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Abstract

In this project the perfect plastic model is applied to model six of the largest marine
outlet glaciers in Greenland. In this simple model there is one tuneable parameter which
is the yield stress, 7,, that controls the material strength of the ice and determines the
profile of the glacier.

First the model has been tuned to match the observed surface elevation profile by
varying the value of 7,. To better match the surface, two separate values of the driving
stress have been used for each glacier. The model can evolve in time by varying the
inland ice thickness or the calving front position. After determining the optimal value of
driving stress the model is used to investigate the time evolution of the glacier under the
present climate conditions. In this project the surface mass balance is used as the only
climate parameter.

The time evolution of the glaciers is being analyzed to see if the glaciers are retreating,
advancing or stable under present conditions. It turns out that all except for one glacier,
are retreating. From the stable point, where the glacier is neither retreating or advancing,

an estimate of ice mass loss for each glacier is calculated and compared to present day.
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1 INTRODUCTION

1 Introduction

It is known that the sea level is rising and except for thermal expansion the largest contribution to
the sea level rise comes from the ice mass loss in Greenland (Mottram et al. (2019); Shepherd et al.
(2020)). Here the greatest mass loss stems from marine outlet glaciers. Therefore, it is important to
have a model that can estimate the ice mass loss. The dynamical systems of these glaciers are very
complex therefore simple models might be preferred to give an overview and a rough estimate of ice

mass loss at the marine outlets. All this is crucial to give an estimation of the sea level rise.

In this project an estimate of the ice mass loss from six of the largest glaciers in Greenland is found.
The six glaciers are: The Helheim Glacier, Jakobshavn Isbrae, Upernavik 1, Upernavik 2, Nioghalvf-
jerdsfjorden, and Zachariae Isstrom. Here Upernavik 1 is the northernmost of the glacier at Upernavik
and Upernavik 2 is the glacier terminating just south of the first glacier from Upernavik. These are six
of the biggest outlets in Greenland and a significant source of the total drainage of ice from Greenland
Hvidberg (2021). These are also glaciers without extensive floating ice tongues.

The perfect plastic approximation is used to make a model of the surface elevation. This model is
simple and only requires knowledge of either the surface elevation of one point in the middle of the
glacier, or the length from this point to the terminus position. The limitations with this model is that
it does not take flow or accumulation/ablation into account and hence assumes a steady state solution.
Another model that can be applied to model the profile of glaciers, which is a bit more complex is the
Vialov’s profile, which comes from Glen’s flow law and can be found in Cuffey and Paterson (2010)
(p.388). This is based on stresses within the ice, and when combined with the equation for mass

continuity %—Iz =a-— %q;, where ¢; = u; - H, gives a model that is not necessary in steady state. This

model does not use the terminus position and is therefore best on the interior parts of the ice and not
the coastal areas.

The profiles of the glaciers are found and from this the time evolution of each glacier is predicted.
This uses Glen’s flow law, to make a non-steady state solution, and the current surface mass balance
(SMB) (Ultee and Bassis (2020b)). The time evolution gives the retreat or advance at every possible
terminus position of the glacier with the present surface mass balance as the main parameter. This
is applied to find the time evolution of the terminus position and then run the model to see at what
terminus position the glacier reaches a stable point given the current SMB. When the steady state is

found, the ice mass loss is calculated.

This project contains a section of theory where the perfect plastic model, the height at terminus and
the time evolution is derived. Then there is a section concerning the used data. Afterwards there is a
section of how the data is implemented in our python scrips. Now the model is tested on ideal cases to
see how it responds. Then there is a section where the results from applying the model on real data are
presented. This is mostly done by presenting plots and calculated values in tables. Finally, there is the

discussion of all the results. The method is discussed, uncertainties and ideas for further development

!See figure: https://eng.geus.dk/nature-and-climate/adaptation-to-climate-change/sea-level-rise (AMAP (2017))
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2 THEORY

of the model is discussed as well.

2 Theory

2.1 The Perfect Plastic Approximation

The perfect plastic approximation is the approximation that internal deformations in ice, due to internal
viscosity, happens on much longer timescales than deformations due to an internal collapse of the ice
structure. Hence the plastic approximation is that the ice is rigid until the internal stresses in the
ice equals a yield stress, 7,, where the ice collapses as a material without viscosity (Ultee and Bassis
(2016)).

Furthermore, we will need three more approximations. 1) The glacier is in steady state meaning the
surface elevation does not change over time meaning %—? = 0. 2) There is no melting or sliding at the bed.
3) The thin film approximation. This means that the range of the glacier is much longer than the height,
% < 1. This implies that the stresses are dominated by shear stresses which are balanced by the friction
at the bed or walls. This means that (7,4, 7.,) < Tz.. These stresses are shown on Fig.1. A consequence
of the perfect plastic approximation is that the model mainly includes deformation of ice at the bed,
and at the terminus position. Following a flowline, the ice can be seen as a 2D incompressible fluid in
that plane. Along this plane a coordinate system is defined: & follows the flowline and is perpendicular

to the gravitational acceleration, and 2 is parallel to the gravitational acceleration.

— —

Tra J' T _—:

Taz — =
: o (i
z D
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Figure 1: Direction of stresses in the per- Figure 2: Here the glaciostatic and hydrostatic pres-
fect plastic model. Here 7., = 7, is sure balances each other.

the stress deviators and are also the ones
shown inside the square to show the size
ox 0z

Using these approximations and Navier-Stokes equations an expression for 7., can be found. In 2D

they simplify to:

@ _@ OTpa n OTzz
th - Ox ox 0z

+ pgsin o
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2.2 Derivation of Hiepm, 2 THEORY

Dw B @ OTzr  OTss

pﬁt 0z ox 0z

— pgcos o

Imposing a stress balance such that the acceleration of the ice is zero means that the material

derivative becomes zero, hence: % ~ % R

Imposing a Cartesian coordinate system where 2 is parallel to g results in a = 0 such that sina =0
and cosa = 1, only taking the stress deviator 7, into account, and using the fact that %sz is small

(see Fig.1), we get:

dp 0

or @Tm (1)
op

5, = P9 (2)

Using that the pressure of the ice on top of ice is zero: 7., = p = 0 at z = h, p can be found from

Eq.2. Inserting this into Eq.1, 7., can be found:

p= /h " pgdz = (h— 2)pg 3)

 Op ) oh
Ty = _— = _— = — h— _ 4
T /h 5 9 /h 5,94z = —(h = 2) 5 pg (4)

Since we know the glacier is flowing, we know there must be a layer where 7, = 7,. Furthermore,
we know this layer must coincide with the bed since we know 7, is the largest shear stress the ice can
withhold and 7,, increases linearly with depth. Hence the change in surface elevation over a distance

along the flowline can be found imposing 7,. = 7, at the bed.

oh Ty
or pig(h —b) ®)

Since this is a first order differential equation it can be solved numerically with a forward Euler
approach using only one boundary condition. This can be done at any point on the glacier. We have
chosen to start at the terminus position and calculate the profile from this point. For this to be done
we need a theoretical estimation of the height of the ice at the calving front which comes from the

following.

2.2 Derivation of Hy.,,

Usually the profile derived from Eq.5 results in a glacier that terminates with a continuous steep descent.
This is contrary to what is observed at outlet glaciers where they usually terminate either as a floating
ice shelf or abruptly as a vertical ice wall. This abrupt termination can be explained, as in Bassis and
Walker (2012) with the introduction of two constraints on the vertical surface that is the ice front. The
conditions are that the main stresses in the vertical plane equals the yield stress, and that the ice is in
a force equilibrium. On the ice front the main stress is 7., and since we expect calving from the ice,
this stress is close to the yield stress. This configuration can be seen in Fig.2.

Here the pressure and push from the ice is balanced by the water pressure. The hydrostatic pressure
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2.2 Derivation of Hiepm, 2 THEORY

from water is p, = —pwgz and the glaciostatic pressure is p; = —p;g(h — z). The balance is therefore

Pw = Ozz = Pi + Tue. Here o is the normal stress. This equality is integrated over depth:

/ ' pugz)dz = / s = / ' <Tm — piglh - z))dz (6)

1 0 1.,1" 1
[— prgzﬂ =t} — pig [(hz - zzﬂ = raalh —b) — 5pig(h? + 57— 2h) ()
b b
1 1
_ipwgDQ = TpaH — §ngH2 (8)

Tex = %PiQH <1 - <[Z> <fl>2> =Ty (9)

Where the water depth, D is the distance from 0 to b and the height of the ice H = h — b. Then let 7,
be the yield stress. From this H is isolated, and defined as Hyepp,-

v (- (5)(5))

1 o L puw o
0=—-1,H + §pigH - ipigp—t)D (11)

Now the roots for the quadratic function are found.

