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Abstract. The mass balance of ice sheets is determined by the interplay of surface processes, basal melting and the ice flow
which in numerical modelling and glaciological theory is described by a flow law. Here, we take a deeper look at Glen’s flow
law, used in most continental ice-sheet models with mainly one set of flow parameters. On the basis a review of more than 50
studies based on laboratory and field experiments dating back from 1952 to present, we show that the literature is consistent
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with a wide range of values for the activation energy and flow law exponent. So far these uncertainties are not reflected in
model simulations performed to estimate future sea-level rise from the Greenland and Antarctic Ice Sheet.We illustrate the
importance of including the uncertainty of the flow parameters in exemplary simulations of the Greenland Ice Sheet with the
Parallel Ice Sheet Model. In idealized warming simulations of the Greenland Ice Sheet, the uncertainty in flow-law parameters
alone can lead to a threefold increase in flow-driven ice loss within this century. An improved understanding of the flow law is
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therefore important for simulations of the ice-sheet evolution and estimates of future sea-level changes.
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Introduction

Understanding large-scale ice-dynamics is crucial for providing accurate sea-level rise projections which are necessary to prepare for a future impacted by climate change (Goelzer et al., 2020; Seroussi et al., 2020). Due to various community efforts,
numerical ice-sheet models have improved greatly over the last years, allowing us to estimate future sea-level rise and the
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associated uncertainties (Pattyn and Morlighem, 2020). Assessing the uncertainties associated with sea-level projections is
central for adaption efforts (Pörtner et al., 2019). These are driven on the one hand by uncertainties in the boundary conditions,
e.g. climatological forcing (Barthel et al., 2020), and on the other hand by uncertainties in the models, through model parameters, which are difficult to constrain or through missing processes. The uncertainties posed by the stress-strain relation of the
ice-sheets and shelves, although central to numerical models, is usually not considered in future sea-level projections.
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Recent isotope measurements suggest that Greenland was nearly ice free for extended periods within the past 1 280 000
years (Schaefer et al., 2016). This implies that the Greenland Ice Sheet must have lost mass at a rate which is much faster than
we would expect with our current physical understanding of ice sheet dynamics: even considering self-amplifying feedbacks
(Levermann and Winkelmann, 2016), increased surface melting (Box, 2013; Shepherd et al., 2012) alone cannot explain these
1

faster rates of ice loss. Since the largest part of the ice volume is not in contact with ocean water, a near complete elimination
25

of the ice sheet can also not be explained by mere sliding of ice into the ocean, which is currently considered to be the fastest
process for ice loss both in Greenland (Robinson et al., 2012; Pfeffer et al., 2008) and Antarctica (Pritchard et al., 2012). As
a consequence, it must be the flow of ice that is much more sensitive to temperature changes than so far assumed in ice-sheet
models and thus sea-level projections.
Most ice-sheet models rely on Glen’s flow law (Glen, 1958) to describe the flow of ice (Budd and Jacka, 1989; the PISM au-

30

thors, 2018; Winkelmann et al., 2011; Pattyn, 2017; Larour et al., 2012). It relates the deformation rate to stress
˙ = Aτ n ,

(1)

where ˙ is the deformation rate, τ the driving stress, A the softness of the ice, and n the flow exponent. The softness is usually
described as a function of the pressure adjusted temperature T


Q
A(T 0 ) = A0 exp −
,
RT 0
35

0

(2)

