sharp rise of the temperatures at the beginning of the melt season has the potential to produce a large amount

of meltwater which in turn could trigger an early activation of the subglacial drainage system and lead to gentler velocities

throughout the summer (after a large spring speed-up event). However, the slope of the temperature rise at the beginning of

the melt season is highly variable and complex to characterise in the existing dataset which makes it problematic to provide

reliable estimates of the impact of this parameter on the lubrication feedback. The large impact of this small variation also430

poses the question of the response of the model to more realistic forcings, where the water presents some short-term temporal

variability that are not introduced here.

In our model, the observed mean velocities are mainly driven by the lower regions of the glacier where the velocities are

significantly higher. That is clear when comparing the velocity evolution at different altitudes to the domain mean velocity on

Fig. 3. This explains why in our model the mean velocities are largely influenced by the activation of the efficient drainage435

system which in turn is tightly linked to the intensity of the melt season. An other subglacial hydrology model, producing lower

effective pressure at higher elevation as seen in the SHMIP intercomparison exercise (de Fleurian et al., 2018) could lead to a

preponderant effect of higher elevation velocities which might yield different conclusions on the relationship between runoff

distribution and glacier velocity.

The results that we observe could also be biased by the set-up of our experiments where the recharge of the subglacial440

drainage system has the same spatial distribution and timing as the surface runoff. This is not what is expected in a natural

setting where water produced at the surface will transit at the surface of the ice for a given time before traversing the ice

through moulins and entering the subglacial drainage system through these localised injection points. Scholzen et al. (2021)
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showed a limited impact on the subglacial drainage system between simulations performed with a spatially homogeneous or

discrete basal recharge. Their results show a difference in the timing of the effective pressure response to the runoff but only445

slight variations in amplitude or length of the pressure pulse. This is coherent with the results of the SHMIP intercomparison

(de Fleurian et al., 2018) where the moulin distribution did not impact the overall spatial distribution of the effective pressure

unless an unrealistically low number of moulins was used. Both those results comfort us that the result presented here should

be robust and should not be altered in a major way if one decides to introduce a supraglacial and intraglacial component to the

hydrology model.450

Due to the way in which we prescribe the model’s recharge, the highest injection point in our simulation is varying with the

intensity of the melt season from 1209 m of elevation for the low intensity melt season to 1355 m of elevation for the more

intense melt season. However, if the supra and intraglacial drainage were considered it is most likely that the highest injection

point would not change on a yearly basis to adapt to the changes in the melt season but rather follow the migration of moulins

at the surface of the glacier. For example, Gagliardini and Werder (2018) modelled moulin migration rates from roughly one455

to ten meters of elevation per year depending on the setting. Having fixed injection points in our experiments might reduce the

increase in the spread of the EDS for the more intense melt season. However, this change would only impact a small area of

the glacier with rather low velocity and hence is unlikely to lead to large differences in the overall response of the glacier and

the conclusions of this study.

The large difference in behaviour between the lower and higher part of the glacier make it challenging to extrapolate the460

results to a longer term evolution of the ice dynamics without performing simulations spanning a longer time period. The

two different behaviours are tightly linked to the region in which the efficient drainage system develops which itself is quite

sensitive to the intensity of the melt season as seen on Fig. 8b. An increase in the length of the melt season should not alter in

a large way the spread of the efficient drainage. Moreover, the variation in melt season length is affecting the whole glacier in

the same way so that the response here is quite clear and longer melt season should lead to overall faster glaciers. However, it465

is not expected that the current evolution in climate would only alter the length of the melt season in Greenland. If we expect

both intensity and length of the melt season to increase in a similar way, the speedup caused by the increase in melt season

length is likely to outweigh the slight (and statistically not significant) slowdown driven by the higher melt season intensity.