¢Ty2 + 4(%%)19) <§p¢g’;§jD2>

Ty

H= + (12)
250i9 25pig
2 2 Pw 12
Pig pPig
2 T2
T, (3
- Y 4 (14)
Pig Pig
2
Hterm = i 4+ \/<Ty) + pﬂDQ (15)
pig pig Pi

The solution with minus gives a height equalling zero on land and is negative when the glacier
terminates in water therefore only the maximum solution is used.

If the ice column is lighter than the column of water the ice starts to float on the water. Meaning if
H < ’;—’fD there will be a floating tongue or ice shelf and the model does not take those into account.
If this is found the model is terminated and the place, where the tongue starts is made the terminus
position. This is only important if the profile is integrated from the interior towards the coastal parts.
If the model is integrated from terminus position and inward the terminus height is found and therefore

there cannot be any floating tongue.
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2.3 Derivation of the Time Evolution, % 2 THEORY

dL

2.3 Derivation of the Time Evolution, %

The perfect plastic approximation has no time evolution. Therefore, another model is implemented where
deformations of the ice is permitted. In this model the only variable that continues from the perfect
plastic model is the terminus height which is constrained by the material parameter 7,. Whereas the
perfect plastic model comes from shear and yield stresses this extended model uses Glens’ flow law.
The terminus position changes, due to changing surface mass balance. The rate of retreat or advance
of the glacier also depends on the bed, but over time the change in SMB is the most important factor.
Below is the derivation of the change in terminus position over time following from Ultee and Bassis
(2020b). The terminus position is at * = L, and the divide at x = 0. Hyepp, is again the height of the

glacier at the terminus position.

DH DHterm
- — T emmn 1
Dt |, _, Dt (16)
OH dx OH . 8I—Iterm dL 8Iflterm
[at y dtax} o @ on (a7
8H dL 8Hterm dL 8lqterm
el - == 18
ot |,_, " dt oz L:L &t oz (18)
OH dL (OHierm, OH
oH|  _ dL(OHirm OH (19)
ot |, dt Ox or ) |,._1

In the second line the 81%% vanishes because the terminus height is not time dependent but only
depends on the bed which does not changes enough in time to contribute an significant effect.

Now the law of mass continuity is applied. We are only working in 2D because the vertical component
can be set to go in the direction of the flowline. Therefore, the last part for the y-direction equals zero

and the equation is evaluated at terminus. This makes the left side of Eq.19.

Here u is the velocity in the x-direction and & the SMB where basal melting and freezing is neglected.
This means that the more accumulation of snow the faster the flux has to be if the glacier is to remain
in steady state. Now u and g—; have to be found. To find g—g Glen’s flow law is applied. H is evaluated
at the terminus position and here 7., must be at the yield stress, which means 7f = t7(7) = 4o = 7y

and the expression becomes:

ou

i €pr = Angle = At} (21)

Here A is the flow rate parameter from Glen’s flow law and n = 3 found from Cuffey and Pater-
son (2010)(p.75). The right side of Eq.20 is substituted into the left side of Eq.19 and Eq.21 is also

substituted into the equation.

du  OH dL <(9Hterm 8H> (22)

ox u@?_a or Oz

z=L
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2.3 Derivation of the Time Evolution, % 2 THEORY

OH dL (OHierm OH
1 — A7, H, erm — W - = 2
@7 ATy S T < Ox 0x> _L (23)
dL @ — AT"Hyopr — u2
i v (24)
dr ~ Oz
To find u, Eq.20 is integrated with respect to dzx.
L
/ —dw —/ adx — %dx (25)
0 aLU
LoH L
“dr = / adz — (HU)|p—r, (26)
o Ot 0
L
LoH
(HU)|g=L :/ adx — ——dx (27)
1 L LoH
Ulp=r = wdr — —d. 28
| t Hterm</0 o 0 ot $> ( )
&L 1 8Hd (29)

- Hterm - Hterm% 0 oL

Here the chain rule is applied: %—IZ{ = B—Hd—L and & = ¢ fO adzx. Now Eq.29 is substituted into Eq.24

0
d % is found.
dL, @ — AT"Hyepm — u2L
e ) (30)
oz ~ or
d — AT;]’Hterm - (Hijjm Hte’rm dt fOL aHd ) 3[;
= O yerm _ OH (31)
oz oz
dL [ ®Hyery, OH ) aL OH 1 dL (FoH  OH
= — =) =a— A" Hyepm — - — | ==dz—— 32
d ( pE 81:) @ ATy ierm = g e Hyom dt Jo 0L 02 (32)
&L OH  dL (OHym OH 1 dL [FoH & 0H
'_AnHe/)"m_i - T - T T — S 33
@ ATy S Hiormy 0z dt ( oz 8x> Hyorm dt Jy 0L 0z (33)
OHyerm OH 1 LoH = OH
- —dr—— 34
T ( dx Oz Hym Jo 0L ax) (34)
OHyerm  OH 1 L oH
a dt( ox B (995(1 + Hterm 0 ade>> (35)

And finally the time evolution is found (notice that there is two sign differences compared to the

supplementary paper Ultee and Bassis (20200)).

. v OH
% _ a — AT"Hterm — H(t)fe'rm O (36)
At 9Hyepm, L on
5$ - <1 + Hterm fO dx

7 of 25



4 IMPLEMENTATION OF THE MODELS

3 Description of Applied Data

The main data of bedrock topography is from bedmachine by Morlighem et al. (2021). These are the
data that the MATLAB script uses. The bedmachine has data consist of bed topography and surface
heights. The datafile also consist of surface heights from Howat et al. (2014).

The bedmachine is also used to find driving stresses on Greenland. For this the height, the bed and
the x- and y- coordinates are used.

To find the rate of retreat from the glaciers another data set of surface mass balance is used. This
is data is from HIRHAM by Langen et al. (2015). These data range from 1980 till 2016 and provide
an annual mean of SMB in Greenland. They are found from mass balance and climate models. For the
SMB data the mean values for the 36 years are used as an indicator of the general trend along the
flowlines. We have not made the model variate for each year but made an average value of SMB. This
can be seen in the appendix on Fig.19. The surface mass balance is a measurement of accumulation and
ablation where ablation is the negative values.

Given the simplicity of the model we would not expect the uncertainties from the data to have a
significant influence on the results and hence have used the data as it is without trying to estimate the
uncertainties in both surface- or bed elevation.

To detect the flowlines a MATLAB script from Hvidberg (2021) is applied. The flowlines are found
from where the velocity vector is highest. The velocities comes from Joughin et al. (2018). The MATLAB
script furthermore finds the bed geometry, SMB, surface elevation profile, width of flowline, and distance
from terminus along the calculated flowline. To find the width of the flowline, two more flowlines are
calculated. The width is used for estimating the mass loss. The flowlines that are calculated are found
from the terminus and then 10.000 time steps are taken inwards. This makes the flowlines calculated
~ 250 km long.

From the MATLAB script the flowlines of the six glaciers in Greenland are found. These are: The
Helheim Glacier, Jakobshavn Isbrae, Upernavik 1, Upernavik 2, Nioghalvfjerdsfjorden, and Zachariae
Isstrom. In Fig.3 the calculated flowline from Upernavik 1 can be seen. The centered flowline is the one

used to model the profiles and the upper and lower is used to determine the width of the flowline.

4 Implementation of the Models

In this paper the model is integrated from terminus and inward skipping the floating ice tongue problem.
We have tested the model by making the integration both ways and the results are the same. It makes
it easier to find the time evolution when the model is integrated from terminus and inward because
time evolution changes the terminus position and thereby the height at divide. To make the surface
elevation more realistic the step size in the numerical integration has been shortened by interpolating
the data points of the bed geometry. From the data the step size was 5 km and with the interpolation

the step size is set to 10m. This is done for the bed, distance, surface elevation, width and SMB.
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4.1 Numerical Solution 4 IMPLEMENTATION OF THE MODELS

600 kPa

300 kPa

200 kPa

Northing (m)
log(V) log(m/yr)

100 kPa

50 kPa

0

-4 3 2 -1 0 1 2
Easting (m) 105 10 kPa

Figure 3: The flowline from the upper glacier of Figure 4: On the left are driving stresses for

Upernavik. The centerline is blue and is started  Greenland and the right figure has been zoomed

from terminus. The width of the flowline is plot- in for the same part of Greenland where Uper-

ted. The map is of bed elevation on Greenland. navik 1 is, as the flowline. The red dot is the ter-
minus position of Upernavik. It can be seen that
the stresses are highest at the border of Green-
land and decreases into a minimum at the divide.
There stresses are calculated directly from the sur-
face elevation and slope using Eq.38.

4.1 Numerical Solution

To find the surface elevation and thereby the profile of the glaciers, numerical integration is applied
over the bed geometries along the different flowlines. Here Az is the step size and h(z;) is the surface
elevation at the present position. The integration is started from the terminus taking steps Az < 0,
where the coordinate system has the initial divide position as xg.