with the pre-exponential factor A0 , the activation energy Q, and the gas constant R. Due to pre-melt processes the temperature
sensitivity of the ice softness increases closer to the melting point. This is typically reflected by a larger activation energy
Qw for temperature above a threshold, and a lower activation energy Qc for temperatures below that threshold. The threshold
temperature is often considered to be at −10◦ C (Cuffey and Paterson, 2010; Greve and Blatter, 2009). Ice-sheet simulations
show a strong response to changes in the critical temperature, at which the activation energy changes from warm to cold
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conditions (Bueler et al., 2007). However, as of yet there is no rigorous consensus for the exact value of the temperature
threshold.
This flow law assumes an isotropic medium although the ice present in glaciers and ice-sheets is non-isotropic. This is
often compensated by multiplying an enhancement factor E to the softness. In many large-scale ice-sheet models the flow
parameters, as E, n or Q are assumed to be constant in space and time. The flow enhancement factors can be adjusted locally
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in order to capture ice anisotropies in a more explicit way, e.g. by using a ratio of 5-10 for ESIA /ESSA (Ma et al., 2010).
While Glen’s flow law, as described in the equations above, is still the most widely used deformation law for ice-sheet
modeling, improvements e.g. other mathematical forms, have been discussed. The Goldsby-Kohlstedt law, for example, incorporates the two main processes of ice deformation, grain-boundary sliding and dislocation creep. It assumes a superposition of
two power laws, with a low flow exponent at low stresses and a high exponent at high stresses (Goldsby and Kohlstedt, 2001).
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The processes at high temperatures, in particular in terms of dislocation dynamics, are captured in (Cole and Durell, 2001;
Cole, 2020), a composite power law which explicitly includes the dislocation density as a function of stress and temperature.
Until now those approaches are rarely used in large-scale ice-sheet models (the PISM authors, 2018; Goelzer et al., 2020;
Seroussi et al., 2020) with only some exceptions (Pettit and Waddington, 2003; Pettit et al., 2011; Quiquet et al., 2018). A
composite flow-law has been used recently to describe the deformations observed at the NEEM ice core (Kuiper et al., 2020a,
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b). However, it remains a challenge to bridge the gap between the processes on the micro scale, which influence the flow of
ice, e.g. grain size and structure, and the large-scale modeling of continental ice-sheets over centuries to millennia (Montagnat
et al., 2014).
2

Within the scope of this study, we will focus on the uncertainties associated to the original form of Glen’s flow law as shown
in the equation (1), in particular on uncertainties of the flow exponent n, which governs the non-linear response to stress, and
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the activation energies Qc and Qw , which determine the temperature sensitivity of the ice deformation.
In this manuscript we first compile a synthesis of published flow parameters, then discuss the resulting uncertainty (in
section 2) and finally present the implications for modeling the Greenland Ice Sheet with the Parallel Ice Sheet Model PISM
(the PISM authors, 2018) (in section 4).

2
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Review of measurements of flow parameters