However, a change in intensity has larger implications on the migration of the efficient drainage system upstream which could

have larger implication on longer timescales. In our experiments, an increase in runoff amplitude leads to a slight slow down of470

the glacier which is linked to the larger spread of the efficient drainage system. The large runoff at higher altitudes also drives

a faster glacier there and in the long term that could induce a larger region of faster flow which would lead to faster velocities

overall. On the other hand, a longer melt season of lower intensity drives a faster glacier in the marginal region, but also shows

a decrease in the upstream velocities. This should however be taken with caution as a lowering of the glacier surface would

lead to an intensification of the melt which we have shown to be a potential negative feedback on ice velocities. To better475

understand the impact of these processes on future Greenland Ice Sheet velocities, studies could focus on finding out the main

expected trends in length and intensity of future melt seasons.
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These different scenarios, with counter-intuitive results for the seasonal velocities, show that the full subglacial drainage

system, and particularly its efficient component, must be included in studies that aim to quantify the effect of meltwater

lubrication feedback.480

5 Conclusions

We developed a set of experiments that allows the comparison of the effect of different parameters impacting the distribution

of runoff throughout the melt season. The use of forcing scenarios based on the ERA5 reanalysis dataset gives us confidence

that the variations in intensity and length of the melt season that we tested here are representative of the range of existing melt

seasons. Our results show that under a given runoff volume, an increase in the length of the melt season drives an overall faster485

glacier. With simulations spanning a range of different runoff intensities we show that an increase in melt intensity initially leads

to a higher maximum velocity at low elevations but then translates to a lower mean summer velocity over the whole domain and

an overall slowdown of the glacier. This behaviour is mostly due to the development of a very transmissive efficient drainage

system at low elevations which keeps the effective pressures at a high level throughout the melt season, and so leads to relatively

low summer velocities when averaged over the whole domain. This study can not give a definite answer on the impact of an490

increase in runoff on the long term evolution of glacier velocities. Indeed, the impact of the melt season amplitude is radically

different at different altitudes and these regions are delimited by the existence or not of an efficient drainage system. Our

experiments show that an increase in the amplitude of the melt season leads to a larger extent of the region where the drainage

is controlled by the efficient subglacial drainage system. This change of regime on the highest regions of the glaciers might

significantly alter the velocity profile of the glacier with regions at higher altitudes then experiencing spring speed-up events.495

The experiments performed with varying slopes for the temperature rise at the beginning of the melt season emphasise once

more the potential importance of the short-term temporal variation in water influx which should be investigated further. This

finding emphasises the fact that subglacial drainage models with both inefficient and efficient drainage components should be

used if one wants to give an accurate assessment of the effect of meltwater on the overall dynamics of the Greenland Ice sheet.

Code and data availability. The Ice-sheet and Sea-level System Model is freely available at https://issm.jpl.nasa.gov/. The model outputs500

corresponding to this study are available on zenodo https://doi.org/10.5281/zenodo.5959181

Author contributions. Experiment design was collectively done by all co-authors. RD designed the forcing. BdF ran the experiments and

wrote the manuscript with input from all co-authors.

Competing interests. The authors declare that they have no conflict of interest.

25

https://issm.jpl.nasa.gov/
https://doi.org/10.5281/zenodo.5959181


Acknowledgements. This work is part of the SWItchDyn project funded by the Research Council of Norway (NFR-287206) and the Bjerknes505

Centre for Climate Research strategic project RISES. Computing was performed on the resources provided by UNINETT Sigma2 – the

National Infrastructure for High Performance Computing and Data Storage in Norway (NN9635K and NS9635K). The author want to thank

Michael Wolovick, an anonymous reviewer , and the editor Kristin Poinar for their help in improving the quality of this manuscript.

26



References

Ahlstrøm, A. P., Petersen, D., Langen, P. L., Citterio, M., and Box, J. E.: Abrupt shift in the observed runoff from the southwestern Greenland510

ice sheet, Science Advances, 3, e1701 169, https://doi.org/10.1126/sciadv.1701169, 2017.

Anderson, R., Anderson, S., MacGregor, K., Waddington, E., O’Neel, S., Riihimaki, C., and Loso, M.: Strong feedbacks between hydrology

and sliding of a small alpine glacier, J. Geophys. Res., 109, 1–17, https://doi.org/10.1029/2004JF000120, 2004.

Bartholomaus, T. C., Anderson, R. S., and Anderson, S. P.: Response of glacier basal motion to transient water storage, Nat. Geosci., 1,

33–37, https://doi.org/10.1038/ngeo.2007.52, 2008.515

Bartholomew, I., Nienow, P., Mair, D., Hubbard, A., King, M. A., and Sole, A.: Seasonal evolution of subglacial drainage and acceleration

in a Greenland outlet glacier, Nat. Geosci., 3, 408–411, https://doi.org/10.1038/NGEO863, 2010.

