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Abstract 38	  

 39	  

The Sea-level Response to Ice Sheet Evolution (SeaRISE) effort explores the sensitivity 40	  

of the current generation of ice sheet models to external forcing to gain insight into the 41	  

potential future contribution to sea-level from the Greenland and Antarctic Ice Sheets. All 42	  

participating models simulated the ice sheet response to three types of external forcings: a 43	  

change in oceanic condition, a warmer atmospheric environment, and enhanced basal 44	  

lubrication. Here, an analysis of the spatial response of the Greenland ice sheet is 45	  

presented and summarized. Although the modeled responses are not always 46	  

homogeneous, consistent spatial trends emerge from the ensemble analysis, indicating 47	  

distinct vulnerabilities of the Greenland ice sheet. There are clear response patterns 48	  

associated with each forcing, and a similar mass loss at the global scale will result in 49	  

different mass losses at the regional scale, as well as distinct thickness changes over the 50	  

ice sheet. All forcings lead to an increased mass loss for the coming centuries, with 51	  

increased basal lubrication and warmer ocean conditions affecting mainly outlet glaciers, 52	  

while the impacts of atmospheric forcings affect the whole ice sheet.  53	  

 54	  

1. Introduction  55	  

 56	  

To correctly forecast sea-level evolution, ice sheet models need to accurately predict the 57	  

response of the Greenland and Antarctic ice sheets to their surrounding environments. 58	  

For the Greenland ice sheet, these responses include, for example, the recently observed 59	  

seasonal speedup attributed to an increased lubrication of basal ice by penetration of 60	  
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surface meltwater [Zwally et al., 2002; Joughin et al., 2008; Sheperd et al., 2009; 61	  

Bartholomew et al., 2010], the retreat of marine terminating glaciers [Howat and Eddy, 62	  

2011], or the thickness change and mass loss measured by IceSAT [Pritchard et al., 2009; 63	  

Zwally et al., 2011] and GRACE [Velicogna, 2009; Rignot et al., 2011]. Numerical 64	  

simulation of these observed phenomena requires not only ice sheet models to capture the 65	  

relevant physical processes, but also an accurate prescription of the climatic forcing that 66	  

drives the observed responses. Feedbacks between ice sheets and climate will in turn 67	  

likely influence the future evolution of these systems, such that accurate quantitative 68	  

predictions of future sea-levels will ultimately require simulation of ice sheet evolution in 69	  

fully coupled atmospheric and oceanic climate models. 70	  

 71	  

Efforts of including dynamic ice sheet models in climate models are underway [e.g., 72	  

Little et al., 2007; Lipscomb et al., 2009]. However, this two-way coupling is still in its 73	  

infancy, such that ice sheet models are, at the moment, mostly driven offline by the one-74	  

way coupling of outputs from climate models [e.g. Stone et al., 2010]. In addition, the 75	  

present generation of whole ice sheet models does not incorporate crucial subgrid 76	  

processes. For example, moulin drainage is believed to cause observed seasonal speedup 77	  

in Greenland [Zwally et al., 2002; Parizek and Alley, 2004]; yet, despite recent 78	  

theoretical advances [Schoof, 2010], it is still unclear how to spatiotemporally 79	  

parameterize the related processes in whole ice sheet models. Furthermore, the current 80	  

conditions beneath the ice sheet are poorly constrained due to the remoteness of the 81	  

subglacial environment. Basal topography and ice thickness, for example, determine on 82	  

ice-sheet volume [Stone et al., 2010], are a first order control on ice dynamics [Larour et 83	  
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al., 2012a], influence the thermal and velocity regimes of the ice sheets [van der Veen 84	  

and Payne, 2004], and are thus of crucial significance.  Basal sliding is also poorly 85	  

understood as it cannot be directly measured and has to be inferred using data 86	  

assimilation techniques [MacAyeal, 1989].  Thus, accurate predictions of future sea-level 87	  

not only require further theoretical and numerical developments, but also field and 88	  

remote sensing observations [e.g. Parizek el al., in review].  89	  

 90	  

Despite these limitations, the current ice sheet models still provide valuable information 91	  

on the potential response and sensitivity of the Greenland ice sheet to future climatic 92	  

conditions. As described by Bindschadler et al. [submitted], the Sea-level Response to Ice 93	  

Sheet Evolution effort (SeaRISE) was designed to examine the sensitivity of the current 94	  

spectrum of ice sheet models to prescribed external forcings. The sensitivity experiments 95	  

were designed by the community of modelers that participated in SeaRISE and had to be 96	  

simple enough for all models to implement. Three types of distinct forcing were 97	  

considered: i) the potential melting effect of warmer oceans, ii) the effect of a warmer 98	  

atmosphere on surface mass balance, and its indirect effect via iii) enhanced basal sliding 99	  

conditions. The initial set of experiments was not meant to be a realistic description of 100	  

future forcing, rather, extreme scenarios were designed in order to investigate the upper 101	  

bound of potential future ice sheet mass loss. In its later stage, SeaRISE designed a final 102	  

experiment that attempts to quantify a more plausible future scenario for the coming 500 103	  

years, with present day set at January 1, 2004.  104	  

 105	  
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To mitigate model differences due to inputs that could be standardized, existing data such 106	  

as surface velocities [Joughin et al., 2010] or basal heat flux [Sharpiro and Ritzwoller, 107	  

2004] were combined into a single dataset on a common 5 x 5 km grid, made available to 108	  

any modeling group (see Bindschadler et al. [submitted] or 109	  

http://websrv.cs.umt.edu/isis/index.php/Data). In addition, the recent NASA Operation 110	  

IceBridge and CReSIS bedrock data over four outlet glaciers [Herzfeld et al., 2012a, 111	  

2012b] were incorporated into the bedrock topography of Bamber et al. [2001a, 2001b]. 112	  

An agreed-upon standard output by the SeaRISE modelers consisted of selected variables 113	  

on a 5 year frequency. The output grid is consistent with the input dataset and required 114	  

models with a coarser/denser resolution to interpolate/aggregate their results onto the 5 x 115	  

5 km grid.  116	  

 117	  

The eight models taking part in the Greenland suite of SeaRISE experiments are: AIF 118	  

[Wang et al., 2012], CISM2 [Price et al., 2011; Lemieux et al., 2011; Evans et al., 2012; 119	  

Bougamont et al., 2012], Elmer/Ice [Seddik et al., 2012], IcIES [Saito and Abe-Ouchi, 120	  

2004, 2005, 2010; Greve et al., 2011], ISSM [Morlighem et al., 2010; Seroussi et al., 121	  

