



Assessing Ice Sheet Contributions to Sea Level through the 21st Century

A white paper describing a community ice-sheet modeling effort.
Background

The IPCC Fourth Assessment Report highlighted both the importance of predicting future sea level change and the lack of understanding of ice dynamics to achieve such prediction.  The series of IPCC reports demonstrates an evolving awareness of the immediacy of achieving a predictive capability for this ice sheet contribution to sea level and the necessity that that capability include adequate treatment of the most dynamic elements of ice sheet behavior.

A recent workshop, held at Los Alamos National Laboratory (Lipscomb et al., in press), focused on incorporating the best ice sheet models into coupled climate models, but it was clear that this was a major activity that would not reap satisfactory results for the IPCC until after the deadline for input to the next assessment had passed.  This realization led to the formation of an Assessment Cluster whose focus was to provide quantitative estimates of ice sheet contributions to sea level for the 21st century.

Goals and Strategy

The goal of this effort is to provide quantitative estimates of ice sheet contributions to sea level for the 21st century, along with appropriate uncertainties.  

Confidence in these estimates will be gained by subjecting a number of models to the same scenarios to reduce the impact of unrealistic characteristics of any single model from affecting the predictions.

A strategy has been designed in to produce the most useful results both in a relatively short period of time (before the next IPPC report).

Many of the experiments are extreme in their physical realism.  This is intentional to help determine the upper bound of likely behaviors.  Subsequent experiments that represent more likely scenarios will then be run to help lower the upper bound.

All models will quantify their calculated ice sheet responses relative to a control run of the same model.  This “normalization” process also helps minimize unrealistic aspects of any single model and attempts to isolate the impact of the difference in forcing between the experiment and the control runs.

The effort includes regional models as well as whole ice sheet models.  The interactions is expected to be two-way: regional models will be used to help provide more reasonable forcings for selected whole ice sheet model experiments and whole ice sheet models will be used to define boundary fields that will enable regional models to refine the predicted responses of particularly dynamic areas.
Another anticipated benefit is that the results of this effort will help inform the implementation of dynamic land ice into a fully coupled CCSM.
Timetable 
The timetable is driven by an anticipated 5th IPCC report by 2013.  This means that papers as input to this report must be in press by 2011.  Initial model runs will be conducted in 2009.  Results from these runs will be analyzed and discussed in early 2010, with the intention of a second generation of runs defined and completed by the end of 2010.  2011 will see the analysis, discussion and publication of these final runs prior to the IPPC deadline for input.

Domains

Three model domains are defined:


1: Whole Ice Sheet


2: Ice-Stream/Ice-Shelf


3: Ice-Shelf/Ocean

The second and third domains are regional models and interact with the whole ice sheet models as outlined above.  Each domain is described in more detail below, along with the initial generation of experiments intended for each. 
Domain 1: Whole Ice Sheet

There are 5 whole ice sheet models presently committed to this effort.  More can be added and are, in fact, encouraged to better fulfill the advantages of a multi-model ensemble approach.  The present models are:



3D




CCSM (GLIMMER)



PISM




U/Maine




PSU

Other?



2D




Parizek

Table 1 presents some specific characteristics for each of these models for comparisons.  

Model Tests

Testing models against analytic metrics is a valuable means of model validation and many of the above models have already performed these tests.  In this activity, such validation will be bypassed because the results sought from any model are the deviations in ice sheet volume over the next 100 years from a control run of the same model.  It is less essential to have agreement of the absolute behaviors between models.

If there are models that deviate excessively from the mean behavior of other models, it will be natural to suspect that divergent model’s accuracy.  In this case, the need to validate that single model would become obvious.  Howver, until that situation arises, we chose to set aside the validation step and move immediately to the issues of model set up and initialization, control runs and future climate scenarios.

Set-Up and Initialization

Surface and bed geometries, ice thickness and precipitation are available for both Greenland and Antarctica through the CISM project (see Table 2).  Most of the whole ice sheet models can a similar grid size, so spatial interpolations of these data sets should create only small variations between the geometric initializations of different models.  Geothermal heat flux is included for Antarctica in Table 2, but a similar field for Greenland is missing and must be produced.