Bartholomew, I., Peter, N., Andrew, S., Douglas, M., Thomas, C., and A., K. M.: Short-term variability in Greenland Ice Sheet motion forced

by time-varying meltwater drainage: Implications for the relationship between subglacial drainage system behavior and ice velocity, J.

Geophys. Res., 117, https://doi.org/10.1029/2011JF002220, 2012.520

Bindschadler, R.: The importance of pressurized subglacial water in separation and sliding at the glacier bed., J. Glaciol., 29, 3–19, 1983.

Catania, G. A., Neumann, T. A., and Price, S. F.: Characterizing englacial drainage in the ablation zone of the Greenland ice sheet, J. Glaciol.,

54, 567–578, https://doi.org/10.3189/002214308786570854, 2008.

Colosio, P., Tedesco, M., Ranzi, R., and Fettweis, X.: Surface melting over the Greenland ice sheet derived from enhanced resolution passive

microwave brightness temperatures (1979–2019), The Cryosphere, 15, 2623–2646, https://doi.org/10.5194/tc-15-2623-2021, 2021.525

Cowton, T., Nienow, P., Sole, A., Wadham, J., Lis, G., Bartholomew, I., Mair, D., and Chandler, D.: Evolution of drainage system morphology

at a land-terminating Greenlandic outlet glacier, J. Geophys. Res., 118, 29–41, https://doi.org/10.1029/2012jf002540, 2013.

Cowton, T., Nienow, P., Sole, A., Bartholomew, I., and Mair, D.: Variability in ice motion at a land-terminating Greenlandic outlet glacier:

the role of channelized and distributed drainage systems, J. Glaciol., 62, 451–466, https://doi.org/10.1017/jog.2016.36, 2016.

de Fleurian, B., Gagliardini, O., Zwinger, T., Durand, G., Le Meur, E., Mair, D., and Råback, P.: A double continuum hydrological model for530

glacier applications, Cryosphere, 8, 137–153, https://doi.org/10.5194/tc-8-137-2014, 2014.

de Fleurian, B., Morlighem, M., Seroussi, H., Rignot, E., van den Broeke, M. R., Munneke, P. K., Mouginot, J., Smeets, P. C. J. P., and

Tedstone, A. J.: A modeling study of the effect of runoff variability on the effective pressure beneath Russell Glacier, West Greenland, J.

Geophys. Res., 121, https://doi.org/10.1002/2016JF003842, 2016.

de Fleurian, B., Werder, M. A., Beyer, S., Brinkerhoff, D. J., Delaney, I., Dow, C. F., Downs, J., Gagliardini, O., Hoffman, M. J., and Hooke,535

R. L.: SHMIP The subglacial hydrology model intercomparison Project, J. Glaciol., pp. 1–20, https://doi.org/10.1017/jog.2018.78, 2018.

Doyle, S. H., Hubbard, A., Fitzpatrick, A. A. W., van As, D., Mikkelsen, A. B., Pettersson, R., and Hubbard, B.: Persistent flow acceleration

within the interior of the Greenland ice sheet, Geophys. Res. Lett., 41, 899–905, https://doi.org/10.1002/2013GL058933, 2014.

Doyle, S. H., Hubbard, A., van de Wal, R. S. W., Box, J. E., van As, D., Scharrer, K., Meierbachtol, T. W., Smeets, P. C. J. P., Harper, J. T.,

Johansson, E., Mottram, R. H., Mikkelsen, A. B., Wilhelms, F., Patton, H., Christoffersen, P., and Hubbard, B.: Amplified melt and flow540

of the Greenland ice sheet driven by late-summer cyclonic rainfall, Nat. Geosci., 8, 647–653, https://doi.org/10.1038/ngeo2482, 2015.

Fürst, J. J., Goelzer, H., and Huybrechts, P.: Ice-dynamic projections of the Greenland ice sheet in response to atmospheric and oceanic

warming, Cryosphere, 9, 1039–1062, https://doi.org/10.5194/tc-9-1039-2015, 2015.

