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THE SVALBARD-BARENTS SEA ICE SHEET MODULE IN GRANTSISM
As mentioned in the main text, the model proposed here, and its description, should be viewed as an addition to the original version of Pattyn (2006), principally since material covered in the Pattyn (2006) version is not repeated here. Paleosimulations based on a likely LGM configuration of the Svalbard Barents Sea Ice Sheet (Gowan et al., 2016; Hughes et al., 2016) can be performed, as can simulations starting from ice free initial conditions. In both cases, ice sheet evolution is driven by a surface mass balance scheme derived from a specific climate forcing proposed by Pelto et al. (1990), which was also used by Siegert et al. (2001; 2004; and references therein) in more complex numerical ice sheet simulations of the Late Weichselian Eurasian Ice Sheet and the parts that covered the Barents Sea region.

The Svalbard-Barents Sea Ice Sheet module comprises two east-west cross-sections at 79ºN and at 76ºN, respectively, and one north-south cross section at 19ºE, see Figure 2 in the main manuscript, repeated here for convenience as Figure SD0. Module details are as follows:

Ice dynamics & thermodynamics, glacial isostasy, and eustatic sea level change
Ice dynamics, thermodynamics and glacial isostasy (Section 2.1. in Pattyn (2006)) apply unmodified to the Svalbard-Barents Sea Ice Sheet module, as does the treatment of eustatic sea level change (Section 2.2.3 in (Pattyn 2006)). 

Mass-balance treatment
Adding a module for the Svalbard-Barents Sea Ice Sheet to GRANTISM necessitated the implementation of a new surface mass balance scheme since the schemes available from Pattyn (2006) apply to present day Greenland and Antarctica. We chose to determine the surface mass balance for the Svalbard applications (DATASET=3,4,5) by using the Polar Mix forcing proposed by Pelto et al. (1990). This is mainly because the Polar Mix forcing is characterized by a similar level of complexity as the surface mass balance schemes employed for DATASET=1 (Antarctica) and DATASET=2 (Greenland), and could be implemented into GRANTSISM in a straightforward manner. Also, the Polar Mix has been employed in earlier glacial numerical modeling experiments (Siegert et al., 2001; 2004), however, a comparison of our flowline-results to these three-dimensional experiments is implausible. Using the Polar Mix surface mass balance scheme has some implications that need to be addressed, this is done in the reflections accompanying the learning activities, see below. 

Surface mass balance (”SMB”, SMB= accumulation - ablation) is modelled according to Pelto et al., (1990) (see their equation 1 and their table IV, referred to as balance gradient) using the following ”polar mix (PX)” parameterization for the total surface mass balance, 

SMBPX=  -2.8490· exp (-8.5345 ·10-6 ·h2) + 0.8378 ·exp (-3.0453 ·10-8 ·h2) .                        (1)

In the above equation, h is the elevation of the ice sheet surface in meters (above sealevel). SMBPX=0 gives the elevation for which the surface mass balance is zero, that is, solving SMBPX = 0 for h defines the Equilibrium Altitude Line (”ELA”). The parametrization SMBPX is for present day climate (with an ELA at 379 m asl), and needs to be modified when used in colder or warmer scenarios. Modification can be achieved by introducing a lapse rate (here chosen as 5.1º C/km), which couples the ELA to surface temperature: in warmer climates, the ELA will be shifted to higher altitudes, in colder ones, it will be shifted to lower altitudes. For instance, a temperature increase of 5ºC will raise the ELA by 980 m (to 1359 m)  while a temperature depression of 3ºC will lower it by 588 m to 209 m below sea level, see Figure SD1. The temperature-dependent form of equation (1) we use is 

SMBdELA,PX =  - 2.8490· exp (-8.5345 ·10-6 ·(h- dELA(θ))2) + 0.8378 ·exp (-3.0453 ·10-8 ·(h-    
                                               dELA(θ))2)       			                (2)

for all values h-dELA >= 0, and where dELA(θ)  = θ · 1000/5.1 and θ denotes the temperature change in degrees. Note that the unit of dELA is meters. For h-dELA < 0, SMBdELA,PX is set to its minimal value (obtained for h – dELA =0). In GRANTSISM, θ is determined through TFOR, see Section 3.1. in (Pattyn, 2006).