Temperature fields are missing and are frequently generated through the procedure of “spin-up”.  Table 2 includes fields of past temperature and sea level to guide the spinning up of a model.  Often spin-up spans many glacial-interglacial cycles to diminish numerical artifacts from initialization.  

Different models may have different approaches to spinning-up.  The requirement for this effort is for the model to be devoid of non-physical transients in the future behavior of the ice sheet at T0, i.e. the present day, so that control and future climate experiment runs can be made without needing to consider these non-physical transients.  It is also important to keep in mind that the primary time horizon of interest in this effort is 100 years, with secondary interest extending out to as long as 500 years. 
Another required field to assist in the set-up of the models is the current surface (and, if possible, column-averaged velocity) on a similar grid to other fields for both ice sheets.

Precipitation or mass balance schemes may also vary among models.  Table 2 offers fields of precipitation, but some models use a positive degree day (PDD) scheme.  Individual models may need to translate the offered data fields to forms more suitable for their particular model code.

Similarly, basal conditions, subglacial hydrology and other internal or boundary fields may have to be generated by individual models, unless models are so similar in their parameterization that it makes sense to specify these for all models.

A vexing problem to decide will be the prescribed state of balance at T0.  One target could be equilibrium, but this is known to be incorrect.  It might be appropriate to specify a spatial field of the rate of elevation change at T0.  This is becoming well determined from satellite altimetry for most of the ice sheets, although it is changing rapidly in some areas.  There are published fields that could be applied appropriate for specific time periods approaching T0.
Again, what is most important in that each model has a minimal amount of non-physical transients at T0 and that it be a close approximation of the current geometric and dynamic state of either ice sheet.  The degree to which it deviates from any other model is of lesser concern than the fact that its own deviations of future climate experiments from its own control run accurately capture predictions of physical changes in ice sheet mass.  
Control Run
The control run of each model is the reference against which all climate change experiments will be compared.  A reasonable choice for this control run is a continuation of the present climate run for 500 years into the future.  All forcing fields such as temperature, precipitation and basal conditions (if these are prescribed) can be held fixed to their T0 values.  In cases where the T0 state is not equilibrium state, the control run will contain a prediction of ice mass changes.  These will be added to ice mass changes resulting from changed-climate experiments to obtain the full sea level contribution.

Future Climate Experiments

The experiments described below are intended to give an initial quantitative assessment of how large the ice sheet contribution to sea level could be.  The experiments are discussed separately for Greenland and Antarctica.

Greenland

There are two types of experiments: one that addresses the role of surface meltwater on subglacial lubrication, and one that addresses the role of imposed changes at the margins of major outlet glaciers.
When the future climate experiment requires the forcings resulting from an IPCC scenario (usually A1F1), these fields will be produced from the ensemble (ideally weighted in some manner) of results from all the GCMs used in the IPCC-FAR.

Surface Melting

The correlation of surface meltwater production and ice flow has led to inferences that this meltwater penetrates to the bed and lubricates the ice-bed interface, reducing resistive stresses, much like mountain glaciers.  The quantitative impact on overall ice dynamics is an active area of research, so the possible contribution of this effect on ice sheet mass loss in warmer future climates deserves careful examination.  Three experiments are suggested aimed at examining this sensitivity.  

No penetration to bed
The most extreme IPCC climate scenario (A1F1: temperature rise of 4.0 °C with a likely range of 2.4 to 6.4 °C) is used to force the ice sheets into the future (DOES THIS ONLY GO FOR 100 YEARS?).  The surface meltwater that is produced has no impact on ice flow and is deposited directly into the ocean.  Dynamic changes in ice flow will only result from changes in ice-sheet geometry driven by surface mass balance changes. 
Vertical penetration to bed
Same forcing as above, but now the surface water is prescribed to reach the bed causing subglacial lubrication.  The water is assumed to penetrate vertically, accessing the bed immediately below the production area.  No horizontal water transport is assumed; water layer thickness equals surface meltwater production.  Previously frozen bed areas will support basal sliding creating changes in the ice flow and causing changes in ice-sheet geometry.