The model can also be integrated from the divide or some other inward position on the ice and out
with steps Axz > 0. If the model is to run from the divide and out it needs a starting height at the
divide. Furthermore, it needs to be cut off and calve when the height equals the terminus height or
needs to stop if the height equals the bed or floating ice shelves occurs. This is also avoided starting

from terminus (Ultee and Bassis (2016)). The equation of a numerical solution:
Ty

pig(h(zi) — b(z;))

When the integration is started from terminus position, the terminus height, Hieprm is calculated and

used to find the first h(x;), which is height above sea level or bed from H(Zterm) = h(Zierm) — b(Tterm,)-

In this model the yield stresses, 7, are a list of two different values and p;, g are constant.

h(ziy1) = Az + h(z;) (37)

As mentioned, floating ice tongues are ignored and five of the glaciers in this paper do not have any
floating ice tongues or shelves. At Nioghalvfjerdsfjorden there is some ice further out in the fjord, but

this is not part of the profile modelled.
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4.2 Yield Stresses 4 IMPLEMENTATION OF THE MODELS

4.2 Yield Stresses

The model that we are using is simple. With only one free parameter which is the yield stress. By letting
the yield stress be the only free parameter all the physics can be pulled into this. Then by adding two
values of the yield stress it becomes possible for the model to make profiles that are more alike the
observed glaciers without losing the simplicity of the model.

Since we equate the yield stress to the driving stress, it is important to see if and how much the
driving stresses on Greenland varies, the driving stress is found from the formula in Cuffey and Paterson
(2010)(p.296 1.11) and is equivalent to Eq.5:

s

— _pigH-= 38
T = —pigH - (38)

Where % is the change in surface elevation and H is the surface elevation. This is applied to find the
driving stresses in every pixel over Greenland from bedmachine data by Morlighem et al. (2021). This
can be seen in Fig.4. The stresses are only found from the part of Greenland that has grounded ice since
it is only here the driving stresses are. This calculations is also done along the flowlines. As discussed
later, two different yield stresses has been used in the model for each glacier. This differs from Ultee
and Bassis (2016), where 7, is a function of H and D.

4.3 Determine Yield Stress

For determining the best 7, values we have used two different approaches. The first one relies on a
manual estimation of where the 7, values changes called z¢. Using this position, the best 7, from the
terminus position up until z¢ is found, using a iterative process where A7, is added to the original
Ty, until the calculated surface profile matches the observed surface profile best, using a least squares
approach as the loss function. Using the 7, found for the outer part of the profile, the second 7, for the
inner part of the profile is found, using a similar method.

Manually choosing the position of where to change 7, simplifies the optimization problem by effec-
tively reducing it to optimizing three (semi) independent variables. This means finding the two optimal
Ty values is a fast operation and should result in something close to the optimal solution. The downside
is that this approach does not scale well with the number of glaciers considered, for six glacier it is okay,
but more would be too time demanding. Furthermore, this approach would result in different results
given different people could give different estimations for the change position.

The second approach is a full gradient decent approach of the three-dimensional parameter space.
While fully automated, this is computationally heavy and likely to find a local minimum different from
the optimal solution. It is computationally heavy since it needs to calculate
(# of independent parameters)® = 3% = 27 surface profiles for each iteration, and propagating the best
parameters for the best profile to the next iteration, only stopping when an optimal parameter set is
found. While computationally heavy, with only three parameters it is easily done. The problem with
ending up in local minimum, can be solved by using ”smart” starting values for the parameters, and

also try running the algorithm from different starting parameters positions or with different A7, and
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4.4 Time Evolution, % 4 IMPLEMENTATION OF THE MODELS

seeing if the result is the same. An overview of this approach can be seen in Fig.5.
Generally, the found stresses from the two different approaches are almost the same, the biggest
difference in stress is ~ 10 kPa which is still in the same order of magnitude ~ 4%. The positions found

where the yield stresses changes are varying with ~ 10 km making it 4% of the length.

T1=T1(0)

T12=Tz0 )
i= 1(0’ Ly
3 /
D = mean [(f-h)?] )
f(ty 12,0 Zi (P(Lg)i-P(Lg-AL);) AL
h is the true profile

'

¥

T f AT+ Find H/FX, dH,.p, /0%, o 10
T AT+,
'+ Ai+i
Calculate D' for 27 combinations \
Save 11',T5" i for best D
Find &L/t

no es
=1
Return T =T>
TI,'[z,i. D'=D
=i

Figure 6: Flowchart of how the
@ time evolution and stable point

is found. Here P is the function
that finds the profile from an
initial condition, here terminus
position.

Figure 5: Flowchart of the
way the two values for 7 is
found.

4.4 Time Evolution, %

The flow rate parameter, A, is temperature dependent. The temperature is set to be —10 °C throughout
the ice and A = 3.5-1072% - 356 - 3600 - 24Pa~3 yr~! as from Cuffey and Paterson (2010)(p.75). The
densities are also set to be constants, p; = 917 % and p,, = 1027 %.

To implement the time evolution Eq.36 has been made into discrete steps as it can be seen in Fig.6.
Here P is the function that finds the profile from the terminus position. It is important that the model
is run from terminus and inward or else some of the signs will be wrong.

To make the uncertainties of the heights smaller we take n points (here n = 10) to both side of the
actual position of L and make an average of the height. This makes % and dh&% more accurate.

To find an estimation of mass loss the time evolution is used. From this a function is made that
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5 TESTING THE MODELS

takes the terminus position and finds the time evolution, then takes the new position and repeat. This
is done with time steps set to 0.5 yr. Then the profile from the new terminus position is calculated. If
the retreat in the current position exceeds the expected values greatly and hence is probably an outlier
coming from the numerical method the retreat from a random nearby point is calculated and used. This
continues till the terminus position is stable.

The difference in height in the profile is found and multiplied with the width of the marine outlets

and the length of dz to give an estimate of the ice mass loss.

5 Testing the Models

5.1 Profiles for Idealized Beds

To test how the model for determining the profile works, it is tested on idealized beds which are relevant
to the bed geometries of glaciers. This can be seen in Fig.7. The first plot is of a linear downward sloping
bed and the other is with a Gaussian bump on it. These tests are inspired by Ultee and Bassis. The 7,
value is set to 100 kPa, which normally is found to be around 50-300 kPa from Ultee and Bassis (2016).
The height at starting position is found from Hiepp, which depends on 7, and the depth of water. On
Fig.7d is a plot of the height of the glacier if the model is being integrated till divide from different
terminus positions. Here the divide is at a determined position and the terminus position is varied.
There are two different beds made to see the impact a bump has on the profile. The bed has the same
slope, the Gaussian bump is centred around 170 km from the divide.

To see the profiles at terminus, see Fig.20 in appendix. Here is a glacier that terminates in water or

on land both on a linear sloping bed.

5.2 Yield Stresses on Different Beds

Different 7, values gives different slopes on the profile. This can be seen Fig.8a. From the flowlines the
driving stresses are calculated, in the same way as for the entire Greenland, and plotted as the oscillating
line in Fig.8b. Next to this are the two different yield stresses found as described previously. The
calculated driving stresses that are oscillating are found from every 2 km on the flowline of Upernavik.
This can be seen on Fig.8b and the two different ways of estimating the stresses gives almost the same
values. The driving stresses are found and it can be seen on Fig.4 that they match the others found
and are of the order ~ 10° Pa. They are varying with the greatest values at the edge of the ice cap and
smallest at the ice divide.

In this paper two different 7, values are found from each glacier to better fit the profile. This can
be seen on Fig.8c) and d). A low 7, fits well with a flat surface and a higher 7, fits with steeper slopes
at the surfaces. These are the yield stresses plotted in Fig.8b. As it can be seen, the profile made from

two values of yield stresses matches the observed profile better than one value of yield stress would.
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5.3 Time Evolution on a Linear Bed 5 TESTING THE MODELS

Different starting positions, T =100kPa

a) Linear bed b) Linear bed, steeper slope
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Figure 7: A cross section of three different idealized beds are shown. The green is bed, blue is water,
and the different lines are profiles due to different termini positions. a+b) Shows two linear beds with
profiles determined from the different termini positions. The second has a steeper slope than first. c)
Linear bed with a Gaussian bump and also profiles determined from terminus position. On figure d)
The height at divide due to terminus position. The height at divide is calculated from the terminus
position. It can also be seen that shorter terminus length gives smaller ice cap at the divide. Here the
blue is from a linear bed and orange is from a bed with a Gaussian bump.
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Figure 8: a) The profiles from four different yield stresses. b) Driving stresses calculated from the surface
elevation and yield stresses from fitting to the profile. The fitted (orange) follows the trend from the
calculated (blue). c4+d) Shows the observed data and modelled profile fitted by one or two constant
value for yield stress. All from Upernavik 1.

5.3 Time Evolution on a Linear Bed

The time evolution has also been tested on a linear bed with a SMB of 0, meaning no accumulation or

ablation, and the same yield stress for the hole flowline. This is done to test how the model responds to a
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6 RESULTS

very simple bed geometry and SMB. This can be seen on Fig.9. The green is the slope and blue is water
and these are just to give intuition of what the trends are at the two different regions of termination in

water and on land. Therefore the y-axis belongs to the time evolution (orange dots).