Model geometry input: Topography and ice thickness 
Input data for the new Svalbard-Barents Sea Ice Sheet model in GRANTSISM is taken from the ice sheet reconstruction of (Gowan et al., 2016) and represents three transects (E-W at 79ºN, E-W at 76ºN, N-S at 19ºE) across the ”most likely” configuration of the Svalbard-Barents Sea Ice Sheet at 20ka from the DATED-1 project and database (Hughes et al, 2016).  Specifically, input consists of topography (bedrock elevation) and ice sheet surface elevation as modelled in Gowan et al. (2016) under the assumption of perfectly plastic rheology. The model provides a first order approximation of the configuration of the ice sheet and requires a trivial amount of time to compute. However, it implies steady state conditions, which is unlikely to have been true even at the LGM.  The reconstruction of the input ice sheet, see Figure SD2, was based on trying to match the approximate distribution of ice from the ANU (Australian National University) ice sheet model (Lambeck et al., 2010). It is not exactly matched, since that model does not have extensive ice cover over the Bear Island Trough.  The reconstruction takes into account glacial isostatic adjustment, so the basal topography is depressed relative to the present for most of the region covered by the ice sheet. At the LGM, the Barents Sea Ice Sheet merged with the Fennoscandian Ice Sheet. To account for this, the input reconstruction also includes the northern part of this ice sheet, which is sufficient to include these effects (see Figure SD2). 

Numerical solution
The numerical solution described in Section 2.3. in Pattyn (2006) applies unmodified to the Svalbard-Barents Sea Ice Sheet module. 

Module parameters and module display 
Mandatory control parameters (RUN and TFOR), and optional parameters (BASALSL, TKOPP, BEDADJ, and SEALEV) remain unchanged from Pattyn (2006). The new module for the Svalbard-Barents Sea Ice Sheets introduces more choices for the optional parameter DATASET: DATASET=3 selects the east-west cross-section at 79ºN, DATASET=4 selects the east-west cross-section at 76ºN, and DATASET=5 selects the north-south cross-section at 19ºE. 

The new module calculates the area of the cross-section and subsequently the volume, under the assumption that the average width of the ice sheet remains constant, as was done in Pattyn (2006). This width is derived from the initial volume, taken to be 3.7·106 km3 as suggested by Gowan et al. (2016) and the cross sectional area defined by the input data of bedrock and surface height. Note that the initial volume is differently defined in Pattyn (2006) for Greenland and Antarctica, where it is equal to steady-state volume in case TFOR=0.

Evolution of ice thickness and ice velocity for the newly added cross sections are displayed in the left and right upper panels in the GRANTSISM spreadsheet. In the lower left panel, SMB according to the Polar Mix forcing is displayed:  - 2.8490· exp (-8.5345 ·10-6 ·(h- dELA(θ))2) represents ablation, while accumulation is given by 0.8378·exp (-3.0453·10-8·(h- dELA(θ))2), see eqn. (2) above. In contrast to the Greenland and Antarctic climate forcing used for DATSET=1,2, a separate panel displaying temperature evolution would actually not be required for the Polar Mix forcing, in which temperature dependence is included directly through TFOR. However, as the temperature panel is needed for DATASET=1, 2, we keep it even for DATASET=3,4,5 but set temperatures to zero. 

Setting the number of iterations 
Pressing the F9-key in the ExcelTM spreadsheet runs GRANTSISM forward through time while selected output is displayed simultaneously. By default, model results are successively displayed after 50 iterations each; note that the number of iterations carried out at once can be set in Excel’s calculation options.

In older Excel versions, setting the iterations is done via the Tools menu. In Microsoft Excel 2010, the procedure is as follows: Go to Archives, and choose Help, which offers you Tools as one of two choices. Under Tools, choose ”Alternatives/Options”. In the new window opening, chose ”formulas” (second from top in the list) and make sure that the box ”activate iterative computations” is checked, and specify the number of iterations. Leave by clicking ”ok”. 

DESCRIPTION OF SELECTED LEARNING ACTIVITIES WITH GRANTSISM
Learning Activity 1
The learning activity is designed to facilitate accomplishment of the following learning outcomes (see the main text, LO1-LO3): 
· Become familiar with a simple numerical ice sheet model capable of simulating the large-scale dynamics of the vanished Svalbard-Barents Sea Ice Sheet, and the contemporary Greenland and Antarctic Ice Sheet,

· Be able to reproduce a standard modeling scenario described in written documentation provided by the instructor,

· Be able to consult and (partly) follow more extensive descriptions of the GRANTSISM model (e.g. Pattyn 2006), as well as similar, related literature, and to critically discuss and reflect on this literature.