2011; Larour et al., 2012b], PISM [Bueler and Brown, 2009; Aschwanden et al., 2012], 122	  

SICOPOLIS [Greve, 2007; Greve et al., 2011], and UMISM [Fastook, 1990, 1993; 123	  

Fastook and Hughes, 1990; Fastook and Prentice, 1994]. The models taking part in 124	  

SeaRISE thus represent the current spectrum of ice sheet models, and range from simple 125	  

shallow ice models to the complex full-Stokes model Elmer/Ice.  SeaRISE’s models 126	  

therefore differ in their physical sophistication and components, but also in terms of 127	  

spatial and temporal resolution. However, it is not clear that higher complexity makes a 128	  
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model a better predictor of future evolution, since other factors such as initialization also 129	  

come into play. Therefore, it is argued that one strength of SeaRISE is the inclusion of a 130	  

variety of ice sheet models and initialization processes. This approach reflects the IPCC 131	  

multiple model examination of the possible range of global climate response to various 132	  

emission scenarios [IPCC, 2007].  133	  

 134	  

The temporal evolution of the ice volume is explored in Bindschadler et al. [submitted]: 135	  

each distinct forcing resulted in a mass loss from the Greenland ice sheet, but the mass 136	  

loss occurs at different rates and time scales. The climate forcing leads to an initial small 137	  

decay that later rapidly accelerates. In contrast, the dynamical experiments in the form of 138	  

ocean melt rate and enhanced basal sliding initially respond faster than the climatic 139	  

forcing and later decelerated. While the results of the three experiments appear similar 140	  

across a range of models, the spatial patterns of thickness changes can be quite different.  141	  

 142	  

The purposes of this paper are to present an overview of the spatial response of the 143	  

Greenland ice sheet to SeaRISE forcing at specific times and to identify improvements in 144	  

experimental procedure or in ice sheet models that would benefit future modeling efforts 145	  

such as SeaRISE. Here we investigate the spatial and temporal characteristics of the ice 146	  

thickness response of the ensemble, rather than individual models and scenarios. When 147	  

combined with other statistical information such as standard deviation, ensembles not 148	  

only capture the general trends but also identify where models agree or disagree [Gates et 149	  

al., 1999], and can guide where efforts are best spent to improve models [Knutti et al., 150	  

2010]. However, in acknowledgment that the ensemble approach hides the actual 151	  
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response of each model, or that there is no guarantee that the ensemble trend is more 152	  

likely than any single realization [e.g. Giorgi, 2005], the behaviors of the models that are 153	  

the least and the most sensitive to the experiment will also be shown. 154	  

 155	  

We do not consider here in detail the implementation of the experiments, nor the 156	  

numerical simulation of ice flow in ice sheet models, but these are listed in Table 2 and 157	  

Appendix A of Bindschadler et al. [submitted]. The ice sheet models that constitute the 158	  

Greenland component of SeaRISE are presented in section 2, where the problem of 159	  

obtaining an initial configuration is discussed. The SeaRISE sensitivity experiments are 160	  

introduced in section 3, along with the individual model responses on a basin-to-basin 161	  

basis after 100 simulated years. Sections 4-7 consider the 100-year geographical 162	  

ensemble change in thickness for a sample of each type of SeaRISE experiment that 163	  

results in a similar change in volume above flotation. We investigate how the response 164	  

propagates in time in section 8, before summarizing and discussing conclusions in section 165	  

9. 166	  

 167	  

2. SeaRISE’s initial configurations. 168	  

 169	  

Prognostic simulations of future ice response first require a determination of the present 170	  

day state of the ice sheet. Two distinct methods are currently used by ice sheet models: 171	  

long interglacial “spin-ups”, and initialization using data assimilation of present day 172	  

observations.  Both methods have advantages and drawbacks. The interglacial spin-ups 173	  

allow fields to be dependent on the long-term memory of the ice sheet, such as internal 174	  
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temperature [Rogozhina et al., 2011], and contain a representation of internal transients. 175	  

However, the resulting configuration might differ from the observed state of the ice sheet.  176	  

In contrast, ice sheet models that are initialized with observed surface elevation and 177	  

thicknesses, are by nature a closer match to the present day ice sheet, but these models 178	  

assume that the ice sheet is in a steady state, and internal fields will not reflect the ice 179	  

history. Furthermore, inconsistencies in present-day datasets limit the reliability of the 180	  

projection models, as models that are initialized with data assimilation to reproduce the 181	  

present-day conditions start by artificially redistributing the glacier mass, to reconcile the 182	  

inconsistencies in datasets [Seroussi et al., 2011]. Assimilation methods can thus force 183	  

ice sheet models far from equilibrium with the climate, and unnatural transients can 184	  

emerge as the initial state is released and prognostic modeling occurs. 185	  

 186	  

The result of the initialization process is illustrated in Figure 1, where the starting 187	  

configuration for the SeaRISE experiments is compared to the observed ice sheet surface 188	  

[Bamber et al., 2001a, 2001b] provided in the SeaRISE dataset (5 km x 5 km grid). The 189	  

three models that initialize with present day observations, AIF, CISM2 and ISSM, show 190	  

little deviation from the reference data. ISSM uses formal inverse methods [MacAyeal, 191	  

1989; Morlighem et al., 2010] to infer the basal friction such that the resulting velocities 192	  

match the present day INSAR velocities, and computes the initial temperature assuming 193	  

steady state. CISM2 tunes basal friction coefficients to match balance velocities and 194	  

computes internal temperatures from a quasi-steady state spin-up for which the ice sheet 195	  

geometry is held fixed to that of the present day. AIF uses balance velocities to tune the 196	  

stress configuration and initializes using the present day ice sheet geometry and climate 197	  
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forcing [Wang et al., 2012]. The blocky nature of AIF along the ice sheet perimeter is a 198	  

result of the coarse grid size used by this model.  199	  

 200	  

In contrast, the four models that carried out interglacial spin-ups, namely IcIES, PISM, 201	  

SICOPOLIS, and UMISM, deviate from the reference data, an effect seen in both the 202	  

spatial extent and elevation. The different techniques for interglacial spin-ups play an 203	  

important role. UMISM’s spin-up used ice core proxy temperature [Johnsen et al., 1995] 204	  

to drive a 30 kyear variable climate [Box and Steffen, 2001, van der Veen et al., 2001, 205	  

Fausto et al., 2009, Burgess et al., 2010], with no tuning used to force the ice sheet 206	  

towards the present day configuration. The outcome is a thicker peripheral ice mass 207	  

combined with a thinner interior. IcIES and SICOPOLIS paleoclimatic spin-ups covered 208	  

a full glacial cycle (125 kyear), and used forcing suggested by SeaRISE [Greve et al., 209	  