Gagliardini, O. and Werder, M. A.: Influence of increasing surface melt over decadal timescales on land-terminating Greenland-type outlet

glaciers, J. Glaciol., 64, 1–11, https://doi.org/10.1017/jog.2018.59, 2018.545

27

https://doi.org/10.1126/sciadv.1701169
https://doi.org/10.1029/2004JF000120
https://doi.org/{10.1038/ngeo.2007.52}
https://doi.org/10.1038/NGEO863
https://doi.org/10.1029/2011JF002220
https://doi.org/10.3189/002214308786570854
https://doi.org/10.5194/tc-15-2623-2021
https://doi.org/10.1029/2012jf002540
https://doi.org/{10.1017/jog.2016.36}
https://doi.org/10.5194/tc-8-137-2014
https://doi.org/{10.1002/2016JF003842}
https://doi.org/10.1017/jog.2018.78
https://doi.org/10.1002/2013GL058933
https://doi.org/10.1038/ngeo2482
https://doi.org/{10.5194/tc-9-1039-2015}
https://doi.org/10.1017/jog.2018.59


Gagliardini, O., Cohen, D., Raback, P., and Zwinger, T.: Finite-element modeling of subglacial cavities and related friction law, J. Geophys.

Res., 112, 1–11, https://doi.org/10.1029/2006JF000576, 2007.

Gordon, S., Sharp, M., Hubbard, B., Smart, C., Ketterling, B., and Willis, I.: Seasonal reorganization of subglacial drainage inferred

from measurements in boreholes, Hydrol. Process., 12, 105–133, https://doi.org/10.1002/(SICI)1099-1085(199801)12:1<105::AID-

HYP566>3.3.CO;2-R, 1998.550

Hanna, E., Huybrechts, P., Steffen, K., Cappelen, J., Huff, R., Shuman, C., Irvine-Fynn, T., Wise, S., and Griffiths, M.: Increased runoff from

melt from the Greenland Ice Sheet: A response to global warming, J. Clim., 21, 331–341, https://doi.org/10.1175/2007JCLI1964.1, 2008.

Harper, J. T., Humphrey, N. F., Pfeffer, W. T., and Lazar, B.: Two modes of accelerated glacier sliding related to water, Geophys. Res. Lett.,

34, 2–5, https://doi.org/10.1029/2007GL030233, 2007.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons,555

A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee,

D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J., Hólm, E.,

Janisková, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, I., Vamborg, F., Villaume, S., and Thépaut,

J.-N.: The ERA5 global reanalysis, Q. J. R. Meteorolog. Soc., 146, 1999–2049, https://doi.org/https://doi.org/10.1002/qj.3803, 2020.

Hewitt, I. J.: Seasonal changes in ice sheet motion due to melt water lubrication, Earth Planet. Sci. Lett., 371-372, 16–25,560

https://doi.org/10.1016/j.epsl.2013.04.022, 2013.

Hoffman, M. J., Catania, G. A., Neumann, T. A., Andrews, L. C., and Rumrill, J. A.: Links between acceleration, melting, and supraglacial

lake drainage of the western Greenland Ice Sheet, J. Geophys. Res., 116, F04035, 1–16, https://doi.org/10.1029/2010JF001934, 2011.

Iken, A.: The effect of the subglacial water pressure on the sliding velocity of a glacier in an idealized numerical Model, J. Glaciol., 27,

407–421, https://doi.org/10.3189/s0022143000011448, 1981.565

Larour, E., Seroussi, H., Morlighem, M., and Rignot, E.: Continental scale, high order, high spatial resolution, ice sheet modeling using the

Ice Sheet System Model (ISSM), J. Geophys. Res., 117, 1–20, https://doi.org/10.1029/2011JF002140, 2012.

MacAyeal, D.: Large-scale ice flow over a viscous basal sediment: Theory and application to Ice Stream B, Antarctica, J. Geophys. Res., 94,

4071–4087, https://doi.org/10.1029/jb094ib04p04071, 1989.

Mair, D., Nienow, P., Sharp, M., Wohlleben, T., and Willis, I.: Influence of subglacial drainage system evolution on glacier surface motion:570

Haut Glacier d’Arolla, Switzerland, J. Geophys. Res., 107, 1–8, https://doi.org/10.1029/2001JB000514, 2002.