Topically, the learning activity belongs to the category of paleo ice sheet modeling experiments, simulating the temporal evolution of a cross-section (at 76º N) of the Svalbard Barents Sea Ice sheet in response to a warmer climate.  

Guidelines for how to conduct the Learning Activity 1 in class
Step 1. Preparations (optional)
It is recommended that the instructor sketches an ice sheet at a white- or blackboard, see e.g. Figure SD3, and recalls that ice sheet behavior is mainly influenced by the background climate, often represented simplistically by the temperature above an ice sheet (TFOR). Further, the sketch will help to remind learners of where in (or around) the ice sheet processes take place that are steered via the optional model parameters: BASALSL, TKOPP, BEDADJ, and SEALEV, representing  “sliding at the base of the ice sheet”, “thermal coupling  within the ice sheet”, “glacial isostatic adjustment at  the ice sheet’s bed”, and “sealevel”. Alternatively, the User Guide (available at http://homepages.ulb.ac.be/~fpattyn/grantism/ #userguide) can be consulted.

Step 2. Getting started
i. Download grantsism.xls from http://homepages.ulb.ac.be/~fpattyn/grantism/ to your computer.
ii. Open the spreadsheet such that the ”Model” sheet is upfront, and familiarize yourself with its appearance. 
iii. Investigate what is meant with the abbreviations in cells A3, A4, and A6-A10, and explore Column B, cells 3,4 and 6-10 by clicking on them. Reflect about their contents in relation to the options provided.  The User Guide (http://homepages. ulb.ac.be/~fpattyn/grantism/ #userguide) contains all information needed, if not already introduced by the instructor in a short interactive discussion, centering around the sketch of an ice sheet (see above), preceding the learning activity. 

Step 3. Simulating the decay of the Svalbard Barents Sea ice sheet
The first hands-on modeling experiment focuses on the practial/technical aspects of the modeling, rather than on results and their interpretation. Learners should step through the list of tasks below. The instructor should be available in class to provide support if needed. 

i. Chose DATASET = 4 in cell B8. Confirm with <ENTER>. Note that all choices must be confirmed in this way. 
ii. Set optional parameters to BASALSL=1, TKOPP=1, BEDADJ=1, and SEALEV=1.
iii. Switch to the ”Calculations” sheeet and doublecheck that the following variables have the values listed  here: mtune=59 (cell F7), Δx= 36364 (cell I4),  Δt = 10 (cell I5), and implicit=1.0 (cell L5), cf. Table 2 in Pattyn (2006).   This is to ensure that this introductory example works flawlessly. 
iv. Switch back to the ”Model” sheet. Set RUN=2 in cell B3.You will observe that the ice sheet assumes an initial configuration, with a given ice volume (see cells B12 and B13). Observed (RUN=2) ice thickness and bedrock elevation correspond to the input data as modelled in Gowan et al (2016), see Figure SD2. 
v. Set TFOR = 6 in cell B4, this corresponds to a climate warming as temperature is increased by 6 degrees.
vi. Set RUN=1 in cell B3. Upon confirming with <ENTER>, you will observe that the ice sheet profile changes (uppermost left display panel), and that 500 model years have elapsed (cell B17). Ice volume has decreased to 86% of the original 100% (cell B13, for absolute values, see cell B12).
vii. Press F9. This causes the model to perform 50 timesteps of 10 years each, thus, an updated ice profile at the total of 1000 elapsed model years since the start of the simulation appears in the uppermost left panel.
viii. Repeat pressing F9 until no more changes in the ice- and bedrock configuration can be detected. Note that the bedrock changes because BEDADJ = 1, see ii. Snapshots of the ice sheet profile are shown in Figure SD4.
ix. If you want (or need) to re-run the model (with the same basic parameters and settings, but maybe with a different value of TFOR)  go back to vi. and start again. 

Step 4. Reflection and consolidation 
i. Reflect spontaneously on your first ice sheet modeling experiment, and share your thoughts with a fellow learner. What did you observe? Can you explain the behavior observed?
ii. Consolidate your first hands-on ice sheet modeling experiment by consulting documentation about GRANTISM (http://homepages.ulb.ac.be/~fpattyn/ grantism/#examples).
iii. Try to conduct a second modelling experiment, as e.g. described in Pattyn (2006), or, with less detail, on http://homepages.ulb.ac.be/ ~fpattyn/grantism/#examples). If you want to perform a Svalbard simulation, proceed as described above in step 4, and invent minor changes. 