2011]. The North basin of IcIES is thinner and covers a smaller extent than the current 210	  

ice sheet, whilst the South-West basin is thicker and more extensive than expected. 211	  

SICOPOLIS' closer match to the present day condition is due to a spin-up that, after an 212	  

initial relaxation run with freely evolving ice topography over 100 years, keeps the 213	  

topography fixed over time. PISM applies a flux correction to the surface mass balance in 214	  

the final stage of the paleoclimatic spin-up to obtain an ice sheet geometry that is close to 215	  

present day. Due to the expensive computing time associated with full-Stokes models, 216	  

interglacial spin-ups are not practical with Elmer/Ice. However, in order to benefit from 217	  

the long-term memory of the Greenland ice sheet evolution, Elmer/Ice’s spin-up is 218	  

initiated from SICOPOLIS’ spin-up at 200 years BP via a two-step procedure. The 219	  

topography of Elmer/Ice is first kept fixed for 100 years to allow fields to adjust from the 220	  
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shallow ice to the full-Stokes dynamics, followed by 100 years of topography relaxation 221	  

to obtain the present day configuration [Seddik et al., 2012].  222	  

 223	  

Further insight on the SeaRISE’s models ability to simulate both the pattern and 224	  

amplitude of the observed surface elevation is illustrated in Figure 2, via a Taylor 225	  

diagram [Taylor, 2001]. The points on this diagram represent simultaneously three 226	  

metrics: the standard deviation (STD) of the field (which is equal to the radial distance 227	  

from the origin), the correlation between the modeled and observed field (which is equal 228	  

to the cosine of the polar angle) and the root mean square (RMS) pattern difference 229	  

between the simulated and observed field (which is to the distance from the observation 230	  

point on the diagram). Both the STD and RMS have been normalized by the observed 231	  

STD calculated from the surface elevation of Bamber et al. [2001a, 2001b]. A model that 232	  

closely matches the observation would therefore have a high correlation, a low RMS, a 233	  

variance that is similar to the observation, and therefore lie close to the observation on the 234	  

Taylor diagram.   235	  

 236	  

As expected from Figure 1, the models that fall the closest to the observed surface 237	  

elevation are CISM2 and ISSM. AIF also simulated the amplitude of the variations 238	  

(standard deviation) but the correlation with the observation decreases. In the groups of 239	  

models that spin-up using long interglacial cycles, SICOPOLIS agrees best with 240	  

observation, which is essentially due to the fixed topography spin-up. Elmer/Ice’ standard 241	  

deviation is slightly closer to the observation than SICOPOLIS, but the relaxation period 242	  

results in a smaller correlation and larger RMS. The models that spin-up without any 243	  
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tuning (PISM, UMISM and IcIES) are the furthest from the observed ice sheet surface, 244	  

yet their correlation and standard deviation are still high (at least 0.91 for correlation and 245	  

0.80 for STD), and their RMS is smaller than 0.41. Thus, all of the ice sheet models 246	  

taking part in SeaRISE are skillful in simulating the observed Greenland ice sheet surface 247	  

elevation and its spatial variability.  248	  

 249	  

3. Basin Sensitivity to experiments after 100 simulated years 250	  

 251	  

SeaRISE explores the sensitivity of ice sheets to imposed external forcing that aims to 252	  

capture the response to changes in the atmospheric climate, basal conditions, and oceanic 253	  

forcing. For the Greenland ice sheet, ten experiments are designed and discussed in 254	  

greater detail in Bindschadler et al. [submitted]. The effect of future climate is imposed 255	  

via surface temperatures and surface mass balance anomalies based upon the A1B 256	  

scenario anomalies of 1xA1B, 1.5xA1B and 2xA1B (referred to here as C1, C2, and C3). 257	  

The basal experiments consist of an enhancement in basal velocities by a factor of 2, 2.5, 258	  

and 3 (referred to here as S1, S2, and S3). The oceanic forcing applies melt rates of 2 259	  

m/year, 20 m/year, and 200 m/year (M1, M2, and M3 respectively) under ice shelves or 260	  

at the grounding line of marine terminating glaciers. The C1S1 experiment is a 261	  

combination of enhanced basal sliding by a factor of 2 and climate anomalies of 1xA1B. 262	  

Most models completed the full set of experiments, as illustrated in Table 1. In addition, 263	  

although AIF submitted more than one set of simulations, which differ in the sliding law 264	  

for example, only one implementation is considered here, in order to prevent introducing 265	  

bias in the spatial response.  266	  
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 267	  

In order to mitigate the effect of different spin-ups, ice flow approximation and model 268	  

resolution in the responses to the SeaRISE sensitivities experiments, models performed a 269	  

constant climate control (CC) run that covered the same time period as their experiments. 270	  

The philosophy is that any model transient resulting from the initial state or the 271	  

representation of ice dynamics would influence control and sensitivity experiments in a 272	  

similar fashion for that particular model. The resulting artifacts could therefore be 273	  

removed by taking the difference between control and experiment. This concept was 274	  

tested with a few models [e.g. Greve et al., 2011] and indeed provided a means to filter 275	  

out the artifacts of distinct spin-ups from the sensitivity to the SeaRISE experiment. 276	  

 277	  

To explore the spatial response of the Greenland ice sheet to the SeaRISE experiments, 278	  

the change in Volume Above Flotation (ΔVAF) that occurs over seven basins after 100 279	  

simulated years is shown in Figure 3. For each model, ΔVAF is estimated via 280	  

 281	  

ΔVAF = VAFexp  –  VAFcc  (1) 282	  

 283	  

where VAFexp is the VAF from an experiment and VAFcc is the VAF from the control 284	  

simulation. The VAF values are obtained from post-processing the SeaRISE submissions 285	  

and is given by 286	  

 287	  

VAF = A * Haf (2) 288	  

 289	  
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where A is the grid area and Haf is the thickness above flotation.  290	  

 291	  

The ocean forcing experiments have the most diverse response in the change in VAF 292	  

(Figure 3), where two types of behavior unfold: models are either very sensitive to this 293	  

forcing, or little affected. The response to the climate and basal forcing are more 294	  

homogenous, but the spread in response is larger for the sliding experiment than for the 295	  

climate experiments. The C1S1 experiment, which imposes simultaneously the C1 296	  

climate and S1 enhanced basal lubrication, results in mass losses that correspond to the 297	  

combination of these respective mass losses. Bindschadler et al. [submitted] 298	  

demonstrated this effect on a whole ice sheet basis, Figure 3 shows it occurs on a basin 299	  

scale as well. 300	  

 301	  

In general, the response to an increased forcing is correlated with the response to the 302	  

smallest applied forcing. For example, if a model experiences a mass loss as a result of 303	  

the C1 climate experiment, it will also experience an increased mass loss with the more 304	  

pronounced climatic forcing. The exceptions are PISM in the Central East basin, where 305	  

the C1 forcing results in a negligible mass gain that changes to a mass loss with the 306	  

amplified C3 forcing. The response to the amplified melting experiments also results in 307	  

an amplified mass loss. Although, some models that are insensitive to the 2 m/year and 308	  