Horizontal propagation of subglacial water

Same forcing as above, but horizontal water transport is included.  For those models that include a subglacial water balance component, the water can move within the ice-bed interface, pool in lakes, and exit the subglacial system.  Treatment of the water’s effect on lubrication will depend on the model.  
Marginal Changes

Many deep outlet glaciers at Greenland’s perimeter are experiencing dramatic acceleration, increasing the present rate of ice loss.  These changes appear to resemble drastic retreat of tidewater glaciers, a phenomenon known to lead to sustained and rapid retreat of calving glacier termini, and both flow acceleration and ice thinning, each propagating upstream. 

How to impose these changes on whole ice sheet models is problematic.  Grid resolution is often inadequate to capture the spatial details of narrow outlet glaciers, calving relationships and flow transitions at the grounding line are often ad hoc.  While specifying discharge flux may be simplest, it would seem to also prescribe the sea level contribution, the primary predictive objective of the model exercise.  Below we suggest an approach that avoids this unwanted interdependency while making a simple prescription of marginal changes.
Single retreating glacier
The first case is to force a retreat of the Jakobshavns Isbrae in western Greenland.   This glacier has accelerated and retreated markedly in the past decade.  It is wide enough that the main outlet can be resolved in most whole ice sheet models. The retreat will be prescribed by a time series of positions of the terminus (or grounding line) over the next 100 years.  The retreat rate will continue the 10 km retreat in 5 years observed in the early 21st century.  A modified experiment would be to half the retreat rate.
Half-dozen retreating glaciers

Six deep outlet glaciers around Greenland will be selected and a Jakobshavns-level retreat imposed for each, also by a prescribed time series of terminus (or grounding-line) positions.  A sub-case of halving the retreat rate would be an auxiliary experiment.

All tidewater glaciers

The most extreme case will be the imposing of drastic retreat on all the major tidewater glaciers around Greenland.  Again, the half-speed retreat is a viable sub-case.

Antarctica
Near-term climate change is impacting Antarctica within the Antarctic Peninsula and at the floating ice shelves through which most ice exits the ice sheet.  The rugged topography and the glaciological complexity of the Antarctic Peninsula are beyond the abilities of most whole ice sheets to simulate.  Based on the dramatic response of the feeding glaciers to the sudden removal (disintegration) of fringing ice shelves, a limiting scenario for the Peninsula is that all of its grounded ice will be removed this century through the eventual disintegration of its ice shelves.  This will contribute 34 cm (RIGHT NUMBER?) to global sea level.  The temporal schedule of this addition is beyond the capability of models to determine, at present.
The observations of grounded ice response to rapid ice shelf removal confirm that the ice shelf provides a significant longitudinal resistance to ice discharging across the grounding line.  This interaction offers a convenient method to simulate the impact of ice shelf removal on Antarctic ice mass loss.  

Remove all ice shelves currently thinning rapidly

The Pine Island Glacier ice shelf in West Antarctica and the Cook Ice Shelf in East Antarctica are observed to be thinning rapidly.  This experiment will remove these ice shelves suddenly.  The forcing for the model will be to make zero the longitudinal force at these grounding lines.  

Remove all major Antarctic ice shelves

There are approximately 25 major outlet glaciers of Antarctica that discharge more than half of the annual flux to the ocean.  By removing all of these and setting the longitudinal backforce at their grounding lines to zero, the effect of a catastrophic loss of buttressing will be examined.
Domain 2: Ice-Stream/Ice-Shelf

The ice-stream/ice-shelf models are intended to both inform and refine the forcing fields for various whole ice sheet experiments, as well as intended to use output from whole ice sheet experiments to generate more precise regional views of dramatically changing regions.

