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The Oer03 model

The Oer03 model is introduced in Oerlemans (2003) — some details are briefly summarized here. The model is “highly param-
eterized” and coupled to the surrounding climate by the altitude of the runoff line. Effectively the model consists of three steps:
1) describing the shape of the ice sheet, 2) analytically integrating the mass balance over the ice sheet and 3), numerically
integrating the resulting expression for dR/dt where R is the radius of the ice sheet; the volume V is then uniquely determined
from R.

Above the runoff line the accumulation is constant, below the balance gradient is constant; this is illustrated in Fig. (1) in the
main article. The ice sheet is axially symmetric and rests on a sloping bed; furthermore ice is assumed to be a perfectly plastic
material (Oerlemans, 2003).

The parameters we use are shown in Table 1. We have kept most parameters fixed as compared to Oerlemans (2003) but
changed a total of 7 values to crudely approximate Greenland — note that we do not claim to be able to make accurate predictions
of the GrIS even with this parametrisation. The temperature 7' = 5.8°C has been chosen so that no temperature anomaly (i.e.

setting 7' = 0 in Eq. 2) gives a equilibrium volume of about 7m SLE, corresponding roughly to the GrIS (Church et al., 2013).
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Name Unit Value Notes

Ao mice yr! 1.0f Characteristic specific balance.

B8 miceyr'm™'  0.005f Specific balance gradient.

c m'/2 2x 108 f Bed slope effect parameter.

Cr m 5x10° e-folding radius for “desert effect” from large ice sheets; see Eq. 3
do m =hgo ") Undisturbed bed height at center of ice sheet.

heq m See Eq.2 ™) Height of equilibrium line.

hE0 m 1545 *) Equilibrium line height at 7' = 0. Approximate 1990 - 2010 average (NOAA (2015), Fig 3.2a)
f yrt 0.5% Bulk flow parameter related to ice discharge.

o m?/2 gt Bed slope effect parameter.

W= 1o + s> Equation 4 in Oerlemans (2003)

i kgm™3 900 * Density of ice.

Puw kgm™3 1025+ Density of sea water.

Pm kgm™3 3500 © Density of bedrock.

Te m 8 x 10° *) Continental radius. Approximate width of Greenland.

Tgr m 8 x 10° *) Initial value — dynamical value in the model.

s m/m do/rc ~0.002*) Bed slope.

T °C 5.8%) Temperature offset.

Table 1. T: Suggested in Oerlemans (2003). *: suggested in private communication with Hans Oerlemans. *): chosen by the present authors.
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Steps 1 through 11 below describe the Oer03 model setting used — these steps describe calculations performed at every time

step that give an expression for

dR

— =1(T.R); ©

dR/dt is then integrated using the Euler scheme with a time step of 1 year. We find that using a smaller time step size than this

only produce negligible differences — see Figure 1 for an example.

1. We couple the ice sheet to the ambient temperature by introducing the following relationship between temperature and

height of the equilibrium line (Oerlemans, 2008):

hgq=hgo+ (T —T)-1000/6.5. (2)

As in the main article, Eq. 2 represents an increase of the equilibrium line altitude of approximately 154 m °C 1,
2. Equation 3 reflects that the accumulation rate will likely decrease for a large ice sheet (Eq. 20 in Oerlemans (2003)):

A+ Age B/ Re, 3)
3. Height of the runoff line (Eq. 15 in Oerlemans (2003)):

hr <+ hg,+ A/B. “4)
4. Height of the bedrock where the ice sheet ends:

hg <+ do—sR. )

5. Location where the runoff line and the ice sheet surface meet (Eq. 17 in Oerlemans (2003)):
TR%Rf(hthE)2/IU,. (6)

6. Check if the ice sheet extends into the sea, i.e. if R > r.. If so, use Eq. (7) in Oerlemans (2003) to define the radial

coordinate of the grounding line 7,
-ifR>rc
rgr=R— hQE/M- @)

7. If the radial coordinate of the runoff line is larger than of the grounding line, set runoff coordinate to grounding coordi-

nate:

—ifrg >rg.:
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TR 4 Tgr. (8)

8. If the height of the runoff line is smaller than the height of ice sheet termination, set radial coordinate of the runoff line

to radius of the ice sheet:
- ifhr<hg
TR < R. (9)

9. If R < r. the ice sheet is continental. Equations 10 and 11 are included for numerical reasons.

-ifR<r,
- ifrg <0
rp <0 (10)
-ifR<1
R+1 Y

— Calculate total dV/dt = Byot:

Biot +— TAR? (12)
—nf3(hr —hg) (R* —r}) (13)
+% (R—rg)"? (14)
—%R(R—m)gﬂ. (15)