20 m/year melt rates, lose mass with the 200 m/year forcing (e.g. IcIES and SICOPOLIS 309	  

in the North West basins). The larger oceanic forcing does in some cases lead to a mass 310	  

loss that is equivalent to a smaller forcing (e.g. AIF in the North Basin), indicating that 311	  
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the ice that is available for melt is already lost with the smaller melt rate. Thus, an 312	  

increased in forcing is also associated with a larger dispersion in model response.  313	  

 314	  

Although Figure 3 illustrates the diversity in model response, there is no clear consistent 315	  

outlier. A model that is extremely sensitive to the climate experiments will not be the 316	  

most sensitive model to the enhanced sliding or oceanic forcing experiments. In addition, 317	  

a model that is the most sensitive to a given experiment in one basin will not necessarily 318	  

be the most sensitive in the other basins, nor will that basin remain sensitive throughout 319	  

the other experiments for the given model. Furthermore, no model is always close to the 320	  

ensemble mean behavior for the full set of experiments. The diversity in the modeled 321	  

response is in part due to differences in: i) initial ice sheet configuration, ii) ice flow 322	  

dynamics and grid resolution, and iii) implementation of the SeaRISE sensitivity 323	  

experiments. For example, SICOPOLIS and Elmer/Ice implement the climate sensitivity 324	  

experiments using the same method [see Seddik et al., 2012]. These two models differ in 325	  

how they simulate ice dynamics: shallow ice versus full-Stokes and different mesh 326	  

resolution (5 km structured grid versus 1 to 70 km anisotropic mesh). The fact that the 327	  

change in VAF from these two models are similar for the climate sensitivities indicates 328	  

that the mass loss is due to the change in surface mass balance, and that the dynamic 329	  

response does not play an important role nor leads to feedbacks on a 100 year timescale. 330	  

In contrast, the distinct response to the enhanced sliding experiment demonstrates the role 331	  

played by the dynamics, thermodynamics, and subsequent feedbacks in the ice sheet 332	  

when dynamical forcing is introduced to models with different governing equations for 333	  

the momentum balance. 334	  
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 335	  

Despite the spread in responses to the SeaRISE forcings, trends do emerge and the 336	  

resulting spatial behaviors are distinct for the four types of sensitivity experiments. This 337	  

effect is more easily summarized by taking the average of all the models’ ΔVAF for each 338	  

experiment and basin. In the Central Eastern and South Eastern basins, a number of 339	  

models indicate a small growth with the climate experiments, but a few models also 340	  

indicate a small mass loss such that the overall ensemble change is a negligible growth. 341	  

The two regions that are the least sensitive are the North and North East for the sliding; 342	  

the North East and the Central East for the combination; and South West and Central East 343	  

basins for the imposed melt rate. The ensemble means indicate that the two regions that 344	  

lose the most mass are North and North East basins in the climatic set of experiments; the 345	  

South East and Central West basins for the enhanced sliding; the Central West and the 346	  

South East basins for the combination experiment; and finally the North East and North 347	  

basins for the oceanic forcing.  348	  

 349	  

The change in VAF on a basin-to-basin basis reveals important information on the spatial 350	  

trends that emerge from the SeaRISE sensitivity experiments, but it does not provide 351	  

insight as to whether the change in VAF is due to a change in thickness or in areal extent. 352	  

Furthermore, it cannot address whether the ice response is uniform throughout a basin, or 353	  

whether it is a localized effect. In addition, are the individual responses due to the 354	  

different approximations of ice flow, the initial states, or to the implementation of the 355	  

forcings? It is to these types of questions that we now turn our attention. To focus our 356	  

analysis, we choose to explore the resulting spatial patterns for experiments that yield 357	  
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similar ensemble change in VAF for the entire Greenland ice sheet (Table 1). We 358	  

therefore illustrate the response to each type of SeaRISE sensitivity experiment by 359	  

concentrating on C3, M2, S2 and C1S1, which each result in an ensemble volume change 360	  

of approximately -10 cm sle. 361	  

 362	  

4. The spatial response of the C3 experiment. 363	  

 364	  

The two forcings for the atmospheric experiment are anomalies in surface temperature 365	  

and surface mass balance defined as the difference between precipitation and ablation. 366	  

The ablation was either obtained by a model’s own positive degree day (PDD) scheme, or 367	  

from SeaRISE datasets [Ettema et al., 2009] for the models that do not have a PDD 368	  

scheme. The temperature and precipitation data were calculated from a combination of 369	  

the response to the A1B scenario from 18 climate models that participated in AR4 [T. 370	  

Bracegirdle, pers. Comm., 2009]. As described in Bindschadler et al. [submitted], these 371	  

forcings varied for the first 94 years of the SeaRISE experiment, and were then held 372	  

constant to the values of the 94th year for the remainder of the simulation.  373	  

 374	  

The sensitivity of a model is initially evaluated by comparing the change in thickness 375	  

between an experiment and the control simulation, given by 376	  

 377	  

ΔH= Hexp- Hcc  (3) 378	  

 379	  
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where Hexp and Hcc are the thickness of the experiment and control after 100 years of 380	  

simulation. We are faced with the conundrum that i) the spatial extent of the individual 381	  

models differs (as already illustrated in Figure 1), and ii) some experiments will result in 382	  

a spatial growth or decrease compared to the control. For each model, the difference in 383	  

thickness is therefore calculated on the 5 km x 5 km grids that contain ice in either the 384	  

experiment or the control. To preclude preferential treatment to any given model (e.g. the 385	  

model that has the smallest spatial coverage), the ensemble statistics are first computed 386	  

over regions where all the models have data. The algorithm then considers regions where 387	  

all but one model is present, and so on until only one model remains. In this later case, 388	  

the mean value is simply the value of the remaining model. 389	  

 390	  

The C3 experiment, which considers an amplification of the A1B forcing by a factor of 2, 391	  

leads to a small growth over the interior of the South East, South West and Central East 392	  

basins, and all basins display a large thinning at the margin of the ice sheet compared to 393	  

the control and after 100 years (Figure 4A). The low standard deviation for the ensemble 394	  

of the models throughout most of the ice sheet in Figure 4B, indicates that the individual 395	  

modeled responses are close to the ensemble mean. The spread in model’s response for 396	  

this atmospheric forcing is confined to the periphery of the ice sheets, as reflected by the 397	  

high values of standard deviations throughout the marginal areas. The model that is the 398	  

most sensitive to this forcing, PISM with a change in VAF of -21.14 cm sle (Table 1, and 399	  