Learning Activity 2
The learning activity is designed to facilitate accomplishment of the following learning outcomes (see the main text, LO4-LO6):
· Be able to identify parameters and data representing “forcings” of the ice sheet model,

· Be able to investigate the impact of various choices of parameter and forcings on ice sheet evolution and decay,

· Be able to recognize and reflect on feedbacks and mechanisms with relevance for dynamic ice sheet behavior. 

Topically, the learning activity belongs to the category of paleo ice sheet modeling experiments, simulating the temporal evolution of a cross-section (at 79º N) of the Svalbard Barents Sea Ice sheet when exposed to a warmer climate, followed by a cooler one, and giving rise to so-called hysteretic ice sheet behavior. This hands-on modeling experiment focuses on ice sheet processes. Learners are assumed to know how to run the model. The focus during this activity is on model results and their interpretation. 

Guidelines for how to conduct the Learning Activity 2 in class
Step 1. Getting started 
i. Open the spreadsheet and Choose DATASET = 3.
ii. Switch to the ”Calculations” sheet and doublecheck that the following variables have the values listed  here: mtune=59 (cell F7), Δx= 37992 (cell I4),  Δt = 10 (cell I5), and implicit=2.5 (cell L5), cf. also Table 2 in Pattyn (2006). This is to ensure that the example works flawlessly. 
iii. Initialize the ice sheet from observations by setting RUN=2.

Step 2. Simulating ice sheet behavior
i. Identify which parameter has to be modified to induce melting of the ice sheet on response to a warming climate.  Identify also the most realistic choices for the optional model parameters BEDADJ, SEAL, TKOPP, and BASALSL.
ii. TFOR is the major forcing driving changes in ice sheet thickness (positive values of TFOR: warmer climate, negative values of TFOR: colder climate). Run the model for a range of increasing values of TFOR, and monitor ice sheet decay, both in terms of ice thickness profile and ice sheet volume. Run each model scenario until no more changes are observed (the ice sheet is ”in equilibrium” then). Compile a list of equilibrium ice sheet volumes obtained for specific forcings, represented by the various values of TFOR. 
iii. After the melting experiment in step ii, chose RUN=0 to mimick starting from ice free conditions and try to build up an ice sheet. Run the model for a range of decreasing values of TFOR, and monitor volume and thickness as in step ii. 

Step 3. Compiling and visualizing selected output
i. Compile the computed ice sheet volumes obtained during a warming climate and a cooling one, respectively, obtained during step 2, into one diagram. The result should be as shown in Figure SD5. Discuss the results, and try to explain the observed behavior. For a similar result obtained for the Greenland ice sheet, see Pattyn (2006). 
ii. Plot computed ice volumes as a function of time. The resulting plot will illustrate the concept of an ice sheet ”in equilibrium”, as well as threshold values for forcing variables (TFOR) for which fundamentally different ice sheet behavior is observed. The result should be as shown in Figure SD6. 

Step 4. Reflection and consolidation 
Reflect on the results obtained, and share your thoughts with a fellow learner. What did you observe? Can you explain the behavior observed? Consult Pattyn (2006) for further explanations if needed. 

Step 5. Instructors’s reflection, Experiment with Dataset=3, Svalbard 79º N
To investigate ice sheet evolution under warming climate conditions (until the ice sheet has disappeared), and a possible re-growth of the ice sheet during a subsequent reversal of forcing (climate cooling), we first set optional parameters are set to BASALSL=1, TKOPP=1, BEDADJ=1, and SEALEV=1, see Sect. 3.2 in (Pattyn 2006). We chose  TFOR=-1 as the starting value for investigating the impacts of climate warming on the LGM input ice sheet model configuration for the Svalbard-Barents Sea Ice sheet from Gowan et al. (2006), see Sect. “Model geometry input”. A value of TFOR=-1 ensures that the ice sheet is still exposed to somewhat colder conditions than present day ones, and sets the ELA for the paleo-ice sheet to 183 m above present day sea level. We then increase values of TFOR incrementally until TFOR=+8 is reached, before TFOR is again lowered from TFOR=+8 to TFOR =-1, and monitor ice volume in response to this forcing.  Results are shown in Figure SD5 and display a hysteretic behavior: Starting from the observed configuration (RUN=2) and TFOR=-1, equilibrium volumes are plotted for successive warming scenarios, with values ranging from 153% (for TFOR=-1) to 0% (for TFOR =+7 and higher, though TFOR=+8 and higher are not shown).  Under reversed climate forcing, and from the now ice-free state, a small ice cap develops at relatively high altitudes for TFOR=+3 and TFOR=+2, but remains locally confined and attains volumes of ca. 1% and 2,5% of the initial configuration. As soon as TFOR=+1 and lower, the ice cap expands to lower altitudes to grow eventually to full size (151% of the initial input ice sheet volume). If ice volumes are monitored after having exposed the ice sheet for 10 000 years to a particular climate forcing (and without the ice sheet necessarily reaching an equilibrium state), the hysteresis curve around the critical values TFOR=+1 and TFOR=+7 is observed to be less steep than in the case where equilibrated ice volumes are monitored. 