Mernild, S. H., Liston, G. E., Hiemstra, C. A., and Steffen, K.: Record 2007 Greenland Ice Sheet Surface Melt Extent and Runoff, EOS.

Trans. AGU, 90, 13–14, https://doi.org/10.1029/2009EO020002, 2009.

Morland, L.: Unconfined ice shelf flow, Proceedings of Workshop on the Dynamics of the West Antarctic Ice Sheet, University of Utrecht,

May 1985. Published by Reidel, ed. C.J. van der Veen and J. Oerlemans, 99–116, https://doi.org/10.1007/978-94-009-3745-1_6, 1987.575

Mote, T. L.: Greenland surface melt trends 1973-2007: Evidence of a large increase in 2007, Geophys. Res. Lett., 34, 1–5,

https://doi.org/10.1029/2007GL031976, 2007.

Nghiem, S. V., Steffen, K., Neumann, G., and Huff, R.: Mapping of ice layer extent and snow accumulation in the percolation zone of the

Greenland ice sheet, J. Geophys. Res., 110, https://doi.org/10.1029/2004JF000234, 2005.

Nghiem, S. V., Hall, D. K., Mote, T. L., Tedesco, M., Albert, M. R., Keegan, K., Shuman, C. A., DiGirolamo, N. E., and Neumann, G.: The580

extreme melt across the Greenland ice sheet in 2012, Geophys. Res. Lett., 39, 1–6, https://doi.org/10.1029/2012GL053611, 2012.

Nye, J.: Water flow in glaciers: jokulhlaups, tunnels and veins, J. Glaciol., 17, 181–207, https://doi.org/10.3189/S002214300001354X, 1976.

28

https://doi.org/10.1029/2006JF000576
https://doi.org/10.1002/(SICI)1099-1085(199801)12:1%3C105::AID-HYP566%3E3.3.CO;2-R
https://doi.org/10.1002/(SICI)1099-1085(199801)12:1%3C105::AID-HYP566%3E3.3.CO;2-R
https://doi.org/10.1002/(SICI)1099-1085(199801)12:1%3C105::AID-HYP566%3E3.3.CO;2-R
https://doi.org/{10.1175/2007JCLI1964.1}
https://doi.org/{10.1029/2007GL030233}
https://doi.org/https://doi.org/10.1002/qj.3803
https://doi.org/10.1016/j.epsl.2013.04.022
https://doi.org/10.1029/2010JF001934
https://doi.org/10.3189/s0022143000011448
https://doi.org/10.1029/2011JF002140
https://doi.org/10.1029/jb094ib04p04071
https://doi.org/10.1029/2001JB000514
https://doi.org/10.1029/2009EO020002
https://doi.org/10.1007/978-94-009-3745-1_6
https://doi.org/{10.1029/2007GL031976}
https://doi.org/10.1029/2004JF000234
https://doi.org/{10.1029/2012GL053611}
https://doi.org/10.3189/S002214300001354X


Röthlisberger, H.: Water pressure in intra-and subglacial channels, J. Glaciol., 11, 177–203, https://doi.org/10.3189/S0022143000022188,

1972.

Sasgen, I., van den Broeke, M., Bamber, J. L., Rignot, E., Sorensen, L. S., Wouters, B., Martinec, Z., Velicogna, I., and Si-585

monsen, S. B.: Timing and origin of recent regional ice-mass loss in Greenland, Earth Planet. Sci. Lett., 333, 293–303,

https://doi.org/10.1016/j.epsl.2012.03.033, 2012.

Scholzen, C., Schuler, T. V., and Gilbert, A.: Sensitivity of subglacial drainage to water supply distribution at the Kongsfjord basin, Svalbard,

The Cryosphere, 15, 2719–2738, https://doi.org/10.5194/tc-15-2719-2021, 2021.

Schoof, C.: The effect of cavitation on glacier sliding, Proc. R. Soc. A, 461, 609–627, https://doi.org/10.1098/rspa.2004.1350, 2005.590

Schoof, C.: Ice-sheet acceleration driven by melt supply variability, Nature, 468, 803–806, https://doi.org/10.1038/nature09618, 2010.