Figure 4C), displays a thickness response that correlates well with the ensemble behavior. 400	  

In contrast, the least sensitive model, CISM2 with a change in VAF of -1.68 cm sle 401	  

(Table 1, and Figure 4D), experiences extensive growth in the south of the ice sheet, and 402	  
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a negligible change in the North and North East basins, where the ensemble behavior 403	  

indicated a moderate thinning.  404	  

 405	  

The implementation of this experiment was not uniform because the ablation scheme 406	  

used by the models varied: PISM computed its own ablation, while CISM2 applied the 407	  

forcings provided by SeaRISE. The resulting surface mass balances (Figure 4E, F) are 408	  

therefore distinct, due to different initial surface mass balances and in particular to 409	  

distinct surface mass balance anomalies (Figure 4G, H). These anomalies can vary 410	  

between models due to the PDD schemes that used surface temperatures, which are for 411	  

most models parameterized to depend on surface elevation following Fausto et al. [2009]. 412	  

Positive feedback can therefore be established, as lower elevations are exposed to warmer 413	  

temperatures and thus increased ablation. The surface mass balance anomaly used by 414	  

CISM2 is positive over most of the ice sheet, with the largest contribution in the South 415	  

East basin. The negative surface mass balance anomaly is confined to a narrow band that 416	  

follows the northern and western margins of the ice sheet. PISM’s surface mass balance 417	  

anomaly is also positive in much of the interior of the ice sheet and largest in the South 418	  

East basin, but the negative surface mass balance anomaly extends further inland than for 419	  

CISM2 (for example, over half of the North and North Eastern basins experience a 420	  

negative surface mass balance anomaly). Furthermore, PISM negative surface mass 421	  

balance anomaly is generally larger than for CISM2.  422	  

 423	  

With both PISM and CISM2, the patterns of thickness change are highly correlated with 424	  

the surface mass balance anomaly, suggesting that the spread in model responses in 425	  
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Figure 3 arises predominantly due to the different surface mass balance anomalies (and 426	  

hence PDD schemes), and not caused by the ice flow dynamics.  The only two models 427	  

with no PDD schemes, ISSM and CISM2, have similar spatial (Figure 3) and temporal 428	  

[Bindschadler et al., submitted] responses to the climate forcings, and are the least 429	  

sensitive of the ensemble. In contrast, models with PDD schemes are more sensitive to 430	  

the climate experiments due to the ice elevation/surface mass balance feedbacks and the 431	  

different PDD schemes result in a greater spread in responses. However, when the PDD 432	  

schemes are the same, which is the case for SICOPOLIS and Elmer/Ice [Seddik et al., 433	  

2012], the spatial and temporal responses to the climate forcings are comparable.   434	  

  435	  

 5. The spatial response of the S2 experiment. 436	  

 437	  

The ensemble behaviors that emerge from the ice thickness response to the S2 forcing (a 438	  

sliding enhancement by a factor of 2.5 obtained by reducing the basal friction coefficient 439	  

in the sliding laws) include a thickening of the periphery, a small thinning over the 440	  

interior of the North, North East, North West basins, and pronounced thinning in the 441	  

interior of the Central West, Central East, South West, South East basins in Figure 5. The 442	  

standard deviation for the ensemble is low throughout much of the deep interior of the 443	  

three north basins. The spread in model’s response for the north basins is confined to 444	  

isolated ‘hot spots’ that correspond to the fast flowing outlet glaciers such as Humboldt 445	  

and Petermann in the North basin. The most striking feature, however, is the significant 446	  

standard deviation in the interior of the South West, South East, and Central East basins, 447	  

which indicates considerable scatter in the response to the S2 experiment. This dispersion 448	  
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was already apparent in Figure 3 with Elmer/Ice, UMISM and SICOPOLIS contributing 449	  

the most to the ensemble mean after 100 years. The standard deviation map indicates that 450	  

the variation in thicknesses occurs throughout the entire basins.  451	  

 452	  

Further insight into the distinct behaviors is gained by looking at the two extreme cases, 453	  

namely PISM and Elmer/Ice which contribute to a mass loss of  -2.18 cm sle and -22.65 454	  

cm sle, respectively (Table 1).  The enhanced basal velocities lead to an increased flow of 455	  

interior ice, such that both models experience a thickening of the margins at the outlet of 456	  

the fast flowing ice streams and a thinning over the interior of the basins (Figure 5C,D). 457	  

The interior thinning is uniform for PISM, except over the Central West and South East 458	  

basins. Elmer/Ice’s interior thinning varies in spatial extent and magnitude, and clearly 459	  

dominates the signal of the ensemble mean.  460	  

 461	  

These models differ in the physics used to solve for the ice motion, their spatial 462	  

resolution and the basal processes. PISM uses a Coulomb plastic sliding law, while 463	  

Elmer/Ice implements a Weertman sliding law with submelt sliding. This becomes 464	  

evident in the differing spatial patterns of the basal velocity in the control simulation at 465	  

100 years (Figure 5E,G); PISM’s fast flowing regions extend farther inland than 466	  

Elmer/Ice, whilst Elmer/Ice produces more localized fast flowing outlet glaciers.  The 467	  

location of the regions where the enhanced sliding can occur differ in the two models. 468	  

The sharp frozen-thawed boundaries are little altered in PISM’s simulations, and the 469	  

regions that are frozen in the control simulation remain frozen in the experiment. The 470	  

forcing is therefore restricted to regions that are already experiencing fast flow (Figure 471	  
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5F). In contrast, Elmer/Ice experiences enhanced basal sliding over the entire domain, 472	  

and the largest flow enhancement occurs in the southern basins (Figure 5H).  473	  

 474	  

6. The spatial response of the M2 experiment. 475	  

 476	  

The response to the M2 oceanic forcing (melt rate of 20 m/year) is presented in Figure 6. 477	  

Localized small thickening occurs in the periphery of the ice sheet, however, the 478	  

dominant pattern of the ensemble mean in Figure 6A is the large thinning over the outlet 479	  

glaciers which propagates inland, with the exception of the Central East and South West 480	  

basins. The large standard deviation reflects the range of thinning magnitude experienced 481	  

by the different models. Indeed, the change in basin VAF (Figure 3) indicates that this set 482	  

of experiment resulted in the most heterogeneous response.  483	  

 484	  

None of the models taking part in the Greenland suite of experiment include ice-shelves. 485	  