Evolution of ice sheet volume over time is shown in Figure SD6, for different values of TFOR. Simulations were run until ca. 25 000 years, when equilibrium was achieved in all cases. Note that even for TFOR=0, a volume increase (to ~153% of the initial volume) is modeled in response to the PX forcing which may mean that the initial reconstruction from Gowan et al. (2016) underestimates the LGM ice volume if PX forcing is believed to be representative of past climate. Ice sheet volumes increase even for TFOR =2 (ca 151% of the initial volume) and TFOR =5, although less pronounced (ca ~141% compared to the initial configuration). For TFOR=+5, ice volume is observed to shrink initially: the PX forcing implies a smaller ice sheet over the eastern parts of the domain as compared to the initial ice sheet configuration, but grows to overall larger size with time, expanding eastward from western areas where accumulation is higher. Examples of quick ice sheet decay are obtained for TFOR= 7 and higher where the ice completely retreats in less than 5500 years.

A note on ice sheet volumes: For both east-west cross-sections of the ice sheet, at 79ºN and 76ºN, ice volumes computed under climate forcings characterized by values TFOR that are less or equal than TFOR =+6 (DATASET =3) or less or equal than  TFOR =+3 (DATASET=4) are consistently larger than the initial ice volumes if simulations are run from observed values (RUN=2). They attain values up to ~153% (DATASET=3, see Figures SD5 and SD6) and ~142% (DATASET=4, not shown) of the total initial volume. Straightforward possible explanations for this can be (i) that ice sheet surface height and ice sheet volume used as input from Gowan et al. (2016) are underestimated, (ii) that  the PX forcing overestimates the actual surface mass balance of the Svalbard-Barents Sea Ice Sheet, (iii) that GRANTSISM lacks a specific description of the Bear Island Trough ice stream, which may have acted to lower the ice sheet surface elevation, and (iv) that a combination of (i)-(iii) and perhaps other factors result in the modelled larger ice volumes. However, as the focus with GRANTSISM is on promoting a general understanding of ice sheet modeling, and an overall awareness for model sensitivity to changes in climate forcings, boundary conditions and the extent to which feedback mechanisms are accounted for (through BASALSL, TKOPP, BEDADJ and SEALEV), we restrict discussions at this point to highlighting the discrepancies in modelled ice volumes.

A further note on mechanisms of ice sheet inception, as modelled when starting from ice free conditions, see e.g. step 2 of the above described numerical experiment. Ice sheet inception is closely linked to surface mass balance. For the new datasets added (DATSET3, 4 and 5), ice sheet inception can be investigated by choosing RUN=0 to initialize the mode with ice free conditions and an equilibrated bedrock, before RUN=1 is executed with any given forcing TFOR and combination of other controls such as BASALSL, TKOPP, BEDADJ and SEALEV. Figure SD7 illustrates this for the cross-section at 79ºN (DATASET=3), where an ice sheet grows to full size from ice free conditions for TFOR=0. Ice sheet inception and growth are favored by an equilibrated bedrock, which is at higher altitude than observed present day bedrock topography. This elevated bedrock implies that the Polar Mix PX results in a positive surface mass balance, initially only over the western parts of the cross section, but spreading eastward with time. As glacial isostatic response in GRANTSISM is unmodified as compared to Pattyn (2006), Figure SD7 serves to conceptually illustrate mechanisms of ice sheet inception only. 