These regional models can achieve a higher spatial resolution and impose a more rigorous set of conditions on the simulated ice dynamics.  The models that have been volunteered to participate in this effort span a range of dimensionality and offer a variety of geophysical complexities.  They are (without detailed descriptions): 

 
2D or greater
Hulbe

Goldberg (?)

Bassis (2.25-2.5D (an inverse approach and will be useful as a check of the other forward models)

1D,2D

Dupont

Parizek (no thermodynamics)

Walker (an active ocean is being incorporated, so it may straddle Domains 2 and 3)

Set Up and Initialization

To satisfy the first function of informing the whole ice sheet models by refining the experiments’ forcing fields, it is necessary that these regional models capture the T0 state of the whole ice sheet models as closely as possible.  This will probably be best accomplished by using the interpolating coarse grid values from the whole ice sheet models followed by fine-grid scale adjustments to minimize non-physical transients.  

To satisfy the second function, these models might be best used in a nested fashion, where the whole ice sheet model provides a temporal series of forcing fields as boundary conditions to time-dependent runs of the regional model.  Alternatively, these regional models could be used in a static mode, where the goal is to provide spatial detail of a snapshot condition.  

Thanks to significant field data collection efforts, there are new detailed maps of the surface and bed geometry, as well as the surface velocity fields of many critical areas of both ice sheets including Jakobshavns Isbrae, Helheim and Kangerlusquak Glaciers in Greenland and Pine Island and Thwaites Glacier catchments in Antarctica.  These make excellent candidates for which to run regional models.

While many of the necessary parameters are available, many are not.  Internal temperatures, geothermal heat flux and basal conditions often are critical in determining the initial state and temporal behavior of fast-flowing regions.  For the purposes of this activity, the regional models should not be viewed as stand-alone items, but linked to one or more whole ice sheet model.  In this way, the larger model becomes a useful source of the missing parameters and, if perhaps not a perfect expression of the real world, is a consistent representation of it that allows the two models to help each other. 
Control Run 

To assist the whole ice sheet models in their control runs, it may be necessary to iterate conditions within certain regions with these regional models to ensure consistent geometric, dynamic and thermodynamic states between models.  This is only relevant when the regional model will be used to prescribe forcing fields for particular future climate experiments.  And even in those cases, this consistency may be satisfied by using the T0 state of the whole ice model as the initial state of the regional models that produce the forcing fields.

Experiments

As discussed earlier, a convenient boundary condition for a whole ice sheet model attempting to simulate a change imposed at the margin, is to prescribe the discharge flux.  Yet, to do so undermines the independence of the model-produced ice mass loss.  These models can help translate a particular scenario of grounding line retreat, or calving evolution into a series of geometric, dynamic and theromodynamic changes that are easy to impose on the whole ice sheet model and thus avoid this prescribed discharge-flux trap.  

Ice shelf removal
The details of a wholesale and sudden removal of an ice shelf is an extreme scenario described earlier designed to examine the upper limits of rapid ice loss.  

Unlimited warm water

Allowing unlimited amounts of the warmest water observed next to an ice sheet is one means of setting at upper bound for oceanic forcing of ice sheet mass loss.  The resulting ice shelf thinning will translates into a significant increase of ice discharged by the ice stream.  With the current generation of regional models, this experiment can be performed and evolved to produce the necessary forcing fields for the whole ice sheet models. 

Cold water ocean

The third domain of models will address the connection between the ocean circulation, driven primarily by surface winds, and the evolution of the ice shelf.  A first-order bracketing of the range of effects of different water temperatures on the ice shelf can be accomplished by pairing the above experiment driven by unlimited amounts of warm water reaching the ice shelf, by a companion experiment where the water reaching the ice shelf is the coldest that has been observed. 

Ice shelf regeneration

In seeking to quantify the upper bound of sea level contributions, it is not consistent to allow for ice-shelf regeneration.  However, as the coupling between the regional models and whole ice sheet models become stronger and better able to handle more complex scenarios, it is reasonable to begin introducing more realism by including the regeneration of ice shelves by increased ice discharge.  The stabilizing influence of this effect has been hypothesized, but it has never been quantitatively examined.  Once the upper bound of sea level contribution has been explored, it will be appropriate to begin introducing possible stabilizing factors to increase the realism of the experiments and produce increasingly reliable predictions.