UMISM is the most sensitive model to the melting experiments with a mass loss of -486	  

57.48 cm sle after 100 years of simulation (Table 1). Its grounding line position is 487	  

determined by the location where the surface drops below flotation height, and the effects 488	  

of ice-shelves are parameterized via a Weertman-style spreading rate [Weertman, 1957]. 489	  

The ocean melting is applied at the grounding line, and the result is a grounding line 490	  

retreat of the marine terminating outlet glaciers accompanied with a thinning wave which 491	  

propagates inland in Figure 6C. A positive feedback is established, as the lower surface 492	  

elevation is then exposed to warmer air temperatures that result from the elevation 493	  

dependent temperature scheme [Fausto et al., 2009] and thus experience increased 494	  
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surface melting. Thus, areas in the vicinity of the new ice front of Jakobshavn Isbrae 495	  

experience a negative surface mass balance with the M2 simulation that were formerly 496	  

positive with the control run, as illustrated in Figure 6D.  Together, these processes affect 497	  

the flow pattern of the ice sheet as reflected by the surface velocity (Figure 6E). For 498	  

example, an increase in surface velocity is observed at the new calving front of 499	  

Jakobshavn Isbrae and over most of the basin. The outlet glaciers that were adjacent to 500	  

the old trunk of Jakobshavn Isbrae have diverted their flow, such that the ice that once 501	  

fed these areas is now being drawn into the faster-flowing main channel. 502	  

 503	  

PISM did not experience a change in VAF (Figure 3 and Table 1) due to the 504	  

implementation of the forcing: melt rates are only applied in this model beneath ice 505	  

shelves, but the ice sheet resulting from the spin-up does not contain ice shelves, so a 506	  

negligible response to this forcing is consistent with its implementation. ISSM distributed 507	  

the melt rates vertically along the front of the marine terminating glaciers. As a result, 508	  

thinning occurs at the front of the outlet glaciers. The propagation of the signal is 509	  

however confined to the periphery of the ice sheet, a behavior that is most likely due to 510	  

ISSM not allowing its ice front to move. Due to the lack of thickness response 511	  

experienced by PISM and ISSM, we do not show the geographical maps of their 512	  

thickness change that arise from the difference of M2 to the control. AIF, IcIES and 513	  

SICOPOLIS, allow their grounding lines to migrate, and result in a mass loss of -4.29,     514	  

-2.90 and -1.01 cm sle respectively. Unlike UMISM, the longitudinal stress transfer from 515	  

ice shelves is not introduced at the grounding line in these models. In the North and 516	  

North East basins, AIF and SICOPOLIS experience a grounding line retreat and interior 517	  
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draw down that is similar to UMISM in Figure 6 F,G, but that does not extend as far 518	  

inland as UMISM. The ice sheet that results from IcIES’ spin-up covers a smaller spatial 519	  

extent in the North basin than the current ice sheet (see Figure 1) and thus does not 520	  

include the ice streams that could drain the ice sheet (e.g., Petermann or Humboldt), 521	  

explaining the negligible change in VAF in this basin (Figure 3 and Figure 6H). IcIES 522	  

does however capture the inland thinning associated with Nioghalvfjersfjorden in the 523	  

North East basin, but the adjacent ice also experiences a thickening, indicating that the 524	  

flow patterns have changed. In light of the behaviors of AIF, SICOPOLIS and IcIES in 525	  

the North basin, their negligible response in the vicinity of Jakobshavn Isbrae is 526	  

unexpected. Our explanation for these behaviors, is the coarse grids used by the models 527	  

(10 km for SICOPOLIS, 40 km for AIF and 10 km for IcIES) compared to the size of the 528	  

channel, and the use of non-ice-shelf models without special parameterization of the ice 529	  

shelf stresses at the grounding line.  530	  

 531	  

7. The spatial response of the C1S1 experiment. 532	  

 533	  

The combination experiment, C1S1, imposes simultaneously the AR4 climate forcing and 534	  

the doubling of the basal lubrication. This combination experiment results in a mass loss 535	  

that is comparable to the sum the C1 and S1 forcings (Table 1). The thickness change 536	  

pattern for this forcing, shown in Figure 7A, resembles the superposition of the distinct 537	  

response to the atmospheric and enhanced sliding sensitivities. The pronounced thinning 538	  

that was characteristic of the S2 forcing over southern Greenland remains present in 539	  

C1S1, but is now less severe due to growth associated with the climate forcing. The 540	  
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outward thickening of the periphery resulting from S2 is dominated by the strong 541	  

thinning associated with the climate, such that the periphery experiences a mass loss, 542	  

except over a few isolated spots located predominantly in the North East basin. The 543	  

standard deviation pattern in Figure 7B is also a combination of the qualitative behaviors 544	  

from the standard deviation of the climate and sliding forcing, but results in lower values 545	  

than the individual standard deviations shown for the C3 and S2 experiments. This is due 546	  

to the lower spread in response for the C1 and S1 experiments compared to their 547	  

respective amplified forcings (see section 3). 548	  

 549	  

As with the S2 experiment, the full-Stokes model Elmer/Ice is the most sensitive model 550	  

to the C1S1 forcing and leads to a mass loss of -15.10 cm sle. AIF is the least sensitive 551	  

model, contributing -6.49 cm sle. In addition to the change in ice thickness from the 552	  

C1S1 experiment for Elmer/Ice and AIF, results from the individual S1 and C1 forcings 553	  

are also shown in Figure 7. Elmer/Ice’s interior thinning with the C1S1 forcing is 554	  

characteristic of its response to the enhanced sliding, indicating the high sensitivity of this 555	  

model to the basal forcing. The climatic forcing does however play a small role, and 556	  

results in thickening along the ice divides of the North, North West, North East, Central 557	  

West, and Central East basins. The peripheral thinning due to the negative surface mass 558	  

balance dominates the peripheral growth due to S1 in the North basin, but is not sufficient 559	  

to balance the S1 peripheral thickening in the Central West and South West basins. In 560	  

contrast, the C1S1 interior response from AIF is dominated by the C1 forcing. The 561	  

peripheral thinning along the western and northern margins due to the climate forcing is 562	  

either enhanced by the thinning arising from the S1 forcing, or dominates the S1 563	  
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thickening, such that these regions now experience thinning. Along the South East and 564	  

Central East margins, however, the S1 response dominates the C1S1 signal. Furthermore, 565	  

the interior climatic growth of the Central East basin offsets the peripheral thinning due 566	  

to the enhanced sliding, such that the overall change in VAF in this basin is negligible 567	  