Retreat on linear bed [km]

—— bed
g meters of retreat

Km of retreat [1fyr]
Soh o

|
()
s

0 50 100 150 200 %0
Distance from starting position [km]

Figure 9: This figure shows the time evolution on a linear bed. The background of bed and water is
just to make it easier to see where the glacier is stable and where it is retreating. The retreat is steady
until the glacier terminates in water.

With finding the time evolution on a linear bed, the accumulation is also set to be zero. This

simplifies Eq.36 of the time evolution to be:
dez _ AT;Hterm (39)
At oH.,. oH L oH
g — G\ 1+ e Jo Grd

z Hierm

As it can be seen on Fig.9 the glacier rapidly retreats when it terminates in water. When the glacier
terminates on land the retreat is steady while in water it scales as —z? with zero accumulation. This
can be seen from looking at the individual terms in Eq.39: Plots of all the terms are in appendix in

Fig.21.
On land: Hiepqp, is positive and constant, hence 81{5% is zero. % evaluated at the terminus position

is constant with respect to a change in L and negative and the integral is fOL %—IL{dm ~ /x. Making the

. 4L, k .dL 1
terms: ~ . Hence as x grows: 7 ~ N

dt L(14ky/x)
k
On water: Hyerm is positive and since the bed has a linear slope then Hyepp, ~ o when it terminates

in water and hence 81{5% is a constant. %—Ij now scales as % The integral scales now linearly with x.

dL dL 2

; . dL x .dL
Making the terms: . Hence as x grows: % .

— z — —
) k+21

6 Results

Now results for the data of the glaciers are presented.
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6.1 Profiles and Driving Stresses for the Glaciers 6 RESULTS

6.1 Profiles and Driving Stresses for the Glaciers

The perfect plastic approximation has been used on the six different glaciers and from this different 7,

values are found to match the observed profile. On Fig.10 profiles with the best 7, values are shown.

Topography and profiles

Helheim

Jakobshavn

—— t[kPa] = (274.1, 95.1) ~—— T [kPa] =(368.6,72.4)

100.0 150.0 200.0 250.0

Upernavik 2

100.0 150.0 200.0 250.0 0.0 50.0

Upernavik 1

0.0 50.0

—— 1 [kPa] = (370.1, 98.5) —— Tt [kPa] = (264.2, 97.8)

100.0 150.0 200.0 250.0

Zakarias Isstrgam
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Nioghalvfjerdsfjorden

0.0 50.0
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~—— 1 [kPa] = (112.6, 72.5) ~—— T [kPa] = (66.6, 66.5)
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Distance from flowline start [km]

Figure 10: Profiles for the different glaciers. The blue line is the observed surface elevation and orange
are the modelled profile. The distance is along the flowlines and are measured form the position of
where the flowline stopped, not at the divide. The profiles are represented with the best fitting two 7,
values.

There are for each glacier two different values, for the outer and inner part of the glacier. In Table 1 the
value from each glacier are shown. Here x¢ is how far from the terminus the best fitting value for yield
stresses changes. For all the glaciers the greatest value of 7, is found in the outer part of the glacier,
close to terminus. This is except for the glacier at Zachariae Isstrom where the yield stresses are almost
identical. When the flowlines are found they start, as mentioned earlier, from terminus and continues
inward. On the figures of the different profiles from the glacier; = 0 is where the flowline ends and x
increases towards terminus. This is done to easier compare our model with the model from Ultee and

Bassis (2016). The vertical line on the plot indicates when the value of the yield stress changes.

Helheim | Jakobshavn | Upernavik 1 | Upernavik 2 | Nioghalvfjerdsfjorden | Zachariae Isstrom
zc [km] 56.0 70.7 30.4 51.1 18.6 4.6
71 [kPa] 2741 368.6 370.1 264.2 112.6 66.6
79 [kPa] 95.1 72.4 98.5 97.8 72.5 66.5

Table 1: Different 7, Values for the Glaciers. x¢ is the position where the yield stress value changes.

To see what effect ¢ has, the width of the flowline, the SMB and the found yield stresses are
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plotted. In Fig.11 this can be seen for Upernavik 1. The light vertical blue line indicates the position

of changing yield stresses. The same figure has been made for Jakobshavn on Fig.22 and a similar for

all the other glaciers and can be seen in appendix Fig.23.
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Figure 11: This is the width, SMB and found yield
stresses for Upernavik 1. Here the vertical line is
the limit of where we have let the yield stress value
change.

6.2 Time Evolution

Meters of retreat on Upernavik 1

Meters of retreat on Upernavik 1
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Figure 12: This figure shows the time evolu-
tion from Upernavik. The dots indicates the re-
treat/advance the glacier will make if terminus is
at this position. It can be seen that in the outer
part the evolution is negative meaning that the
glacier is retreating. In the inner part it becomes
positive meaning that it will advance. The stable
point will be where % changes sign. The upper
plot is of the entire glacier and the lower is from
the outer part. This is the range where the retreat
happens.

The time evolution of Upernavik 1 is shown on Fig.12. When the value is negative, the glacier is

retreating. The time evolution has been calculated for every 2 km starting from terminus.

6.3 Estimation of Mass Loss

The iterations can be seen on Fig.13a which is from Upernavik 1. This shows the retreat in each time

step, and also which length it will stabilize at. The two different profiles can be seen on Fig 13b. And

the retreat off the glacier can be seen. For the other glaciers the same plots are made on Fig: 14, 15,
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Retreat pr interation Stabilized glacier Upernavik 1
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Figure 13: Left: Here the new terminus positions are found, and the stable point is where function
is oscillating around. The iterations are found from every 0.1 yr. Right: This figure shows the present
profile (blue) and the profile of the glacier when it has stabilized (orange). It can be seen that it stabilizes
closer to the divide, since the time evolution is negative. The height at divide is almost the same since
the retreat is small relative to the length of the glacier.
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Figure 14: Here are the stable point from Helheim. This glacier stabilizes faster than the others and
only retreats ~ 5 km. It can be seen that this glacier stabilizes right before the bed has a steep slope
from a mountain under water.
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Figure 15: This is the time evolution from Jakobshavn. From this glacier there is both some advance
and retreat. But it ends up stabilizing ~ 10 km inward. The slope of this bed is also fluctuating. This
fits with the pattern of evolving that is seen.

16, 17, and 18.
In Table 2 are the estimated mass loss from the six glaciers. The estimated mass loss if from when
they have retreated to a stable position from the present position. The mass loss is given in volume of

ice and found from the difference of ice in the profile and the width of the flowlines.
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Figure 16: This retreat is from Upernavik 2. Here the first point is very unstable and the glacier fast
retreats to a stable position. Again, this stable position is right next to a steep slope. These are holding
back the glacier for further retreat. The big retreat and there after stable terminus position indicates
some uncertainty on this retreat. But since the stable point is right next to a steep slope the overall

retreat looks plausible.
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Figure 17: This is from the glacier at Nioghalvfjerdsfjorden. Since the retreat oscillates in a 500 m
range, the glacier seems stable at the current position.
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Figure 18: Here is the retreat from Zachariae Isstrom. This glacier retreats ~ 3 km. This is done with
a slope that looks linear. This looks like the glacier at present is almost at it is stable point.

Helheim

Jakobshavn

Upernavik 1

Upernavik 2

Nioghalvfjerdsfjorden

Zachariae Isstrom

Mass loss [km?3] | 522 + 1

3500 £ 200

2140 £ 50

233+£9

Undefined 111

+5

Table 2: Estimated Mass Loss for the Glaciers.
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7 Discussion

7.1 1Idealized Flowlines

To see how the model will act on real glacier some idealistic beds are made. These have realistic slopes
and lengths.

The steepest slope of the linear beds has a slope 1.5 times as great as the flatter slope. By looking
at the idealized flowlines in Fig.7 it can be seen that the steeper the slope on the bed, the smaller the
ice cap will be at the divide. This is because the height at the bed is in the denominator in Eq.5 and
can be seen from the profiles at £ = 0. On the plot the lines indicating the profiles lies closer together.
This is also what intuition tells: the steeper the slope the less ice will be able to stabilize there.

By looking at the bed with the Gaussian bump it can be seen, from the two profiles terminating
farthest out, that the bump holds back the ice. These have almost the same height at the divide. This
must be because the hill provides a pressure point of resistive stress on the ice.

To investigate this further a plot showing divide height calculated from the terminus position is
made. In Fig.7d a plot is made of the different terminus positions both with a linear bed and a bed with
the same slope, but a Gaussian bump. Here the bump is located 170 km from terminus, as on Fig.7c.
On the y-axis is the height of the ice cap at the divide. Here it can be seen that the bump holds back
the ice if the terminus position is further out than the bump. With a terminus position right behind
the bump, the height at divide varies a lot due to the local downward sloping bed. Therefore, retreat
will be most rapidly behind the bump and almost stable further out on the bump.