Domain 3: Ice-Shelf/Ocean

It is increasingly apparent that the ocean is strongly influencing the ice sheet.  The ocean’s ability to impact the ice sheet occurs primarily along the underside of the floating ice shelves that surround most of Antarctica and the termini of Greenland tidewater glaciers which sometimes have short floating tongues.  Further, the ice shelf geometry and, thereby, its ability to provide backpressure to the grounded ice, is strongly determined by the spatial pattern of sub-ice-shelf melting.  
The challenge faced by ice-shelf/ocean models is that beneath the ice shelf, the upper surface of the ocean is variable.  A number of 3D and 2D models are addressing this situation, including:

3D 
1) LANL (Ringler/Price/Lipscomb): HYPOP, CISM 

                      
2) ODU (Klinck/Dinniman): ROMS, no dynamical ice (yet)

                      
3) GFDL (Little):  HIM (Ocean), no dynamical ice (yet)

                      
4) Bergen (Drange et al.): MICOM (Ocean), CISM

                      
5) AWI (Hellmer): FESOM (Ocean), and Hadley Center Ice Sheet

            2D-Vertical

1) LANL (Ringler/Price/Lipscomb): HYPOP, CISM

2) Penn State (Walker/Dupont): Stream Function Ocean, Flowline Ice


2D-Horizontal

1) NYU (Gladish/D.Holland), BAS (P.Holland), LANL (Lipscomb): Plume Ocean, CISM

Vertical models cannot reproduce the horizontal circulations that are known to occur but the bathymetry beneath most ice shelves remains unmeasured, limiting the potential of the more complex models.   

Forcing the variability of the ocean circulation and, thus, the waters entering the sub-ice-shelf cavity are the atmospheric winds and the tides.  Tides are well known and winds are a common output from GCMs and data reanalysis activities.  Simulations the ocean circulation forced by reanalysis fields reveals both seasonal and longer time-scale variability that will affect the properties of sub-ice-shelf waters and, thus, melting rate and ice sheet discharge.  It is the roleof these models to provide better simulations of this coupling.

These regional models serve more as a one-way bridge between possible ocean conditions and the co-evolution of the ocean and ice shelf.  These will then be translated into boundary conditions for the whole ice sheet models through knowledge gained with the ice-stream/ice-shelf models.  

Set Up and Initialization 

The more distant linkage of these models with the whole ice sheet models lessens the requirement that they spin-up with a consistent set of climate variables to the whole ice sheet models.  

Bathymetry is poorly known beneath most ice shelves and throughout much of the sea ice zone surrounding ice sheets.  The Amundsen Sea is a welcome exception to this general condition.   Yet as well as bathymetry may be known there and elsewhere, ocean conditions at depth remain vastly undersampled in both space and time.  Nevertheless, appealing again to the primary purpose of this study, the deviations of hypothesized climate changes from some control run are most important and extreme scenarios remain the starting point to help define the upper bound of ice sheet contributions to sea level this century.

Control Run

The control runs can use either reanalysis fields or climatological fields to force the ocean.  What will be of most interest is the sensitivity of the ice shelf underside to changes in this control run.
Experiments

Seasonal Variation

It has been shown that there is seasonal and interannual variation of the ocean circulation on the continental shelf when reanalysis winds are used to force the ocean.  What is not known is how this affects the sub-ice-shelf melting pattern.  This experiment can either be done contrasting model results from runs that force the model with temporally varying winds from a run that uses climatological forcing, or runs that amplify the temporal variations in separate runs.  These runs are most suitable for the Antarctic, but can be initially run for an idealized geometry, then progressing to the Amundsen Sea before concluding with the Ross and Weddell Seas.
Warm ocean versus cold ocean

Ocean waters proximal to an ice shelf are sometimes characterized as either “warm” or “cold” in referring to the relative contribution of various water masses to the interaction with the ice shelf.  “Cold” conditions refer to the dominance of High Salinity Shelf Water (HSSW), a type of cold and very saline water that forms by wintertime freezing of sea ice.  “Warm” conditions refer to the dominance of warmer intermediate depth water (called Circumpolar Deep Water, or CDW in the Antarctic) that exists in the deep polar ocean.  Depending on other factors, either water mass can reach the grounding line of the ice shelf, with vastly different melt rates resulting.  