Ice-sheets and glaciers slowly deform due to the long-term exposure to high levels of stress from their own ice load (Cuffey
and Paterson, 2010). In order to measure the relation describing this ice creep, different types of laboratory experiments and
field measurements have been conducted. Generally, these can be divided into experiments measuring the strain (relative
deformation) under constant stress (Fig. A1a), or measuring stress under a constant strain rate (Fig. A1b). Ice is a complex
fluid, its deformation response to a given stress is also dependent on the deformation which has already occurred. This yields
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the distinction into primary creep, during which the relation between stress and strain-rate is linear, secondary creep, during
which the maximum stress for a given strain rate is reached, and tertiary creep, during which recrystallization reduces the stress
needed to maintain the constant strain rate. The higher the applied stresses and the higher the temperature, the faster the ice
deforms and secondary and tertiary creep are reached.
Since the 1950s, laboratory experiments have been conducted in order to establish a flow law and estimate the flow param-
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eters for glaciers and ice-sheets. Although the laboratory provides a highly controlled environment for these experiments, it is
difficult to reproduce realistic conditions, both concerning the composition of the ice probes, as well as the flow regime: the
results from lab experiments have mostly been taken from the secondary creep regime, while the ice in glaciers and ice sheets
typically experiences large strains and is therefore in the steady-state tertiary creep regime (Cuffey and Paterson, 2010; Greve
and Blatter, 2009). Measuring the flow parameters in field experiments comes with the advantage, that the ice itself is already
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in the tertiary flow regime. However, it is difficult to control all variables, e.g. the temperature of the ice or the stress, which is
due to the weight of the ice itself. Numerical Full-Stokes models and high quality data for the topography of the ice and of the
bedrock can constrain the stresses on the ice, but have not been historically available.
In order to assess the uncertainty with respect to flow parameters we focus on publications, which assume a power-law
(instead of a composite flow law) and either measure the parameters directly or test if observations of ice sheets and glaciers
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are consistent with a given set of flow parameters. A total of 63 values for n and 49 values for Q were reported. A synthesis of all
laboratory and field measurements shows a wide range of flow exponent n and activation energies Qw and Qc for temperatures
above or below -10◦ C (Figure 1). Reported values of the flow exponent n range between 1 (often associated with small stress)
and 4.5. Values for Q ranges between 40-193 kJ/mol. Under cold conditions (T < −10◦ C) Qc is between 42-84 kJ/mol. Under
warm conditions Qw (warm conditions) ranges between 45 - 193 kJ/mol. Field measurements suggest that n ranges between
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1-4.5 and Q ranges from 40-83 kJ/mol.
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Figure 1. Synthesis measured flow parameters n and Q, from laboratory and field experiments since 1952. The values were measured
in laboratory (blue circles for cold (T < −10◦ C) and red squares for warm (T>-10◦ C) conditions, purple lines for tertiary creep) and field
(green triangles) experiments. The color intensity indicates the publication date of each data point: the more intense the color, the more recent
the publication. For studies which measured only one of the flow parameters, either n or Q, the respective values are indicated by horizontal
and vertical lines. The flow parameters typically used in numerical ice-sheet simulations are n=3 and Qw =139 kJ/mol and Qc =60 kJ/mol
(black crosses). (lab cold: (Jellinek and Brill, 1956; Butkovich and Landauer, 1960; Mellor and Smith, 1967; Weertman, 1968; Mellor and
Testa, 1969; Muguruma, 1969; Barnes et al., 1971; Weertman, 1973; Steinemann, 1958; Bowden and Tabor, 1964; Mellor, 1959; Paterson,
1977; Fletcher, 1970; Goldsby and Kohlstedt, 1997; Song et al., 2006; Craw et al., 2018; Saruya et al., 2019) lab warm: (Glen, 1952, 1953,
1955; Jellinek and Brill, 1956; Butkovich and J.k, 1957; Raraty and Tabor, 1958; Glen, 1958; Butkovich and Landauer, 1960; Mellor and
Smith, 1967; Bromer and Kingery, 1968; Barnes et al., 1971; Steinemann, 1958; Mellor and Testa, 1969; Duval, 1974, 1976; Song et al.,
2006; Qi et al., 2017; Treverrow et al., 2012; Duval and Gac, 1982) field: (Nye, 1953, 1957; Gow, 1963; Paterson, 1962; Paterson and Savage,
1963; Holdsworth and Bull, 1970; Hansen and Landauer, 1958; Thomas, 1973; Raymond, 1973; Hobbs, 1974; Paterson, 1977; Martin and
Sanderson, 1980; Doake and Wolff, 1985; Blinov and Dmitriev, 1987; Naruse et al., 1988; Talalay and Hooke, 2007; Cuffey and Paterson,
2010; Bons et al., 2018) tertiary: (Craw et al., 2018; Qi et al., 2017; Cyprych et al., 2016; Treverrow et al., 2012) )
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Despite these uncertainties, ice-flow models have mostly been using a single set of parameters, fixed at n=3, Qw =139 kJ/mol
and Qc =60 kJ/mol (marked by black crosses in Fig. 1).