7.2 Tau

From Fig.4 it can be seen, that the driving stress resulting from the slope of the ice surface, generally
can be divided into three segments when following a flowline from the ice divide to the edge of the
glacier. At the ice divide driving stress is generally less than 50 kPa, between the divide and the coast
it is fairly stable around 100 kPa, and at the coast the driving stress increases again to 200 kPa or
indeed larger. Since the thin film approximation equates the driving stress to the basal shear stress, and
the perfect plastic approximation equate the basal shear stress to a yield stress, this implies that if both
approximations are fairly accurate, we should at least use two different yield stresses in the calculation
of the profile. Since the flowlines are not run till the ice divide only two values representing the outer
parts are appropriate.

Since driving stresses are not the main stress at the divide, we would not expect the perfect plastic
approximation to be accurate. This is because the perfect plastic model uses the bed geometry but near
the divide the profile is not only dependent on local variables as bed geometry and the slope of the
surface, but also on the outer parts of the glacier. Also, internal deformation in the ice is also crucial
at the divide to determine the profile there, which is assumed to be zero in the approximation. This
makes the map in Fig.4 show driving stresses that are to low at the the divide and too high at coastal
regions. Therefore, the perfect plastic approximation is more accurate at terminus, because here the

deformation within the ice is small compared to calving but still not perfect, where at the divide the

19 of 25



7.2 Tau 7 DISCUSSION

internal deformations are a greater factor of deformation, making the perfect plastic model less precise
here. This means that the calculated driving stresses are most accurate between the divide and terminus
where there is no calving and less deformation.

We have, as described, made the yield stresses two different constant. This is verified by the two
plots of driving stresses calculated from the data and seen in Fig.4. These two plots shows the driving
stresses calculated from the surface elevation. The first is of all of Greenland and the second follows the
flowline from Upernavik 1. The first plot shows that the driving stresses are highest on the edge and
that it decreases till a minimum at the divide. To compare with the driving stresses we use the other
plot seen in Fig.8b. The flowline is from terminus and inward and stops before the divide is reached.
Here it shows that the simple two-term 7, follows the trend of the oscillating pattern. This trend is seen
in the other glaciers as well. As can be seen on the figure, the driving stress is not decreasing as much
on the figure of the flowline as on the figure of entire Greenland.

An other way of finding the yield stresses, which was used in Bassis and Walker (2012), could be to
make a function that was linearly increasing from divide and out. This is trying to accommodate for a
high 7, inland due to hard bedrock, and a lower 7, at the terminus due to softer sediments and water
pressure. In the paper there is a discussion of which value of 7, to use. There is both a constant value
and a value which varies as a function of height of ice and water depth, due to the change of friction at
the bed.

7y = 10 + p(pig(h — b) — puwgD) (40)

But this does not catch the x¢ position either and therefore they have shortened the flowline they have
looked at. This would not fit well either due to the z¢ position and since we find the lowest values of
Ty at the inner parts and not at the coast.

As can be seen on Fig.8 the two different values for yield stresses Upernavik 1 is 370.1 kPa and
98.5 kPa. This means that the biggest are ~ 4 times as big as the smallest one. If we look at Fig.11 it
can be seen that where the yield stress values changes is also where the width of the flowline gets smaller.
This looks like the outlet is going in a valley where stress from the walls should also be considered. This
indicates that the resisting stress could accommodate a higher driving stress and therefore a higher
yield stress should be used in the model. At the same time this position is also where the SMB changes.
But also the topography changes. Further out the glacier terminates in water, and further in the glacier
terminates on land. Thereby it is difficult to conclude which of the three conditions that determine the
driving stress, but it is probable that all three have an impact.

The trend here is the same that can be seen from the other glaciers. This can be seen on Fig.23 in

appendix. Here the variables are normalized to make all the variables visible in the same plot.

As it can be seen on Fig.10 the 7, values on the inner parts of the glaciers differs from each other
with no more than ~ 30 kPa, whereas the outer 7, values varies greatly. This indicates that bed geom-
etry and thereby that the basal shear stresses are similar. The bed geometries on the coastal parts of

Greenland differs more because here the glaciers are passing through a fjord, where the walls contribute
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to the total resisting stress. This difference is accommodated in the f’ factor introduced in Cuffey and
Paterson (2010) p.296 and p.341-342: 7, = f'74. Usually over a flat bed, without walls f' ~ 1, if the
side walls and half the width of the flowline is of equal size f’ ~ 0.5.

While introducing several 7, yields markedly better fits, and perhaps incorporate the underlying
geometry of the geology better than a single 7, it also introduces larger uncertainties in the found
values. When optimizing for one 7, it is reasonable to expect the found value to be the best for the
problem, with a three-dimensional parameter space it is not unlikely to expect several solutions to
yield equal or at least similar values, with similar loss. Furthermore, while the calculation of one profile
is not computational heavy, a thorough parameter search for each glacier is not favourable. Finding
viable solutions via a gradient decent method, using ”good” starting parameters close to the expected
values, does consistently yield good and repeatable results close to values found by eye. Naturally both
7, depend on where the shift from one to the other occur, and hence using a suitable starting limit
is crucial. Since we expect 71 ~ 200 kPa and 75 ~ 100 kPa, these can be used to find the optimal
position for the change in 7, for these values with a simple one dimensional parameter search, and then

propagate this result to the three dimensional parameter search with this as the starting parameter.

7.3 Uncertainties

Since the whole model of the profile only has 7, as a direct model parameter all uncertainties are pooled
into this variable. Hence it is difficult to precisely determine the actual uncertainties and from where
these uncertainties originate. The first and probably foremost contributor of uncertainties comes from
the simplicity of the model itself. With the perfect plastic model, we try to summarise the incredible
complex systems marine glaciers consist of into one first order differential equation and while reproducing
the general shape, it do not reproduce local fast changing features that is observed in Greenland. The
second likely origin of uncertainties is from the actual data used and while no data ever is without
flaws, these flaws are dominated by the uncertainties coming from the simplicity of the model. For a
comparison a change in 7, by 1 kPa yields a difference of ten meters furthest from the terminus position.

For the model of time evolution of the terminus position one main uncertainty lies in the choices
regarding the SMB along the flowline. While we know the SMB changes continuously, we have chosen
to use the mean value of the 36 years of data. While this might not represent the present conditions and
probably is an unwise metric to base predictions of future ice mass loss on, it does provide the general
trend in SMB the glacier has been exposed as can be seen in Fig.19, a perhaps greater uncertainty lies
in the discretization of the data and the model. While integrating the profile is not sensitive to the
discrete problem the time evolution mainly consist of derivatives which are much more sensitive to this
discretization and sometimes yield results that seems to contradict physical intuition. A simple possible
solution to this would be to filter and smoothen the data, rather than using a linear interpolation
between the data points. The reason we have not done this, is that the time evolution mostly produces
the expected results, and the outliers arising from numerical problems that fairly easily can be sorted

out during the evaluation of the retreat of the glacier.
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In evaluating the ice mass loss a large uncertainty comes from the fact that we assume a constant
density of the ice, and thereby completely ignores the firn layer. Where there is accumulation of snow,
there will be a layer of firn which has lower density than ice. This is only on the inner part of the ice
cap and not at the edge. Normally this is accounted for by making the height gradually smaller from
the inner part and out. This is not done in this paper because the height is used to find the driving
stresses and thereby the profile and the time evolution. The profiles from different terminus positions
are then subtracted to find an estimate of the ice loss and here the errors should cancel out.

Furthermore, the data is sensitive to where the starting point of the glacier is set to. This results in
quite large variation in flowlines. Which propagates into large uncertainties in the width of the profile

and results in uncertainties on the yield stresses and where they changes.

7.4 Comparing Results with Other Studies

From the paper by Larsen et al. (2016) the terminus height is found to be 1 km for Upernavik 1, and
the bed to intersect sea level at 45 km from the terminus. In our model the terminus height is 550 m
above bed, and the bed and sea level intersect at 34 km from terminus. The difference in these values
can be due to the fact that her observations and data has a higher resolution or the fact that two
slightly different flowlines are calculated.

Ultee has also found yield stresses for glaciers. In her work it is only the outer part of the glacier the
values are from, and she does not have yield stresses for all six glaciers. But she has from Jakobshavn
= 150 kPa, Upernavik = 145 kPa and Helheim = 215 kPa. All our values are higher but at the same
order of magnitude. This can be caused by her cutting off the inner part of the flowline an other place
than where we let our model take an lower yield stress. If she has shortened the flowline further in than
us her profile will have started to flatten. This means that the yield stress would have to be lower to fit
the profile. Here from Ultee and Bassis (2020a) (Supplementary Table 1).

To compare our model with other work it can be seen in Nick et al. (2013) that a model that
includes up to five tuneable parameters gets similar results for retreat at the glacier in Jakobshavn.
The issue with this model compared to ours is that it is difficult to consistently optimize functions with

more degrees of freedom than the three parameters that is applied in this model.