The evolution of water that reaches the grounding line also affects the pattern of melt along the ice shelf underside and this pattern, in turn, affects the resulting shape of the ice shelf and the force experienced by the ice stream or glacier discharging into the ice shelf.  A range of scenarios varying the amounts of HHSW and CDW is possible, but a first-order contrast of the unlimited warm water experiment is the cold water extreme.   

Table 1. Characteristics of Various Whole Ice-Sheet Models

	CHARACTERISTICS
	GLIMMER
	CISM est. Q2 2009
	PISM
	MAINE

	DOMAIN
	
	
	
	

	Flowline (1d or 2D); Plan view (2D or 3D)
	3D
	3D
	3D
	map-plane

	SPACING
	
	
	
	 

	Average grid spacing; Adaptive grid
	uniform grid > 10 km
	uniform grid > 2.5 km
	adjustable; non-adaptive grid
	can run whole ant at 20 km (70,000 nodes) with embed for higher res

	GRID
	
	
	
	

	Finite-difference; Finite-element; Eulerian/Lagrangian
	FD
	FD + incremental remapping scheme
	Eulerian; finite-difference
	Finite Element quadrilaterals

	FLOW APPROXIMATION
	
	
	
	

	Shallow ice; Shelfy-Stream; Higher-order; Full Stokes; other
	SIA
	SIA + Price/Payne 1st Order + Pattyn/Johnson 1st Order
	Hybrid model: Shallow ice (SIA) + Shelfy-Stream (Schoof)
	shallow ice

	THERMODYNAMICS
	
	
	
	

	Thermomechanical; Polythermal
	Thermomechanical
	Thermomechanical + Polythermal of Greve
	Thermomechanical (polythermal plant)
	Thermomechanical (1D columns with explicit vertical advection and diffusion, with horizontal advection as an additions “source” (negative heat))

	BASAL SLIDING
	
	
	
	

	Weertman sliding law; Coulomb plastic sliding law; Budd-type sliding law
	Proportional to driving stress and inverse water layer thickness
	Flexible with linear and plasitc till being the most prominent
	Coulomb plastic or Weertman
	Weertman modified with a lubrication factor proportional to “amount” of water at the bed

	HYDROLOGY
	
	
	
	

	Surface, internal, basal water treatments
	Conservative steady state basal water routing
	Surface and basal water treatments
	basal meltwater model: controls bed strength
	Basal melt water from thermo-calc used a source too diffusive-advective continuity model for basal water

	SURFACE MASS BALANCE
	
	
	
	

	Positive degree day; Surface energy balance; empirical method; other
	Positive degree day
	Surface energy balance + downscaling of GCM data based upon elevation classes
	Positive degree day
	Mean annual temp from latitudinal and elevation lapse rates, accumulation from MAT, ablation from PDD with lat-dependent amplitude around MAT

	CALVING
	
	
	
	

	Calving "law"; calving mechanics
	Hueristic
	Improved calving based upon Basis?
	Fixed calving front
	Longitudinal extension at unbuttressed grounding line yields thinning rate at GL added to local mass balance, modified by "Weertman" parameter (1-no buttressing, 0-full buttressing)

	SPIN-UP/INITIALIZATION
	
	
	
	

	# glacial cycles; req'd initial fields
	One glacial cycle at minimum, preferable to do 2-3
	Concerns about performance make this a problem. HO physics may prevent long initialization periods. May have do some hybrid SIA/HO spin up, or find very powerful computers. 
	arbitrary number glacial cycles. Surface elevation, bedrock elevation, geothermal flux
	usually a glacial cycle, but 50Ka is usually enough