3

Numerical model and experimental design

3.1
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Ice flow in the Parallel Ice Sheet Model PISM

Simulations in this study were performed with the Parallel Ice Sheet Model (PISM) v1.1. PISM is an open-source, threedimensional, thermo-mechanically coupled ice-sheet-shelf model. It solves the equations of the shallow-ice approximation
(SIA) and shallow-shelf approximation (SSA) in parallel. The SIA is typically dominant in regions with high bottom friction, where the vertical shear stresses dominate over horizontal shear stresses and longitudinal stresses. The shallow shelf
approximation is typically dominant for ice shelves, with zero traction at the base of the ice, and for fast-flowing ice streams
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(Winkelmann et al., 2011). Basal sliding is parameterized as a pseudo-plastic power law:
τb = −τc

u
,
uqthres |u|1−q

(3)

where τb is the basal shear stress, u is the basal sliding velocity, τc is the yield stress and uthres a threshold velocity. Typically
uthres is chosen to be 100 m/yr.
In this study, the Patterson-Budd flow law with the same flow parameters Qc , Qw and n is used for both, SSA and SIA
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flow. While the flow parameters are always global parameters in PISM, a local distinction could be achieved by using different
parameters for SSA and SIA flow. The flow parameters Qc , Qw and n are understood as independent parameters while the
factors A0 are determined as detailed in (Zeitz et al., 2020).
3.2
3.2.1
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Experimental design
Diagnostic simulations for present-day Greenland.

The initial state for diagnostic PISM simulations of present day Greenland Ice Sheet was created with a paleo-spin up with
grid sequencing and flux correction during the last 1000 years (Aschwanden et al., 2016). For the flux correction the bed and
ice thickness topography was taken from BedMachine v3 remapped on a 1.8 km grid (Morlighem et al., 2017).
All diagnostic simulations were started from the same initial state (with parameters n = 3, Qw = 139 kJ/mol and Qc =
60 kJ/mol). The parameter perturbation in n and Q is chosen in order to disentangle possible feedbacks between flow param-
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eters the state of the ice sheet (e.g. temperature distribution, subglacial conditions). The stress regime combines SIA and SSA
flow unless indicated otherwise. An ensemble of all possible combinations of Qw ∈ [120, 130, 200] kJ/mol, Qc ∈ [42, 60, 85] kJ/mol
and n ∈ [2, 3, 4] was computed and analysed with respect to the surface velocities for each of the ensemble members and the

area of ice streams, which is the area where the ice velocities are larger or equal to 100 m/yr. The velocities are only averaged
over areas, where the thickness of the ice is larger than 10 m.

5
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3.2.2

Transient simulations with idealized warming

Transient simulation with PISM start from the final state of the diagnostic simulations in section 3.2.1, remapped to 4.5 km
resolution. Here, only three combinations of activation energies are tested for illustrative purposes: The standard values (Qw =
139 kJ/mol, Qc = 60 kJ/mol), a "high" combination, where both activation energies are at the high end of the possible range,
(Qw = 200 kJ/mol, Qc = 85 kJ/mol) and a "low" combination with both activation energies at the low end of the possible range
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(Qw = 139 kJ/mol, Qc = 60 kJ/mol).
The spatial distribution of the surface mass balance and the air temperature to force PISM is provided by RACMO2.3p2.
(Noël et al., 2018) We perform a monthly average over the period 1958-1967 in order to keep the seasonal cycle. The climatic
mass balance and the air temperature fields are periodic in time with a period of one year. The temperature anomaly is derived
from one GCM in the CMIP5 project (Figure 2). IPSL-CM5A-LR (Dufresne et al., 2013) was chosen because the simulations
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extends to 2300. Monthly near-surface temperatures were extracted and averaged over the Greenland domain (60°N to 85°N,
1600km wide) and the local scalar temperature anomaly was obtained by subtracting the 1958-1967 average seasonal cycle.
After 2300 the temperature anomaly is kept constant. In the transient simulations, the temperature anomaly is applied to the
ice-surface temperature and the climatic mass balance is kept constant in order to disentangle flow related ice losses from meltrelated ice losses and feedback - no increased melting occurs. The mass loss occurs only due to changes in ice flow caused by
the warmer ice.