(see also Figure 3).      568	  

 569	  

The C1S1 investigates the possibility that warmer atmospheric conditions could result in 570	  

increased melt-water at the ice sheet surface, and hence enhanced basal flow conditions. 571	  

The increased flow of ice, due to the amplified basal slipperiness, to the margins of the 572	  

ice sheet, where the surface mass balance is negative, results in a mass loss that is greater 573	  

than the individual forcings: when atmospheric or sliding forcings are considered on their 574	  

own, a larger amplification of the individual forcings is required in order to obtain a mass 575	  

loss that is comparable to the combination forcing. Indeed, Table 1 shows that C1S1 576	  

results in a mass loss of 9.99 cm sle, which requires the C3 or the S2 amplifications to 577	  

obtain similar mass losses (10.06 and 10.29 cm sle, respectively). 578	  

 579	  

8. Temporal evolution after 200 years.  580	  

 581	  

After 100 years of simulations, the mass loss due to the C3, M2, S2 and C1S1 sensitivity 582	  

experiments was similar and of order -10 cm sle for the ensemble mean, but this is no 583	  

longer the case at 200 years. As shown in Bindschadler et al. [submitted], the time 584	  

evolution of the change in volume for these four sensitivity experiments is not 585	  

homogeneous: the initially slow response to the climate forcing accelerates in time, 586	  
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whilst the instantaneous rapid decay associated with the oceanic and basal forcings later 587	  

decelerates. At 200 years, the change in volume above flotation increases to -25,     -19,   588	  

-16 and -13 cm sle respectively for the C3, C1S1, S2, and M2 experiments. The ice sheet 589	  

therefore adjusts at different rates to the different external forcings, and how this is 590	  

reflected in the thickness response is the focus of this section.       591	  

 592	  

The climatic forcing, C3, results in the largest mass loss from the Greenland ice sheet 593	  

with a three-fold increase in change in VAF compared to the mass loss at 100 years. As 594	  

instructed in the experimental setup, the surface forcings are kept fixed to their 94th year 595	  

value and are thus similar to the ones presented in section 3, with differences arising from 596	  

elevation feedbacks in the surface temperature and ablation for the models that have PDD 597	  

schemes. The mean thickness change (Figure 8A) displays similar characteristics as its 598	  

earlier response, namely an interior growth due to the positive surface mass balance in 599	  

this region. The spatial extent of the thickening is reduced in all basins, except for the 600	  

Central East and North East basins. The thinning over the ice front caused by the negative 601	  

surface mass balance intensifies and propagates inland into regions of positive surface 602	  

mass balance, indicating a dynamical response from the ice sheet that is driven by 603	  

processes at the margins. The standard deviation remains low over the interior, but the 604	  

high peripheral values reflect a spread in model responses.   This spread is not due to the 605	  

different physical approximations used in the ice sheet models, as the shallow ice model 606	  

SICOPOLIS and the full-Stokes model Elmer/Ice that impose the same forcings continue 607	  

to lose a comparable ice volume (-20.30 and -19.94 cm sle, respectively). The diverse 608	  

responses therefore continue to be due to the different surface forcings that were 609	  
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associated with the initial ablation rates resulting from the various schemes for 610	  

implementing SMB (e.g., PDD vs. the SMB provided by SeaRISE). This effect is 611	  

particularly noticeable in the high standard deviations in the north basins that are 612	  

correlated to regions in Figure 4E,F where the negative surface mass balance of the most 613	  

sensitive model (PISM) extended farther inland than for the least sensitive model 614	  

(CISM2).  615	  

 616	  

The peripheral growth and interior draw down from the increased outward flow of inland 617	  

ice associated with the enhanced basal sliding sensitivity experiment S2, continues to be 618	  

the characteristic response after 200 years of simulation (Figure 8C). The ice front 619	  

thickening along the western margins does not however extend as far inland as it used to, 620	  

due to the inland thinning that intensifies in both magnitude and spatial coverage. As the 621	  

western periphery corresponded to regions that were experiencing large basal velocities, a 622	  

possible explanation is that the thicker marginal ice resulted in a larger driving stress and 623	  

increased basal sliding; hence, a negative feedback is established that results in thinning. 624	  

The North and North East basins continue to be less affected by this flow enhancement 625	  

experiment due to the slower basal velocities in these basins compared to the southern 626	  

basins. 627	  

 628	  

The M2 sensitivity experiment has now become the least sensitive forcing, but also 629	  

remains the experiment with the most diverse response [Bindschadler et al., submitted]. 630	  

The only true contributor to the thickness response shown in Figure 8E continues to be 631	  

UMISM, and thus the response to the oceanic forcing is potentially underestimated. The 632	  
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retreat of UMISM’s outlet glaciers has either slowed down or stopped, but the inland 633	  

draw down continues. In particular, the thinning wave caused by Jakobshavn Isbrae 634	  

nearly reaches the basin divide, illustrating the potential for outlet glaciers to rapidly 635	  

drain their basin catchments as a response to warmer oceanic conditions and associated 636	  

atmospheric positive feedbacks.   637	  

 638	  

The C1S1 forcing experiences a doubling in mass loss compared to its 100 years 639	  

response. The pattern of thickness change in Figure 8E continues to be a combination of 640	  

the respective responses to the climatic and enhanced sliding signals. In particular, the 641	  

peripheral thinning from the warmer atmospheric conditions and the interior draw down 642	  

due to the increased basal lubrication over the western and southern basins remain the 643	  

dominant responses. In the North and North East basins, the negative surface mass 644	  

balance leads to a peripheral thinning that propagates farther inland. By 200 years, the 645	  

resulting marginal thinning is greater than marginal thickening arising from increased 646	  

outflow of inland ice due to basal lubrication. Furthermore, this peripheral imbalance is 647	  

accentuated as the ice sheet continues to thin and flatten, thereby reducing the local 648	  

driving stress and outflow. In the Central East basin, the thickening from the positive 649	  

surface mass balance alleviates the thinning from the basal forcing. 650	  

 651	  

The spatial evolution continues in time along the same trends shown in this section. We 652	  

do not investigate the spatial patterns at later times, because two out of the eight models 653	  

participating in SeaRISE stopped their simulations (CISM2 and Elmer/Ice) at 200 years, 654	  

due to the computational costs associated with higher-order models.  655	  
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 656	  

9. Discussion and Conclusion. 657	  

 658	  

SeaRISE explored the effect of a changing oceanic condition, a warmer atmospheric 659	  

environment and its associated effect in increased surface melt water that could reach the 660	  

base of ice sheets. The analysis presented here focuses on the spatial response of the 661	  