Seaberg, S., Seaberg, J., Hooke, R., and Wiberg, D.: Character of the englacial and subglacial ddrainage system in the lower part of the abla-

tion area of Storglacieren, Sweden, as revealed by dye trace studies, J. Glaciol., 34, 217–227, https://doi.org/10.3189/s0022143000032263,

1988.

Shannon, S. R., Payne, A. J., Bartholomew, I. D., van den Broeke, M. R., Edwards, T. L., Fettweis, X., Gagliardini, O., Gillet-Chaulet, F.,595

Goelzer, H., Hoffman, M. J., Huybrechts, P., Mair, D. W. F., Nienow, P. W., Perego, M., Price, S. F., Smeets, C. J. P. P., Sole, A. J.,

van de Wal, R. S. W., and Zwinger, T.: Enhanced basal lubrication and the contribution of the Greenland ice sheet to future sea-level rise,

Proceedings of the National Academy of Sciences, 110, 14 156–14 161, https://doi.org/10.1073/pnas.1212647110, 2013.

Slater, D. A., Nienow, P. W., Cowton, T. R., Goldberg, D. N., and Sole, A. J.: Effect of near-terminus subglacial hydrology on tidewater glacier

submarine melt rates, Geophysical Research Letters, 42, 2861–2868, https://doi.org/https://doi.org/10.1002/2014GL062494, 2015.600

Smith, L. C., Chu, V. W., Yang, K., Gleason, C. J., Pitcher, L. H., Rennermalm, A. K., Legleiter, C. J., Behar, A. E., Overstreet,

B. T., Moustafa, S. E., Tedesco, M., Forster, R. R., LeWinter, A. L., Finnegan, D. C., Sheng, Y., and Balog, J.: Efficient meltwa-

ter drainage through supraglacial streams and rivers on the southwest Greenland ice sheet, Proc. Natl. Acad. Sci., 112, 1001–1006,

https://doi.org/10.1073/pnas.1413024112, 2015.

Sole, A., Nienow, P., Bartholomew, I., Mair, D., Cowton, T., Tedstone, A., and King, M. A.: Winter motion mediates dynamic response of605

the Greenland Ice Sheet to warmer summers, Geophys. Res. Lett., 40, 3940–3944, https://doi.org/10.1002/grl.50764, 2013.

Sole, A. J., Mair, D. W. F., Nienow, P. W., Bartholomew, I. D., King, M. A., Burke, M. J., and Joughin, I.: Seasonal speedup of a Green-

land marine-terminating outlet glacier forced by surface melt-induced changes in subglacial hydrology, J. Geophys. Res., 116, 1–11,

https://doi.org/10.1029/2010JF001948, 2011.

Steffen, K., Nghiem, S., Huff, R., and Neumann, G.: The melt anomaly of 2002 on the Greenland Ice Sheet from active and passive microwave610

satellite observations, Geophys. Res. Lett., 31, 1–5, https://doi.org/10.1029/2004GL020444, 2004.

Sundal, A. V., Shepherd, A., Nienow, P., Hanna, E., Palmer, S., and Huybrechts, P.: Melt-induced speed-up of Greenland ice sheet offset by

efficient subglacial drainage, Nature, 469, 522–524, https://doi.org/10.1038/nature09740, 2011.

Tedesco, M. and Fettweis, X.: Unprecedented atmospheric conditions (1948–2019) drive the 2019 exceptional melting season over the

Greenland ice sheet, The Cryosphere, 14, 1209–1223, https://doi.org/10.5194/tc-14-1209-2020, 2020.615

Tedesco, M., Fettweis, X., van den Broeke, M. R., van de Wal, R. S. W., Smeets, C. J. P. P., van de Berg, W. J., Serreze, M. C., and Box, J. E.:

The role of albedo and accumulation in the 2010 melting record in Greenland, Environ. Res. Lett., 6, 1–6, https://doi.org/10.1088/1748-

9326/6/1/014005, 2011.