Temperature anomaly (K)

20
15
10
5
0

monthy anomaly
yearly mean
2000

2100

2200

2300

Year
Figure 2. Temperature anomaly over the Greenland Ice Sheet as derived from CMIP5 run IPSL-CM5A- LR (Dufresne et al., 2013).
Grey: monthly anomalies with respect to the climatological mean. Those anomalies are applied in the simulations. Black: yearly anomalies
with respect to the climatological mean for illustration.
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Impact of uncertainties in flow parameters on the Greenland Ice Sheet

4.1

Impact on simulated present-day velocities
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b
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Figure 3. Illustration of the influence of activation energy on modeled surface velocities for present-day Greenland. a) Color shading
indicates fast-flowing ice (surface velocities larger than 100 m/yr), as simulated with PISM. These results were derived for present-day
climatic boundary conditions and topography. Blue shading: Qc = 42 kJ/mol and Qw = 120 kJ/mol. Red shading: Qc = 85 kJ/mol and Qw =
200 kJ/mol. For comparison, observed surface velocities are given by grey-scales (Rignot and Mouginot, 2012). b) Relative change in surface
velocities of the Greenland Ice Sheet due to different flow parameters, as simulated with PISM. Solid bars show the relative change of the
area with fast-flowing ice (here defined as surface velocities larger than 100 m/yr). The hatched bars show the corresponding change in
surface velocity averaged over the whole ice sheet.

In order to estimate the sensitivity of flow to the spread of flow law parameters and the magnitude of resulting uncertainties
of ice velocities exemplary simulations of the Greenland Ice Sheet with the Parallel Ice Sheet model (PISM) were used. A
140

topographic set up for Greenland was initialized with the standard set of parameters and a paleo-spin-up (see Section 3.2.1).
Afterwards the response of the velocity field to a change in the flow parameters Qc and Qw and n was diagnosed, while keeping
all other parameters fixed. The sensitivity of the ice dynamics to uncertainties in those parameters can be seen as a relative
change in the area with fast-flowing ice (here defined as areas with an ice surface velocity of more than 100 m/yr) (S/S0 − 1)

and as a relative change in surface velocity averaged over the whole ice sheet (v̄/v¯0 − 1), both compared to standard conditions
145

(Figure 3).

7

The area with fast-flowing ice S at the upper range of Qc and Qw is 2.7 times larger than at the lower range of Qc and
Qw (Figure 3a). Compared to the standard values S by 133% for the parameter choice with the highest Qc and Qw . For the
parameter choice with the highest Qc and Qw the surface velocity averaged over the whole ice sheet increases by more than
64% compared to the standard value. Low values of Qw reduce surface velocities while high values of Qw increase surface
150

velocities. The velocities are less sensitive to changes in Qc (Figure 3b).
While changes in the flow exponent n do not change the effect of the activation energies qualitatively, a smaller flow exponent
of n = 2 reduces the surface velocities compared to the standard case and a higher flow exponent of n = 4 increases surface
velocities (Fig. 4). With n = 2 the relative difference in diagnosed velocities is up to -27% for the lowest activation energies and
up to +45% for the highest activation energies compared to the standard parameter set. Compared to diagnostic simulations
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with the same combination of Qw and Qc and n = 3, the relative difference in diagnostic velocities is less pronounced for
n = 2. With n = 4 the upper end of the relative difference in diagnosed velocities for the highest activation energies increases
to 92% (and only -1% for the lowest activation energies). At the lower end of activation energy parameters, n = 4 leads to
positive relative difference in surface velocities, in contrast to n = 2 and n = 3. Overall n = 2 decreases surface velocities
while n = 4 increases surface velocities.
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At high bottom friction and dominant vertical shear stresses in the shallow ice approximation only regime, the effect of Q on
the ice dynamics is amplified. In this regime sliding is inhibited and the ice flows due to internal deformations only. The area
with fast flowing ice then increases more than 25 times due to variations in activation energies alone over the whole range of
allowed parameters (Fig. 5). The area with fast-flowing ice increases by +1130% for the parameter choice with the highest Qc
and Qw compared to the standard values. For the parameter choice with the highest Qc and Qw the surface velocity averaged
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over the whole ice sheet increases by +265%.
High activation energies consistently lead to high ice velocities, in particular the activation energy for warm ice Qw is
important. In a large ice sheet the warm ice is at the base where the internal deformation is strongest. This is where especially
the Qw plays a crucial role for ice flow. That is to say increasing Qw increases the softness A close to the pressure melting
point while Qc has much less impact on A.
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4.2