Learning Activity 3
Learning Activity 3 is at the same level as learning activity 2 and addresses the same intended learning outcomes. Topically, focus is shifted to a different dataset (the North-South profile, DATASET 5), and to investigating the impacts of a dynamic forcing (history) on ice sheet evolution. 

Guidelines for how to conduct the Learning Activity 3 in class
Step 1. Getting started 
i. Open the spreadsheet and choose DATASET = 5.
ii. Switch to the ”Calculations” sheet and doublecheck that the following variables have the values listed  here: mtune=59 (cell F7), Δx= 36983 (cell I4),  Δt = 10 (cell I5), and implicit=1.0 (cell L5), cf. also Table 2 in Pattyn (2006). This is to ensure that the example works flawlessly. 
iii. Initialize the ice sheet from observations by setting RUN=2, set optional parameters to BASALSL=1, TKOPP=1, BEDADJ=1, and SEALEV=1. 

Step 2. Simulating and visualizing ice sheet behavior
Note: The description of this learning activity is kept short by refering to Learning Activity 2 where possible. 
i. Perform a suite of simulations in order to produce a diagram of ice volumes over time, for different values of TFOR representing a warming climate, cf. Learning Activity 2, see also Figure SD8. 
ii. Perform a new run, starting from observations (RUN=2) and using TFOR=4 as constant climate forcing during run-time. Compile the ice sheet profiles at 1000, 5000 and 10 000 model years into a plot, see Figure SD9, upper panels.
iii. Perform a new run, starting again from observation (RUN=2), but with a dynamic climate forcing: Apply TFOR=0 for years 1-1500, then switch to TFOR=+1 for years 1501-3000, to TFOR=2 for years 3001-4500 and to TFOR=4 for years 4501-10000. Compile ice sheet profiles at 3000, 6000 and 10000 model years into a plot, see Figure SD9, lower panels. 
iv. Compare the results obtained for a sudden (step ii) and gradual (step iii) climate warming. Does a dynamic history of climate forcing matter for ice sheet evolution? 

Step 3. Instructor’s reflection, Experiment with Dataset=3, Svalbard 79º N
If the observed paleo-ice sheet is exposed to a sudden warming (TFOR=+4), it loses its northern-most parts and can only retain a small ice cap in the south, where elevations are high enough to allow for a positive surface mass balance. If in contrast a slow, successive warming is prescribed (ramping slowly up from TFOR=0 to TFOR=+4), the ice sheet will initially gain mass, and then sustain itself through the mass-balance elevation elevation feedback. When TFOR=+4 is applied after 6000 years of successive warming, it is not sufficient to partially melt the ice sheet, in contrast to what is observed if ice sheet evolution is forced by TFOR=+4 from year 1. 

For the north-south cross-section at 19ºE (DATASET=5), ice volumes computed in response to climate forcings characterized by TFOR=+2 and lower values of TFOR exceed the observed ice sheet volume from which simulations start if RUN=2 is chosen by a factor of 3, see Figure SD8. The strong mismatch is likely due to the fact that the Polar Mix forcing (PX, see Sect. 2.2.) is not valid over the southern part of the modeling domain, where, according to Pelto et al., (1990), the SX mix (Scandinavian Mix) would be more appropriate. However, a gradual change in forcing from PX to SX as a function of latitude has not been implemented in GRANTSISM yet, but may be incorporated in future versions. As the current version is restricted to the use of a uniform PX forcing, results must be interpreted in the light of this restriction. 
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FIGURES