	OTHER
	
	
	
	

	Explicit mass conservation
	Well documented problems (see EISMINT II) papers. We appear to be no worse than other comparable models. While this error relates to numerics, other errors arising in PDD schemes are unavoidable until a better (surface energy balance) scheme is used.
	As before, again, placing some hope in better advection schemes.
	yes, adaptive time-step
	yes

	Grounding line migration
	Major problem area. Currently I think it should be forced as part of the experimental setup.
	As with before, but finer grids and incremental remapping scheme offer some hope..
	yes
	GL determined by location surface drops below flotation height


Table 1 (Cont). Characteristics of Various Whole Ice-Sheet Models

	CHARACTERISTICS
	PENN STATE 
	SICOPOLIS
	Chicago
	PENN STATE 2-D

	DOMAIN
	
	Greenland, Antarctica or northern/southern hemisphere from tropics to the Pole
	
	

	Flowline (1d or 2D); Plan view (2D or 3D)
	3D
	3D
	flowline and plan view mode
	flowline, 2-d

	SPACING
	
	
	
	

	Average grid spacing; Adaptive grid
	40 km,   or nested 10 km to 5 km
	SICOPOLIS has been ran at 20 km, but I did it only at 80 km (sorry)
	variable resolution average, typically  ~10 km
	Depends on the simulation… for whole ice sheet, average ~10 km; adaptive

	GRID
	
	
	
	

	Finite-difference; Finite-element; Eulerian/Lagrangian
	finite difference
	stereographic projection or lon/lat grid
	finite difference in horizontal/spectral in vertical, semi-Lagrangian advection
	Finite Element; Eulerian

	FLOW APPROXIMATION
	
	
	
	

	Shallow ice; Shelfy-Stream; Higher-order; Full Stokes; other
	Heuristic combination of shallow ice and shelfy stream
	Shallow ice
	Other
	SIA ready to go, Higher-order ready in isothermal mode

	THERMODYNAMICS
	
	
	
	

	Thermomechanical; Polythermal
	Thermomechanical
	Thermomechanical; can be ran as polythermal (but I did not run it myself as polythermal)
	Thermomechanical
	SIA: thermomechanical; Higher-order: presently isothermal

	BASAL SLIDING
	
	
	
	

	Weertman sliding law; Coulomb plastic sliding law; Budd-type sliding law
	Weertman sliding law
	Weertman sliding law
	adjustable, tested with Weertman, Budd-type and Mohr-Coulomb
	SIA: Weertman linear viscous; other powers available for Higher-order

	HYDROLOGY
	
	
	
	

	Surface, internal, basal water treatments
	No sliding when base below melt point
	
	No sliding when base below melting point, does not do any accounting of basal water
	Through parameterizations/budgeting

	SURFACE MASS BALANCE
	
	
	
	

	Positive degree day; Surface energy balance; empirical method; other
	Positive degree day
	Positive degree day, but Miren Vizcaino ran it also with a  of surface energy balance
	Positive degree day
	PDD

	CALVING
	
	
	
	

	Calving "law"; calving mechanics
	ocean sub-ice melt rate prescribed
	
	Several mean-field "calving laws"implemented, heuristic implementation of rift initiation and propagation
	Will be added; presently thickness related

	SPIN-UP/INITIALIZATION
	
	
	
	

	# glacial cycles; req'd initial fields
	can be run for many glacial cycles
	glacial cycles or topography + T(z)
	Can be run over many glacial cycles, Initial parameters: surface elevation, bedrock elevation, geothermal flux, location/depth of sediment
	This depends on the experiment as stated in my earlier email.  If thermal profile and melt/freeze boundaries matter to the simulation, 250kyr of thermal spin-up and then one or two glacial cycles; need bed elevation, surface elevation, surface temp (mean annual and summer average), surface accum, geothermal flux, upper mantle viscosity, some sense of distribution of basal friction coeff, sea level fluctuation, and any glacial geologic constraints on reconstructions

	OTHER
	
	
	
	