Impact on projections of flow-driven ice-loss due to warming

In order to disentangle the flow-driven part of sea-level rise from other drivers, e.g. changes in surface melting, the simulations
in PISM were performed with a constant surface mass balance, which corresponds to the monthly averages over the period
1958-1967 (Noël et al., 2018). The warming signal, a temperature anomaly which corresponds to the RCP 8.5 scenario from
the CMIP5 project (Dufresne et al., 2013), applies to the ice surface temperature and diffuses into the ice sheet thus making
175

the ice softer, without changes in the climatic mass balance.
The subsequently observed mass loss is driven by changes in ice flow only, and is depicted in Figure 6 in units of global
sea-level rise. High parameters for the activation energies (Qw = 200 kJ/mol and Qc = 85 kJ/mol) lead to increased mass losses
compared to standard parameters (Qw = 139 kJ/mol and Qc = 60 kJ/mol) and even more compared to low activation energies
(Qw = 120 kJ/mol and Qc = 42 kJ/mol): The higher activation energies yield an additional mass loss of up to 250% in the year
8
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Figure 4. The effect of the flow exponent n on averaged velocities of the Greenland Ice Sheet as diagnosed with PISM under present day
condition for n = 2 (hatched bars), n = 3 (solid bars), and n = 4 (crosshatched bars).
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2100, which is a more than a threefold increase compared to standard parameters. The lower activation energies reduce mass
loss by approximately 50%, i.e. the mass loss is halved compared to standard parameters. Overall, comparing high and low
activation energies, this results in a difference by a factor of six for the mass loss in the year 2100. While the relative difference
in mass loss decreases over time as the warming increases, the absolute difference continues to rise.
Comparing the thickness to the control simulation (without temperature anomaly) shows that for high Q the main ice losses
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are in the central part of the ice-sheet (see Figure 7) By increasing the softness of the ice, high activation energies lead to higher
velocities, higher basal melt rates and higher discharge rates than low activation energies under otherwise equal conditions.
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Discussion and conclusion

Here, we compile an overview over the parameter uncertainties associated with Glen’s flow law, a law widely used to describe
the deformation of ice in numerical ice-sheet models. Although the parameters are assumed to be well constrained by many
190

ice-sheet modelers, we found that the flow exponent n might vary between 1 and 4.5, and the activation energies Q might
vary between 42 and 84 kJ/mol for cold ice and between 44 and 193 kJ/mol for warm ice. Despite these uncertainties, many
ice-sheet simulations neglect this uncertainty by using a set of standardised parameters instead. Therefore we argue that it
would be worthwhile for future ice-sheet simulations to incorporate the vast uncertainties from the flow-law parameters.
The overview in Figure 1 compiles values for flow parameters which have been reported under diverse conditions, such as
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cold and warm conditions, measurements in the lab or in the field, and under tertiary creep. While these values are not directly
comparable, we explore the impact of the upper and lower limits on flow driven ice losses in ice-sheet modeling.
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Figure 5. Influence of activation energy on modeled surface velocities for present-day Greenland under the assumption of high basal
drag and SIA flow only. a) The area with fast-flowing ice (surface velocities larger than 100 m/a), as simulated with PISM in the shallow ice
approximation without sliding for present-day climatic boundary conditions.Blue shading: Qc =42 kJ/mol and Qw =120 kJ/mol. Red outline:
Qc =85 kJ/mol and Qw =200 kJ/mol. For comparison, observed surface velocities are given by grey-shading (Rignot and Mouginot, 2012). b)
Relative change in surface velocities (hatched bars) and the area of fast-flowing ice (solid bars) of the Greenland Ice Sheet due to different
flow parameters, as simulated with PISM with shallow ice approximation only. Here the flow exponent is fixed to n = 3.