Figure SD0 (Figure 2 in the main manuscript, repeated here for convenience): Most likely extent of the Svalbard-Barents Sea Ice Sheet at 20 ka (that is, 20 000 years before present), modified from (Hughes et al., 2016). Turquoise lines indicate the cross-sections which are now available in GRANTSISM to model ice sheet response to climate forcing. East-west cross-sections are located at 76ºN and 79ºN, respectively, and the north-south cross-section is located at 19ºE.
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Figure SD1: Surface mass balance (SMB) for the "Polar Mix" forcing.  Change of total SMB as function of altitude, and shifting ELA, in response to different climates. Note that for h - dELA < 0, SMB dELA,PX is set to its minimal value (obtained for h=dELA).Green: Present day climate. Red: warmer climate (temperature increase by 5ºC relative to present). Blue: Colder climate (temperature decrease by 3ºC relative to present). 
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Figure SD2: Ice sheet reconstruction used in GRANTSISM, modified from (Gowan et al., 2016, Figs. 2 and 5). Left: Paleotopography at the base of the ice sheet, relative to present. A sea level drop of 133 m relative to present (0m) is accounted for. Centre: Ice sheet surface topography. Right: ice sheet thickness. The thick black lines are the profiles included in GRANTSISM.
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Figure SD3: Conceptual sketch of an ice sheet, to be developed on the board with input from learners as a preparation for Learning Activity 1. 
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Figure SD4: Ice sheet decay for dataset 4 (cross section along 76ºN) and TFOR= +6. Top panel from left to right: Snapshots after 1000 years, 2000 years, and 3000 years (ice free).  Lower panel from left to right: Snapshots at 6000 years, 9000 years and 12000 years. Red profile: observed initial conditions. Blue profile: modelled ice surface. Black profile: bedrock. Note the isostatic adjustment of the bedrock in (delayed) response to the changing ice load, especially in the lower panel.
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Figure SD5: Ice sheet evolution along the transect at 79ºN (Dataset 3), under successive climate warming and cooling, controlled by prescribing different values of TFOR, ranging from TFOR=-2 to TFOR=+8.   Ice sheet volume is monitored, and displays a hysteretic behavior. Black solid line: Equilibrium ice sheet volumes, shrinking in response to increasingly warmer temperatures (red stars), and re-growing in response to successively cooler conditions (green stars). Black dotted line: Ice sheet volumes after 10000 years of forcing with a given value of TFOR. During warming, ice sheet volume diverges from its equilibrium values for TFOR=+7 (red square), and for TFOR=+1 (green squares) during cooling. TFOR=+1 is also the threshold value for which the ice sheet starts to regrows to full size during the cooling phase.
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Figure SD6:  Ice sheet volume for DATASET 3, over time, for different values of TFOR. For values TFOR=+7 and larger, the ice sheet decays quickly.  
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Figure SD7: Snapshots of ice surface evolution along the east-west cross-section (DATASET 3) if the simulation is started from ice free conditions and an equilibrated bedrock, prescribing TFOR=0 as climate forcing. Top panel: Left: Initial conditions. Right: Ice sheet profile after 10000 years of simulations. Bottom panel: Left: A comparison of bedrock elevations. Black and red lines denote equilibrated bedrock elevation (’Bedrock’ in GRANTSISM) and bedrock elevation (‘Bed (obs)’ in GRANTSISM), respectively. The blue line is present day topography as extracted from the ETOPO1 dataset (Amante and Eakins, 2009). Right:  Ice sheet profile after 20000 years of simulations. The ice sheet will grow to full size (not shown). 
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Figure SD8: Ice volume as function of time along the cross-section at 19ºE. For values of TFOR=0 (shown) and lower (not shown), ice sheet volumes increases immediately in response to the PX forcing. For TFOR=+1 and TFOR=+2, ice sheet volumes increase after a short initial period of mass loss. For values of TFOR=4 and higher, ice sheet volume decays steadily with a residual ice cap over Scandinavia containing ca. 19% (TFOR=+4) and 12 % (TFOR=+5) respectively, of the initial ice sheet volumes. For TFOR=+7, the ice sheet decays completely and rapidly.
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Figure SD9: Snapshots of ice surface evolution along the north-south cross-section (DATASET 5) for a rapid climate warming (TFOR=+4 for years 0-10000), and a slowly increasing climate warming (TFOR=0 for 1-1500years, TFOR=+1 for 1501-3000 years, TFOR=+2 for 300-4500 years and TFOR=+4 for 4501-10000 years), as described by the Polar Mix (PX) forcing. Top panel: Ice sheet profile from south (at 66ºN and located at length unit 0 on the x-axis) to north (at 81ºN and located at length unit 1 on the x-axis) at 1000 years, 5000 years and 10000 years of simulation. The rapid warming triggers a separation of the ice sheet into ice caps located over northern Scandinavia, and Svalbard, and implies eventually the loss of the northern ice masses, so that only the Scandinavia ice cap (with ca 19% of the initial ice sheet volume, see Figure SD7) is retained. Bottom panel: If warming is slowly ramping up, with temperatures increasing stepwise and prevailing for 1500 years each, the mass-balance elevation feedback implies initial growth of the ice sheet which is then able to sustain itself. When TFOR=+4 is applied from 4001 years onwards, this warming is not sufficient to melt (parts of) the ice sheet.
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