29

https://doi.org/10.3189/S0022143000022188
https://doi.org/10.1016/j.epsl.2012.03.033
https://doi.org/10.5194/tc-15-2719-2021
https://doi.org/10.1098/rspa.2004.1350
https://doi.org/10.1038/nature09618
https://doi.org/10.3189/s0022143000032263
https://doi.org/10.1073/pnas.1212647110
https://doi.org/https://doi.org/10.1002/2014GL062494
https://doi.org/10.1073/pnas.1413024112
https://doi.org/10.1002/grl.50764
https://doi.org/10.1029/2010JF001948
https://doi.org/{10.1029/2004GL020444}
https://doi.org/10.1038/nature09740
https://doi.org/10.5194/tc-14-1209-2020
https://doi.org/{10.1088/1748-9326/6/1/014005}
https://doi.org/{10.1088/1748-9326/6/1/014005}
https://doi.org/{10.1088/1748-9326/6/1/014005}


Tedesco, M., Fettweis, X., Mote, T., Wahr, J., Alexander, P., Box, J. E., and Wouters, B.: Evidence and analysis of 2012 Greenland records

from spaceborne observations, a regional climate model and reanalysis data, Cryosphere, 7, 615–630, https://doi.org/10.5194/tc-7-615-620

2013, 2013a.

Tedesco, M., Willis, I. C., Hoffman, M. J., Banwell, A. F., Alexander, P., and Arnold, N. S.: Ice dynamic response to two modes of surface

lake drainage on the Greenland ice sheet, Environ. Res. Lett., 8, 034 007, 2013b.

Tedstone, A. J., Nienow, P. W., Gourmelen, N., Dehecq, A., Goldberg, D., and Hanna, E.: Decadal slowdown of a land-terminating sector of

the Greenland Ice Sheet despite warming, Nature, 526, 692–695, https://doi.org/10.1038/nature15722, 2015.625

Truffer, M., Harrison, W. D., and March, R. S.: Record negative glacier balances and low velocities during the 2004 heatwave

in Alaska, USA: implications for the interpretation of observations by Zwally and others inGreenland, J. Glaciol., 51, 663–664,

https://doi.org/10.3189/172756505781829016, 2005.

Ugelvig, S. V., Egholm, D. L., Anderson, R. S., and Iverson, N. R.: Glacial Erosion Driven by Variations in Meltwater Drainage, Journal of

Geophysical Research: Earth Surface, 0, 2863–2877, https://doi.org/10.1029/2018JF004680, 2018.630

van de Wal, R. S. W., Smeets, C. J. P. P., Boot, W., Stoffelen, M., van Kampen, R., Doyle, S. H., Wilhelms, F., van den Broeke, M. R., Reijmer,

C. H., Oerlemans, J., and Hubbard, A.: Self-regulation of ice flow varies across the ablation area in south-west Greenland, Cryosphere, 9,

603–611, https://doi.org/10.5194/tc-9-603-2015, 2015.

Vincent, C. and Moreau, L.: Sliding velocity fluctuations and subglacial hydrology over the last two decades on Argentiere glacier, Mont

Blanc area, J. Glaciol., 62, 805–815, https://doi.org/10.1017/jog.2016.35, 2016.635

Walder, J. S. and Fowler, A.: Channelized subglacial drainage over a deformable bed, J. Glaciol., 40, 3–15,

https://doi.org/10.3189/S0022143000003750, 1994.

Zwally, H. J., Abdalati, W., Herring, T., Larson, K., Saba, J., and Steffen, K.: Surface Melt-Induced Acceleration of Greenland Ice-Sheet

Flow, Science, 297, 218–222, https://doi.org/10.1126/science.1072708, 2002.

Zwally, H. J., Li, J., Brenner, A. C., Beckley, M., Cornejo, H. G., Dimarzio, J., Giovinetto, M. B., Neumann, T. A., Robbins, J., Saba,640

J. L., Yi, D., and Wang, W.: Greenland ice sheet mass balance: distribution of increased mass loss with climate warming; 2003-07 versus

1992-2002, J. Glaciol., 57, 88–102, 2011.

30

https://doi.org/{10.5194/tc-7-615-2013}
https://doi.org/{10.5194/tc-7-615-2013}
https://doi.org/{10.5194/tc-7-615-2013}
https://doi.org/{10.1038/nature15722}
https://doi.org/10.3189/172756505781829016
https://doi.org/10.1029/2018JF004680
https://doi.org/10.5194/tc-9-603-2015
https://doi.org/{10.1017/jog.2016.35}
https://doi.org/10.3189/S0022143000003750
https://doi.org/10.1126/science.1072708