In order to explore the impacts of those uncertainties on the results of large-scale modeling we perform simulations of
the Greenland Ice Sheet with the Parallel Ice Sheet Model PISM with perturbed parameters. In these simulations the chosen
flow parameters are supposed to cover the full range consistent with literature values. For the flow exponent n, the lowest
200

values of 1 were discarded. There are clear indications that the ice flow in ice-sheets and glaciers is not Newtonian globally,
although a linear flow plays a role locally, at low stresses (Pettit et al., 2011). A lower bound of n = 2 was chosen instead. For
Qw , 120 kJ/mol was chosen as the lower bound, although values of down to 44 kJ/mol were reported in literature, in order to
maintain the difference between warm and cold ice. The temperature threshold, which distinguishes warm ice from cold ice
was not varied. However, these upper and lower bounds are within two standard deviations from the mean for each of the flow

205

parameters.
A discussion on how these uncertainties in flow parameters might affect our understanding of ice dynamics with respect to
shear-heating, grounding line flux or basal sliding is summarised in (Zeitz et al., 2020), together with a first exploration of the
impacts on an idealized flow-line ice sheet.
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Figure 6. Illustration of the influence of activation energy on flow-driven mass losses in Greenland. (a) and (b): Flow driven ice loss in
sea-level equivalent as simulated with PISM with a constant climatic mass balance and an increase in ice-surface temperature corresponding
to RCP8.5. For all simulations, surface warming leads to an acceleration in flow and thereby ice loss beginning in the first half of the
21st century. Red lines: Qw = 200 kJ/mol and Qc = 85 kJ/mol, orange lines: Qw = 139 kJ/mol and Qc = 60 kJ/mol (standard parameters),
blue lines: Qw = 120 kJ/mol and Qc = 42 kJ/mol. (c): Relative difference in flow-driven sea-level change for the low (blue) and high (red)
parameter choice for the activation energies Q compared to standard parameters for the years 2100, 2200, 2500.

Similarly to the simulations performed in an idealized flow-line setup, we find that high activation energies Q, which are
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associated with softer ice, lead to increases in flow driven ice-loss in simulations of the Greenland Ice Sheet. For simulated
velocities of the Greenland Ice Sheet diagnosed under present-day conditions the areas with fast flowing ice increase by more
than two-fold and the average velocity increases by 60% in simulations with high activation energies compared to those with
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Figure 7. Illustration of the influence of activation energy on the thickness anomaly The simulations with low activation energies
(Qw = 120 kJ/mol and Qc = 42 kJ/mol) on the left, standard activation energies (Qw = 139 kJ/mol and Qc = 60 kJ/mol) in the middle and
high activation energies (Qw = 200 kJ/mol and Qc = 85 kJ/mol) on the right. The control simulation without warming serves as a reference.
Positive values (red) correspond to a higher thickness in the simulation and negative values (blue) correspond to a lower thickness in the
simulation.
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standard values. Those changes lead to increased discharge and increased melt at the base of the ice. In transient simulations
with idealized warming conditions, where the temperature anomaly acts only on the ice without changing the melt rates at the
215