	Explicit mass conservation
	conserves mass 
	no
	no 
	diffusion formulation for SIA; advection for higher order

	Grounding line migration
	yes
	
	yes - with concerns about stability 
	yes


Table 2. Data sets now in use at U. Montana

Antarctica:
	Input field
	We use:
	Huybrechts uses:
	Notes:

	Precipitation
	Vaughan et al. 1999 J. Climate 12, 933-946


	Giovinetto and Zwally, 2000, used in (Huybrechts et al. 2000) and updated with rates obtained from shallow ice cores during EPICA pre-site surveys (Oerter et al., 1999, 2000; Rotschky et al. 2007).  
	We now have the Geiovinetto and Zwally set. Would like the updated sets based on shallow ice cores. Is this available anywhere?

netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Bed topography
	BEDMAP Lythe et al 2001
	BEDMAP (Lythe et al. 2001)  with older datasets for oceanic bathymetry (Huybrechts et al., 2000) to circumvent artifacts in BEDMAP at grounding lines and below ice shelves. 
	Bathymetry would be nice (how to get?). We are also have U. Texas data on bed topography in Amundsen Sea Embayment 

netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Ice thickness
	BEDMAP
	BEDMAP
	BEDMAP with data from U. Texas inserted for the Amundsen Sea Embayment

netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Surface Elevation
	BEDMAP
	BEDMAP 
	Can get a better data set from RAMP?

netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Temperature record
	Vostok, interpolated over 100 yr intervals
	Vostok, in his latest paper he uses the new EPICA EDC deuterium record for spin-up over the last 740kyr and the EDML Delta 18 O record for the last 170 kyr, given in the paper (Ruth et al., 2007 issue;)  
	Likely Sufficient

Text file

	Sea Level change
	SPECMAP
	SPECMAP, 

Also a combination of a planktonic Delta 18 O record from the tropical ocean(Bassinot et al., 1994), using only the most recent 21kyr for the incomplete part of the Bassinot record.  
	SPECMAP improvements?

Text file

	Mean Annual Temperature
	Comiso et al 2000
	Calculated on the first step with lapse rates, surface elevation and latitude? Adjusted by climate model?
	netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Geothermal flux
	Shapiro and Ritzwoller 2004
	Uniform
	Fox Maule et al. 2005 is likely better

	Future Precipitation Forcing
	
	LOVECLIM
	LOVECLIM consists of five major components representing the atmosphere(ECBilt), the ocean and sea ice(CLIO), the terrestrial biosphere(VECODE), the oceanic carbon cycle(LOCH) and the Greenland and Antarctica ice sheets(AGISM).  

	Future Temperature Forcing
	
	LOVECLIM
	

	Future Ocean Forcing?
	
	LOVECLIM
	


Greenland:

	Input Field
	We Use:
	Huybrechts Uses:
	Notes:

	Precipitation
	Snowfall rate is based on data by Ohmura and Reeh(1991), Bolzan and Strobel(1994), Wilhelms(1996)
	The base map was revised from Ohmura and Reeh(1991) by incorporating the results of shallow ice cores taken in North Greenland(Jung-Rothenhausler, 1998)
	netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Bed topography
	Bamber (2001) JGR 106,33781


	Bamber (2001)
	netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Ice thickness
	Bamber (2001)
	Bamber (2001)
	netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Surface elevation
	Bamber (2001)
	Bamber (2001)
	netCDF, CF 1.0. Polar Stereographic projection, 5 km

	Temperature time series
	GRIP and Vostok


	GRIP for 100kyr, Vostok for previous
	Text file

	Sea Level Change
	SPECMAP
	SPECMAP with zero sea level change at 225kyr BP and then forced for 4kyr to present? Done in a phenomenological nature. (Funder, 1989; Funder et al., 1998)
	Text file

	Mean Annual Temperature
	Parameterized by Reeh(1991) based on data by Ohmura(1987)
	Calculated on the first step with lapse rates, surface elevation and latitude? Adjusted by climate model?
	netCDF, CF 1.0. Polar Stereographic projection, 5 km
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