(16)

10. If R > r. the the ice sheet extends into the sea:

- ifR>r,

Bio: . WATZT, a7
—73(hg —hg) (rl, — %) 1o
A (R 1) = (R= 1)) 19
A (R (R )2 - R(R= 1)) 0
(22 oy e

Here the last term corresponds to Eq. 19 in Oerlemans (2003) and is related to the flux across the grounding line.
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11. Relationship between % and B, corresponding to Eq. 13 in Oerlemans (2003):

-ifR<r,
Pi % 1/2p3/2 . p2
Q —rll4+ — W’ R sR* ), (22)
pm—pi) \3
dR
— B . 2
i < Biot/Q (23)
-ifR>r,
Q o (1+ pi) (4;&/233/2 —SR2> (24)
Pm — Pi 3
—2— P (7sR*—dyR), (25)
Pm — Pi
dR
at < Biot/ Q. (26)

Integrating steps 1-11 yield a time series of the ice sheet radius. To convert to volume we use the following relations (Egs.

9, 11 and 12 in Oerlemans (2003)); the volume of the continental part of the ice sheet:

8rpt/? 5 1
Veont = ———R%/? — Z1sR3. 27
t G 37s (27)

In the case of the ice extending to the sea, the volume of the sea water replaced by ice:

2
Viw = (35(33 ) g (B —12) ) (28)
Viseaq 18 set to zero if the ice does not extend to the sea and thus R < r.. The total volume is given by:
‘/tot = chom‘/ (1 + pi ) - Pu Vsea- (29)
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Figure 1. Varying the integration stepsize At from 1 year to 0.01 years for a simulation with T = 0, such that the (random) fluctuating
temperature 73 is the same for each whole year. A visual inspection confirms qualitatively that the graphs for varying At coincide and we do

not further analyze the consequences of varying At.



Observed Fluctuations in Greenland temperature

Surface temperature anomalies were obtained from (KNMI). We use the “Twentieth Century Reanalysis V2¢” from the years
1851 to 2011 in a box spanning 68°N to 80°N and 25°W to 60°W. The raw data consists of monthly means and is shown in

Figure 2 as the blue curve.
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Figure 2. Reanalysis data showing monthly mean surface temperature anomaly (blue curve) over the area 68°N — 80°N, 25°W — 60°W

covering a large part of Greenland. The red curve is the annual mean surface temperature anomaly.

5 We treat the temperature data as follows:

1. We calculate the yearly mean (the red curve in Figure 2),



2. To the yearly means we fit an autoregressive model of order 1 or an AR(1)-model,

3. The parameters from this model is used to generate artificial temperature time series {7} } that fluctuate in a way similar

to the observed temperatures over Greenland.

An AR(1) model describing describing {T;} has the form
Tt+1 = c—l—aTt +UARWt- (30)

where (c,a,04R) are parameters to be determined and W, is white noise with unit variance and zero mean. The parameters

(a,04r) are found using MATLAB’s estimate (). We find

(a,0%r) = (0.67,0.85). (31)



Evaluating Neglected Terms in Eq. 6)
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Figure 3. Evaluation of part of the terms dropped from Eq. 5 in the main article, for simulations with same parameters as in Figure 1. It is
clear that ((V; — V))?) and ((T; — T)(V; — V)) tend to zero.
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Analysis of Robinson et al. (2012)’s Data

We aim to estimate what effect a fluctuating temperature would have on the results quoted in Robinson et al. (2012) concerning

the stability of the Greenland Ice Sheet (GrIS).
Methodology
The Surface Mass Balance (SMB) as a function of warming (T') is extracted as follows:

— In Robinson et al. (2012) the warming is ramped for the first 100 years for numerical reasons. We wait until ¢t = 200

years to extract SMB(T),

Robinson et al. (2012) employ 9 x 11 values of two separate parameters deemed “equally likely” in their simulations,

For each of these 99 simulations a 3rd degree polynomial is fitted to SMB(T") following Fettweis et al. (2013). We denote
these fits g;;(T),

We proceed as outlined in Section 4 (main article).

Finally we calculate 95% credible intervals for each value of T'. This is done by fitting a densities to the obtained AT

and ASMB and calculating the interval containing 95% of the observations.

10
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Figure 4. Histogram of the maximum difference in volume for different temperature anomalies divided by the mean volume ¢ = 200 years
in the data from Robinson et al. (2012), calculated for each parameter combination; in total there are 9 X 11 combinations of two separate

parameters .
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Figure 5. Same as Figure 4 but for a maximum warming of 4°C.
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