surface, we observe a more than threefold increase in flow-driven ice losses for high activation energies compared to standard
values.
This manuscript provides a thorough investigation of the flow law parameters, but does not provide a sea-level projection. 1)
the temperature forcing is applied in an idealized way while the climatic mass balance remains unchanged and 2) we vary only
one set of parameters, Q and n, without calibrating other parameters which influence the velocities of the ice. Both idealizations
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serve to disentangle flow related ice-losses from other contributions like increased melt or sliding. However, increased melt
rates are a major contribution to realistic sea-level rise projections (see e.g. Goelzer et al. (2020)). The second idealization
allows for initial states which are different from observations, which can be seen e.g. the difference to observed velocities
(Figure 3). Tuning the parameters associated to other processes, e.g. the sliding at the bed of the ice sheet, would mitigate
the effect of the variation in flow parameters. For example Bons et al. (2018) have shown that a high flow exponent of n = 4
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implies greater areas of frozen basal conditions than the standard value n = 3.
In this study we assume globally constant flow parameters, which do not vary through space and time. While so far there
is no understanding, how the activation energies might vary (apart from the distinction between cold and warm ice, which
is included here), there is indication that the flow exponent might be related to the stress, as e.g. proposed by Goldsby and
Kohlstedt (2001). In this manuscript, however, we chose to focus on the classical formulation of the flow law, as shown in
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Equation (1), since it is the most widely used formulation for large-scale ice-sheet modeling. The flow parameters are only
one part of the uncertainties associated with the deformation of ice, among other poorly constrained processes like anisotropy,
impurities or water content within the ice.
In addition, uncertainties at the boundaries of the ice play an important role for sea-level rise projections, in particular
processes which determine the climatic mass balance, the interaction with the ocean and the processes at the base of the ice
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sheet, like geothermal heat fluxes or bed conditions which allow for sliding. A lot of progress is continuously made in order to
constrain those uncertainties.
Inverse modeling can help to constrain the flow parameters by optimizing for diagnostic velocities of e.g. the Greenland
Ice Sheet (Le clec’h et al., 2019; De Rydt et al., 2015). However, in order to reduce uncertainty in flow law parameters this
approach requires accurate information about the ice-sheet and bedrock topography, the sliding conditions at the base of the

240

ice and the temperature distribution within the ice since all of these factors influence the ice velocities.
The flow of ice is at the heart of our understanding of ice dynamics, it is therefore important to include the associated
uncertainties in future studies and explore how they relate to other known or unknown uncertainties. As we have shown in this
study, the flow-driven ice losses in simulations of the Greenland Ice Sheet change up to threefold due to these uncertainties.
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Appendix A: Glen’s flow law
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A1

Measuring the flow exponent n

In laboratory experiments, the flow exponent n and the activation energy Q are obtained either under constant stress or with a
constant strain rate. A measurement, typically in the secondary creep regime, is extracted from the resulting time series (Figure
A1). The flow exponent n is measured with constant temperature under a different stresses (or a different strain rate) (Figure
A2, left panel).
255

In the primary creep regime the strain rate is a fast changing function of strain and can not serve to establish a material law,
thus the data point must be taken from the secondary or tertiary creep regime. In this regime, dynamic recrystallization does
not occur yet and the flow law is independent of material properties (Cuffey and Paterson, 2010; Greve and Blatter, 2009).
Secondary creep is reached only after long times, at low stresses and low temperatures the time to reach secondary creep can
take up to 3 years (Jacka, 1984). Measurements conducted under primary instead of secondary creep tend to systematically
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reduce the apparent value of the flow exponent n. Ice masses in glaciers or in ice-sheets are usually highly deformed and in
tertiary creep, thus efforts to model those glaciers and ice-sheets need experiments which measure the flow parameters in this
flow regime. Recent developments allow to achieve extremely high strains and thus tertiary creep in a laboratory setting (Qi
et al., 2017; Cyprych et al., 2016; Treverrow et al., 2012).
A2
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Measuring activation energy Q

Activation energy Q is measured by stress-versus-strain experiment (Figure A1) under constant stress (or strain rate) at different
temperatures. Each experiment is then one data point and plotting the logarithm of the strain rate against the inverse pressure
adjusted temperature in the so called Arrhenius plot allows to determine Q from the slopes below and above -10◦ C(Figure A2
b). Due to pre-melt processes (e.g. water between ice grains and thus facilitated grain boundary sliding) close to the pressure
melting point the ice appears to soften stronger with increasing temperatures. This is typically expressed by assuming a higher
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activation energy at T >-10◦ C.
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Figure A1. Schematic representation of commonly used stress-strain experiments. Shown are the three creep regimes, from primary
(green), to secondary (yellow) to tertiary (blue) creep. In ice-sheets and glaciers, the ice is typically in the tertiary creep regime. Two types
of experiments are performed in the laboratory, either applying a constant stress (upper panel) or a constant strain rate (lower panel). These
experiments are used to derive the flow parameters n and Q, as described in the text
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