7.5 Ice Mass Loss

The estimation of drained water comes from the retreat of the glaciers. All the glaciers except for
Nioghalvfjerdsfjorden are found to retreat which matches the present observations.

From Upernavik 1 in Fig.13 there is also retreat until the first steep slope. This is far from the
present position, therefore much water will be drained from here. To make the model more stable the
step size of time has been varied but the same stable point has been found both from small time steps
and greater.

For Helheim, see Fig.14, it can be seen that the glacier stabilizes quite fast. It stabilizes right before
a steep slope. This stable point is only 5 km from the present position therefore this glacier will not

drain as much water as some of the others.
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For the actual glaciers the retreat is rapid when it terminates in water. The glacier is stable or
advancing a bit when grounding line is on land. The reason it is not always stable here is because the
differing accumulation rate are non-zero in contrast to the case with idealized beds.

The estimation from Jakobshavn is not as smooth retreating as the Helheim glacier. This can be
seen on Fig.15. The glacier also stabilizes at the same spot given different time steps.

From the other glacier at Upernavik 2 there is a fast retreat as can be seen on Fig.16. This looks
like the glacier is very unstable at the present position. And after the first retreat the glacier stabilizes.
This is again at a spot where the slope of the bed is great.

The glacier at Nioghalvfjerdsfjorden has no pattern in the retreat and advance. Therefore, there is
no estimate of the retreat of this glacier, this might be caused by it already being in a stable equilibrium.
This can be seen on Fig.17.

For the last glacier at Zachariae Isstrom there is a steady retreat. This can be seen on Fig.18. The
retreat in each time step is small but steady till the glacier stabilises 2 km from the present terminus
position.

To find the estimated mass loss the mass of the present glacier and the glacier at the first stable
point is found and subtracted from each other. This gives the mass losses in Table 2. There is mass loss
at all the glaciers except for Nioghalvfjerdsfjorden. This is because at this glacier the time evolution is
both retreating and advancing, which indicates that it already is in a stable position, and therefore it
does not make sense to find the total ice mass loss for this glacier.

Some of the mass losses are quite big such as the one from Jakobshavn where it is estimated that
the mass loss is 3500 km3. This is because the width of the flowline is ~ 100 km and if the profiles get
smaller all the way in there will be a massive mass loss. This can be seen on Fig.22 in appendix.

The estimated mass loss is only for a subsection of the flowline. This means that the estimate is too
low since the profile all the way in to divide will get smaller when the terminus position retreats.

A disadvantage of this model is that it cannot evolve the glaciers to advance further out than the
present terminus position. This is due to the amount of data that is imported from MATLAB when
finding the flowlines. If the glaciers were to advance more bed data from bedmachine Morlighem et al.
(2021) should have been imported to our python scripts. Luckily none of the glaciers are advancing and

for now this is not a problem.

7.6 Outlook

If we were to make the model even more precise climate forcing could be introduced. Different parameters
could be included such as sea level rise or melt at terminus from intersection of water and ice. The
surface mass balance is the net accumulation and ablation. To make the model more realistic melting
at terminus by the water could be taking into account. To this the HIRHAM data could be used even
more. This data are annual means of SMB, and with this it is possible to tune the model, so the glacier
will be in steady state for the years of non varying SMB. This is done by taking into account that the
sea melts away the ice at the ice-ocean interactions when glaciers are terminating in water. This could

be done by making a constant melt rate pr. meter of water and ice touching each other. This is added
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to the water depth at the terminus. Then this is added to the accumulation rate in the time evolution.

All this would make the estimate of ice mass loss more precise.

8 Conclusion

In this project we have tried to explore the use of the perfect plastic approximation in relation to marine
outlet glaciers. While simple, the model emulates the physical observations well with only one tuneable
parameter 7, and with the addition of a second 7, the range for which the model functions well increase
remarkably. The simplicity of the model results of it being computationally easy to use, and therefore
scales well with the number of glaciers added. The time evolution used to find the ice mass loss is on
the other hand less stable but results in reasonable estimations of the retreat and ice mass loss. Overall
it is a good model to give an overview of the dynamics of the marine outlet glaciers and the estimated
ice mass loss.
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Appendix

Mean SMB for Upernavik 1
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Figure 19: Mean SMB values with uncertainties along the Upernavik 1 flowline

a) Profile when termination on land b) Profile when termination in water
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Figure 20: Here are profile from glaciers terminating in water and on land zoomed in om the terminus
region. Both are modeled on a linear bed.
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Time evolution [m]/[yr]
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Figure 21: Here is the terms from the time evolution on a linear bed with no accumulation. The thee

upper plots are of the individual terms and the last is of the overall trend.
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Figure 22: Here are the SMB, width and estimated 7. Here the changing 7 values looks like it depends
on the varying SMB
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Figure 23: Here the SMB, 7 and width of the six glaciers found. All the variables have been normalized
to make all parameters visible in the same plot. As it can be seen on the plot from Upernavik the trend
is overall that the best driving stress value changes with the width and SMB.
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Figure 26: From Upernavik 2
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Figure 27: From Nioghalvfjerdsfjorden. Here
all most all of the points makes retreat.
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Python scripts

Functions needed to find the profile, and time evo-

lution:
f============================
# Data
# Input
# Output
# => Array: Ty,
# => Int: n
# => List: data, functions
f======zzzz=z=z=zzzz=z=z=z==zzzz=z=z====
def Init(Name = 0):
if Name == O:
Name = int(input("# CGalcier: "))
dx = 10
TY = [ [ 274100, 95100, 56000 ],[
370100, 98500, 30400 1,[ 264200,
97800, 51100 1,[ 368600, 72400,
70700 1,[ 112600, 72500, 18600
1,[ 66600, 66500, 4600 1 1]
n,data,f = Format_Data(Filename = ’
FLflowlinehighres{}.mat’.format (
Name) ,dx = dx)
TY = TY[Name-1]
TY = Ty(TY[0o] ,TY[1] , TY[2] , n )
return TY,n,data,f
f=======z======z==z==z==z=z=z=======
# Data
# Input:
# => String: Ftilename
# => 4nt: dz
# Output:
# => Int: n
# => List: data, functions
f==============s=s=============
def Format_Data(Filename,dx = 10):
Data = scipy.io.loadmat (Filename)
x = Data[’FLdist’].flatten()
x = x[-1]1-x
b = Datal[’FLbed’].flatten()
h = Datal[’FLsurf’].flatten ()
a = Datal[’FLsmb’].flatten()
w = Data[’FLwidth’].flatten ()
x = x[::-1]
b =bl[::-1]
h = h[::-1]
a = al::-1]
w = wl::-1]
fb = interpolate.interpld(x,b)
fh = interpolate.interpld(x,h)
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HOH R OB OB R

fa = interpolate.interpld(np.delete(x
,np.where(np.isnan(a))) , np.
delete(a,np.where(np.isnan(a))) ,
fill_value = ’extrapolate’ )

fw = interpolate.interpld(x,w)

x = np.arange (x[0],x[-1],dx)

n = len(x)

b = fb(x)

h = fh(x)

a = fa(x)

w = fw(x)

return n,[x,b,h,a,w],[fb,fh,fa]l

Calculate ice profile
Input:

=> Array:
=> Float:
Returns:

z,b,ty
ho

def profile(X,B,h0,Ty):

HOH R OB OB R R

X[::-1]

B[::-1]

ty = Tyl[::-1]

h = np.zeros(len(x))

h[0] = hO

for i in range(len(x)-1):

i +=1

if h[i-11<b[i-1]:
print ("Error:

x =
b =

Hit bottom")

break
else:
dx = x[i] - x[i-1]
h[i]l = -ty[i-1] / (rho*gx*(hl[i

-11-b[i-11) ) * dx + h[i
-1]
return h[::-1]

Calculate terminus height
Input:

=> Float: b,ty

=> (Array: b, ty)

Returns:

=> Float: h_term

=> (Array: h_term)

def H_term(b,ty):

if type(b)
D = np.zeros(len(b))
D[b<0] = -b[b<0]
else:
D =20
if b<O0:

is np.ndarray:
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96 D = -b 137 # Calculate ty
97 h_term = ty/(rho*g) + np.sqrt((ty/( 138 # Input:
rhoxg))**2 + D**2*rho_w/rho) 139 # => Float: ty0o, tyl
98 return h_term 140 # => Int: 7,n,dz
99 141 # Returns:
100 #============================ 142 # => Array: ty
101 # Calculate dl/dt 4in the 4’th point 143 #============================
102 # Input: 144 def Ty(ty0,tyl,i,n,dx = 10):
103 # => Array: ty, b, =, a 145 i = int(i/dx)
104 # => Int: 4 146 ty = np.ones(n)x*tyl
105 # => Float: forcing 147 ty[n-i:1 = tyo0
106 # Returns: 148 return ty
107 # => Float: dl/dt,Numerator,Denominator
108 #ommmmmmmmmmmmmmmmmmmmmm—mmn Another of those:
109 def dldt(ty,x,b,a,i,forcing): 1 # -*- coding: utf-8 —#-
110 dx = x[1]-x[0] Q2 wmw
111 n =10 3 Functions for the profile and the time
112 A = 3.5%10%*(-25)*365%24%3600 evolution
113 d =0 4
114 aa = 0 5 mmn
115 if b[il<O0: 6
116 aa = -forcing 7 import matplotlib.pyplot as plt
117 d = -b[i]*aa 8 import scipy.io as sio
118 9 from scipy import interpolate
119 alp = np.sum(dx * al[:i]) + d 10 import numpy as np
120 11
121 h = profile(x[:i], b[:1i] , H_term(b[i 12 ###Constants##sssts#
1,ty[i]) + blil,ty[:1i1) 13 rho_i = 917
122 h_p = profile(x[:i],b[:i]l,H_term(b[i 14 rho_w = 1027
1,ty[i]l) + blil,ty[:1i]1) 15 g = 9.82
123 h_m = profile(x[:i-2*n],b[:i-2%*n], 16 A = 3.5%10**(-25) *356%3600%24
H_term(b[i-2*n],ty[i-2*n])+ b[i 17 dx = 10
-2*n] ,ty[:i-2*n]) 18
124 19
125 dhdx = ((h[-1]-b[i]) - ( np.mean(h[-( 20 ###### Import of data H##AEHEH#EH
n*2+1) : -1]) -np.mean(b[i-n*2:1i]1)) 921 #res = int (input (’number?’)) #Ask in the
)/(x[i]l-np.mean(x[i-n*2:1i] )) other program which glactier we are
126 looking at
127 dhydx = (- np.mean( H_term(b[i-n:i], 22
tyli-n:il) )+ np.mean( H_term(b[i 23 def Data(res): # It is only in here tau-
ti+n] ,ty[i:i+nl]) ) )/(-np.mean(x[ values and limit-values have to be
i-n:i]) + np.mean(x[i:i+n] ) changed
) 24
128 25 if res == 1: #Helheim
129 dhdl = np.sum( ( ( -h_m +h_p[:-2*n] ) 2¢ data = sio.loadmat (’
/(2*n*dx) )=*dx) FLflowlinehighresl’ ,6 appendmat
130 =True)
131 aa = al[i]l + aa - Axty[il**3*H_term(b 27 ty = [274100,95100]
[i1,ty[i]) - alp * dhdx/H_term(b[ 928 grense = 5600
il,ty[i] ) 29 elif res == 2: #Upernavik 1
132 bb = dhydx - dhdx*(1+dhdl/H_term(b[i 30 data = sio.loadmat (’
1,ty[il)) FLflowlinehighres2’ ,appendmat
133 DLDT = aa/bb =True)
134 return DLDT,aa , bb 31 ty = [370100,98500]
135 32 grense = 3040
136 #============================ 33 elif res ==3: #Upernavik 2
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data =
FLflowlinehighres3’ ,appendmat

sio.loadmat (’

=True)
ty = [264200,97800]
grense = 5110
elif res == 4: # Jakobshaun
data = sio.loadmat (’
FLflowlinehighres4’ ,appendmat
=True)
[368600,72400]
grense = 7070
== 5:

ty =

elif res #ntoghalvfjerds

data = sio.loadmat (’
FLflowlinehighresb5’ ,appendmat
=True) # 4n range [100:3333]
ty = [112600,72500]
grense = 1860
elif res == 6: # Zakartias
data = sio.loadmat (’
FLflowlinehighres6’ ,appendmat
=True)
ty = [66.6%x10%*3,66.5%10%%*3]
grense = 460
bed_dat = datal[’FLbed’].flatten () #

make data one-dimensional

surf = datal[’FLsurf’].flatten()
dist = datal[’FLdist’].flatten()
smb = datal[’FLsmb’].flatten ()
width = datal[’FLwidth’].flatten ()
x = dist[-1]-dist

x = x[::-1]

surf = surfl[::-1]

smb = smb[::-1]

width = width[::-1]

bed_dat = bed_dat[::-1]

#Making funktions with linear
interpolation.
# To make smaller steps

#Removes ’man’ and exztrapolates

funk_bed = interpolate.interpld(x,
bed_dat)

funk_surf = interpolate.interpld(x,
surf)

funk_smb = interpolate.interpld(np.

delete(x,np.where(np.isnan(smb)))
,np.delete (smb,np.where (np.
isnan(smb))),fill_value =
>extrapolate’)

funk_width = interpolate.interpld(x,
width)
x = np.arange(x[0],x[-1],dx)
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b = funk_bed(x)
surf_dat = funk_surf (x)
funk_smb (x)

bredde = funk_width(x)

len(b)

a =
n=
return x,b,surf_dat,a,bredde,ty,

grense ,n

#HA####AAAAE Definttions of functions for
making the profile H#HHZHHHHHHHH

def h_term(b,ty):

height, tau has two wvalues
D =0 # Sealevel

#finding terminus

s 0

if b<0: #4if terminating in water
D = -b
h_term = ty/(rho_i*g)+np.sqrt((ty/(

rho_i*g)) **2+D**2*rho_w/rho_1i)
return h_term

def hO(ty,
posttion to calculate starting height
hOo =
return hO

Xx_start): # z_start is the z

h_term(x_start, ty)+ x_start

HARRAAAARRHH#AE The profile HHHAAAAAHHHA

def hojde(h_start,b, x, ty, gr , n ): #
calculating profile.
x = x[::-1] #From divide and out
b = bl[::-1]
N = len(b)
h = np.zeros(N)
h[0]=h_start
for i in range(N-1):
if x[i] <(n-gr)#*dx: #z-azis

reversed, therefore new ’gr’,
to make tau
#change at
the right
spot
Tau = ty[1]
else:
Tau =ty [0]
i +=1

if h[i-11<=bl[i-1]:
h[il = b[i]
print (’bottom’) # To see <f
the glacier reach the bed

break

else:
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h[i] = -Tau/(rho_ix*g*(h[i-1]-154
b[i-11))*(x[il-x[i-1]1) + 155
h[i-1] 156
return h[::-1] 157
158
######## The time evolution 159
HARAARRRARARBAAARRH
160
def dldt(b,x,i,ty,a,gr,n, forcing): 161
D =0 162
nx= 10 # the amount of step to each 163
side. To make average -> more 164
precise. 165
al = 0
if b[i]1<0: # If forcing, then the SMB166
would be smaller, 167
al = -forcing # when terminating 168
in water 169
D = -b[il*al# this is not 170
included. 171
172
alpha = np.sum(dx*al:1i]) + D # D = 0
when no forcing 173
174
Ty = np.ones(n)*(ty[1]) # Here tau %sl75
a list 176
Ty [int ((x[-1]-gr*dx)/dx):1 = (ty[0]) 177
178

#if xz[i1]<(len(b)-gr)*dz: #For when 179
tau should be a number and not a

list 180

# Ty = ty[1] 181
#else: 182
# Ty = ty[0] #ret til 0 bul[i-2] 183
184

185

profil = hojde (h0(int(Ty[il), b[il]) ,bl86
[:i],x[:i]l,ty,gr,n) 187

dhy = (-h_term(np.mean(b[i-(nx):i]), 188
int (Ty[i]))+
h_term(np.mean(b[i:i+nx]),int (

Ty [1i1)))

1
dhydx = dhy/(x[i]-np.mean(x[i-2%nx:1i 9
1 3
dhdx = (+profil[-1]-b[i]-np.mean( 4
profil [-(2*nx+1) : -1]) 5
+np.mean(b[i-(2*nx):1]1))/(x[i ¢
J-np.mean(x[i-2*nx:1])) 7
8

H_term = h_term(b[i],Ty[il)
9
dh = -hojde (h0(Ty[il],b[i-2]),b[:i-2], 10
x[:i-2],ty,gr,n)\ 11
+hojde (hO(Ty[i],b[1i]1) ,b[:1i]1,x[:1 12
l,ty,gr,n)[:-2] 13

ix

dl = dxx*2
dhdl = dh/dl*dx
inte = np.sum(dhdl)

aa = (al[il+al-A*xTy[i]**3*xH_term-(
alpha/H_term) *dhdx)

bb = (dhydx-dhdx*(l+inte/H_term))

dldt = (aa/bb)

return dldt,aa,bb, dhdx

def 1_udvikling(N,b,x,ty,a,gr,n, forcing
= 0):
i = np.zeros(N)
i[0] = n - 10

dx = x[1]-x[0]
for j in range(N-1):
jo+= 1
DLDT = dldt(b,x,int(il[j-1]1),ty,a,
gr,n, forcing) [0]*0.5
print (DLDT)
if DLDT<10 and DLDT>5:

DLDT = 10
elif DLDT>-10 and DLDT<-5:
DLDT = -10

elif DLDT <-10000 and DLDT>10000:
DLDT = 200*(np.random.rand ()
-0.5)
i[j] = int(i[j-1] + DLDT/dx)
if i[jl>n or i[j]1<O0:
print (’Error’)
break

i = i.astype(int)
plt.figure ()
plt.plot(x[i])
return i

Script that finds the optimal values for 71, 7
and i:

import numpy as np

import matplotlib.pyplot as plt
from Functions_v0 import =x*
plt.close(’all’)

plt.ion()

ty,n,data,f =Init ()

x,b,h,a,w = datal[0],data[1],data[2],data
[3],data[4]

Name = int(input("Again: "))

def Best(TyO0,Tyl,II,d_i,d_ty):
diff = 10%*x100
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I,J,K = 1,1,

while I != 0
ty0 = Ty
tyl = Ty
ii = II
I,J,K =

for i in
i -=

for

TyO
Tyl J*
IT = K *
print(

I

return TyO,Tyl,II,

def BestI():
diff = 10%x*1
Ty0 = 10000
d_ty = 10000
I =1
while I != 0
ty0 = Ty
I =0
for i in
TO_t

1

and J
0
1

= 0 and K != 0:

0,0,0
range (3) :
1
j in range(3):
j =1
for k in range(3):
k -=1

TO_t
Ti_t
ii_t =

ty0 + ixd_ty
tyl + jxd_ty
int (ii + k*d_i

Ty (TO_t,Ti_t,
ii_t,n)
hO = H_term(b[-1],ty
[-1]1) + b[-1]
h_forward = profile(x
,b,h0,ty)
Diff = np.mean ((
h_forward-h) **2)
if Diff < diff:
diff = Diff
I =1
3= ]
K =k
tyo0
tyl

ii

ty =

d_ty +

d_ty +
d_i +
)

int (diff)

00

0

range (2) :
= ty0 + ixd_ty

ty = Ty(200000,100000,TO_t ,n)

h0 = H_term(b[-1],ty[-1]) + b
[-1]

h_forward = profile(x,b,h0,ty
)

Diff = np.mean((h_forward-h)
*%2)

if Diff < diff:
diff = Diff
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I =1
Ty0 = Ix*d_ty + tyO0
print ( )
return TyO

Ty0 = 250000

Test = np.array([269,389,292,411,114,71])
*1000

Ty0 = Test [Name-1]

Tyl = 100000

II = 50000

II = BestI()

d_ty = 10000

d_i = 10000

print (Ty0,Ty1,II)

for i in range(3):
Ty0,Tyl,II,diff =
d_i,d_ty)
print (Ty0,Ty1l,II,diff)

Best (Ty0,Tyl1,II,

d_ty = int(d_ty/10)
d_i = int(d_i/10)
ty = Ty(Ty0,Ty1,II,n)
hO = H_term(b[0],ty[0]) + b[0]

h_forward =

plt.plot(b)
plt.plot (h)
plt.plot(h_forward)

T(t)
And
# -*- coding: utf-8 -*-

"mon

For finding tau wvalues:

"wmn

import numpy as np
import scipy.io as sio
from Functions importx*

917
1027

rho_i =
rho_w =
g = 9.82

A = 3.

))

x,b,surf ,a,bredde,ty,gr,n =

glacier = (input(

glacier))

# Takes data for the glacier,

profile(x,b,h0,ty)

5x10x*x(-25) *356%3600%*24

Data(int (

here ts

guessed yteld stresses and limits.

# this scripts take guessed

yield

stresses and optimizes them.
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def ty_i(grense): #Finding tau at

terminus,

tyy = 100%x10**3 # starts from 50 kPa

tyy2 = 100*%10**3 # A guess for the
tnner tau

for i in range(600): # have to be

able to reach 300 kPa

diff1 = (hojde(h0(tyy,b[0]), b,x,
ty = [tyy,tyy2], gr=gr,n=n)
-surf) [:grense]
diff2 = (hojde(hO((tyy+1%x10%%3),b
(o1,

b,x, ty = [tyy
+1*x10**3 ,tyy2
1l,gr=gr,n=n)-
surf) [: grense]

fejll = np.sqrt(np.sum(diffl1x**2))
fejl2 = np.sqrt(np.sum(diff2x*%2))
if fejl2 < fejlil:
tyy += 1%10%*3 #adds 1 kPa to
tau
else:
break

return tyy

fejl = np.sqrt(np.sum((hojde(h0(ty[0],b

[0]1), b,x, ty = ty,gr = gr,n= n)
-surf) *x*2))

tyi = ty_i(gr)#finds best tau for a
chosen limit.

def ty_f(grense):
tyl = tyi
tyy2 = 50*10**3 # starts from 50 kPa

ty_2=np.empty ([])
for i in range (600):
diff1 = (hojde(hOo(tyi,b[0]), b,x,
ty = [tyi,tyy2], gr= gr, n=
n)
-surf) [grense:]
(hojde (hO(tyi,b[0]), b,x,
ty = [tyi,tyy2
+1%10%*3] , gr=
gr ,n=n)-surf) [

diff2

grense :]

fejll = np.sqrt(np.sum(diffl*x*2))
fejl2 = np.sqrt(np.sum(diff2**2))
if fejl2 < fejli:

tyy2 += 1%10%x*3
else:

ty_2 =

break

np.append (ty_2,tyy2)
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return ty_2[1]

tyf = ty_f(gr)#finds best tau for a
chosen limit on the tinner parts.
ty = [tyi,tyf]l #new tau values

Script used to estimate retreat, and to find
mass loss:

import numpy as np

import matplotlib.pyplot as plt
from Functions_v0 import x*
plt.close( )

plt.ion()

ty,n,data,f =Init ()
x,b,h,a,w = data[0],datal[1],datal[2],data
[3],data[4]

#f=============
TO
f=============
N = 150
i = np.zeros(N)
i[o0] = n - 700 # Normalt 10
dx = x[1]-x[0]
for j in range(N-1):
i o=
DLDT = dldt(ty,x,b,a,int(il[j-1]1-1),
forcing = 0 ) [0]
DLDT += dldt(ty,x,b,a,int(i[j-1]1+0),
forcing = 0 ) [0]
DLDT += dldt(ty,x,b,a,int(i[j-1]1+1),
forcing = 0 ) [0]
DLDT = DLDT/3%*0.1
print (j,DLDT)
if DLDT<10 and DLDT>O:
DLDT = 10
elif DLDT>-10 and DLDT<O:
DLDT = -10
elif DLDT > 1000 or DLDT < -1000:
DLDT = 200*(np.random.rand()-0.5)
i[j] = int(i[j-1] + DLDT/dx)
if i[jl>n or i[j1<O0:
print( )
break
i = i.astype(int)
plt.figure ()
plt.plot(x[i], )
#f=============
T(t)
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f=============
start = i[0]
end = i[-1]
dx = x[1]-x[0]
Max = np.max(i[-30:]1)
Min = np.min(i[-30:])
if Max == Min:
Max += 1
Min -= 1
def MassChange (start,end):

Mass_Start =np.sum( (profile(x[:start
I,bl:start] ,H_term(b[start],tyl
start])+b[start],tyl[:start]) -b
[:start]) * wl:start] * dx)

Mass_End =np.sum( (profile(x[:end],b
[:end] ,H_term(b[end],tylend])+bl
end] ,ty[:end]) -b[:end]) * wl:
end] * dx)

DM = Mass_End - Mass_Start

DM = DM*10**(-9)

print (DM)

return DM

Min =MassChange (start,Min)
Max =MassChange (start ,Max)

Stop= MassChange (start,end)

Mean = (Max+Min) /2
std = np.sqrt((Mean-Max)**2 + (Mean-Min)
*%x2 )

print (Mean, ,std)

Python script that calculates the driving stress

for the whole of Greenland:

import numpy as np
import matplotlib.pyplot as plt
import netCDF4 as nc
import matplotlib.colors as colors
plt.ion()
plt.close( )
ds = nc.Dataset(
)
h = dsl 10:]
mask = ds[ 10:1] #(0 = ocean, 1 =
ice-free land, 2 = grounded ice, 3 =

13
14
15
16
17
18
19
20
21

22
23

24
25

27
28

30
31
32
33
34
35

xii

floating ice, 4 = mon-Greenland land)
b = dslI 1[:1
H = ds[ 1C:1
rho = 917
g = 9.82
shift = 10
dx = np.roll(h,shift,axis =0)- np.roll(h

0)
dx = dx.astype(int)/(150*2*shift)

,—shift ,axis =

dy = np.roll(h,shift,axis =1)- np.roll(h
,-shift,axis = 1)

dy = dy.astype(int)/(150*2*xshift)

alpha = dx**2 + dy**2

alpha = np.sqrt(alpha)

tau = rhoxgxH*alpha

taul[mask != 2] = 0

plt.imshow (tau)
plt.colorbar ()

plt.show ()