Greenland ice sheet thickness after 100 years and 200 years of simulations. This choice 662	  

of time is motivated by the fact that it includes the maximum number of participating ice 663	  

sheet models, but more importantly because the ensemble mean mass loss from three 664	  

distinct SeaRISE forcings (C3, S2, M2) and the combination of S1C1 lead to an ensemble 665	  

mean mass loss that are comparable and of order -10 cm sle after 100 years of 666	  

simulations, but to disparate mass loss at other times [Bindschadler et al., submitted].  667	  

 668	  

The individual model response to the SeaRISE sensitivity experiments are distinct due to 669	  

their particular implementation of the external forcing, their respective approximation of 670	  

ice flow dynamics, spatial resolution, sliding laws, treatment of the grounding line, and 671	  

initialization procedure. For example, external feedbacks are introduced in the enhanced 672	  

sliding experiments, as a change in thickness will result in a change in surface 673	  

temperature and thus surface mass balance for models that have PDD schemes. However, 674	  

general trends that are consistent in all models do emerge. Furthermore, no model is 675	  

consistently the outlier in all of the experiments, giving strength to the concept that the 676	  

most likely qualitative response to the external forcing will lie within the range of the 677	  

participating models. Distinct responses to the different types of sensitivity experiments 678	  
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result from the model ensemble, such that the geographical change in thickness displays a 679	  

characteristic signature depending on the applied forcing.  680	  

 681	  

The basin-to-basin analysis reveals that although some experiments result in a similar 682	  

total mass loss, the sectors that are vulnerable to the external forcings differ with each 683	  

type of sensitivity experiment. Furthermore, an amplified volume loss in these basins 684	  

results with an increase in forcing. The North and North East basins are the most 685	  

sensitive to the oceanic and atmospheric forcings, whilst the South East and Central West 686	  

basins respond the most to the enhanced sliding and the combination experiment. The 687	  

geographical patterns of thickness change further illustrates that the complex basin 688	  

response originates from either the ice front, the outlet glaciers or the interior of the ice 689	  

sheet. With time, the thickness change propagates at different rates, and to specific 690	  

regions, depending on the sensitivity experiment. 691	  

 692	  

The spatial response to the climate forcing that was implemented via anomalies in surface 693	  

mass balance and temperature leads to an interior growth of the ice sheet and a thinning 694	  

of the periphery. The pattern is highly correlated to the imposed surface mass balance 695	  

anomaly, namely thinning/thickening occur over regions of negative/positive surface 696	  

mass balance anomaly. This experiment results in the most homogeneous model 697	  

response, and when both the initial volume of the ice sheet and the imposed forcings are 698	  

similar, the response of shallow ice models is comparable to that of full-Stokes model as 699	  

demonstrated by SICOPOLIS and Elmer/Ice. These behaviors therefore suggest that on a 700	  

100-200 years timescale, the effect of changes in surface mass balance can be examined 701	  
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with the current generation of ice sheet models and do not create significant dynamic 702	  

response.  703	  

 704	  

Although the future A1B precipitation anomalies were the same for all models, the 705	  

ablation anomalies were model specific, such that the actual surface forcing applied to the 706	  

ice sheet differed for each model. The set of models that were the most sensitive to this 707	  

forcing applied their own PDD schemes to infer ablation. The amount of melt in turn 708	  

depends on the surface temperature which in most cases varied with elevation following 709	  

Fausto et al. [2009], allowing feedbacks to be established. In contrast, the least sensitive 710	  

models did not have PDD schemes, and thus imposed as anomalies the temperature and 711	  

surface mass balance provided by SeaRISE, which were produced by the A1B climate 712	  

model ensemble. In addition, the models with PDD schemes initialized using interglacial 713	  

spin up and as a result were generally thicker than the present day ice sheet. The models 714	  

with no PDD schemes used initialization methods based on data assimilation of present 715	  

day conditions. This distinction suggests that the mass loss due to atmospheric forcing is 716	  

highly sensitive to the initial ice volume and ice sheet configuration, indicating that 717	  

quantification of future sea-level evolution requires careful initialization.  718	  

 719	  

The potential changes in the magnitude and extent of basal sliding lead to thickening at 720	  

the edge of the ice sheet and inland thinning resulting from the increased flow of inland 721	  

ice. Model sensitivities can be traced back to the choice of sliding law and the 722	  

determination of the basal slipperiness beneath the ice sheet. Furthermore, the spatial 723	  

resolution of the models influences their capability of simulating the narrow fast flowing 724	  
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outlet glaciers. The most diverse thickness change occurs in southern Greenland, a region 725	  

where the basal topography is poorly. It is hoped that, as our knowledge of the basal 726	  

topography increases and its associated uncertainty reduces, the modeled ice sheet 727	  

responses in this region will converge. 728	  

 729	  

Warmer atmospheric conditions will most likely increase the production of surface melt 730	  

water and therefore the potential of enhanced basal lubrication. The experiment that 731	  

combines the C1 atmospheric forcing to the S1 flow enhancement aims to investigate this 732	  

phenomenon. The thickness response to the C1S1 is a combination of the individual 733	  

change observed with the S1 and C1 forcing: when the magnitude of the thickness change 734	  

from the sliding exceeds the opposite response due to the climatic forcing, the thickness 735	  

change resembles the response to the enhanced sliding experiment, and vice versa. As the 736	  

basal sliding increases the flow of ice to regions of negative surface mass balance at the 737	  

edge of the ice sheet, the mass loss from the combination experiment exceeds the mass 738	  

loss due to the individual forcing. A mass loss that is comparable to the C1S1 forcing 739	  

after 100 years of simulations can only be obtained with the amplified atmospheric 740	  

forcing C3, or with the S2 sliding experiment. Thus, without the inclusion of the potential 741	  

enhanced basal lubrication associated with atmospheric warming, predictions of future 742	  

sea level will be underestimated. However, enhanced melt-water production could also 743	  

create a better hydrologic network under the ice, allowing water to be more easily 744	  

evacuated [Schoof, 2010]. It is therefore crucial to understand how surface melt water 745	  

affects the basal hydrology and basal sliding, along with the development of 746	  
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parameterizations that i) capture these processes, and ii) can be implemented in whole ice 747	  

sheet models. 748	  

 749	  

The greatest spread in model response is associated with the oceanic sensitivity 750	  

experiments, as models are either extremely sensitive to this forcing or not at all. The 751	  

conflicting responses are due to the different implementation of the forcing, the 752	  

parameterization of marine terminus evolution and spatial resolution. The coarse grid 753	  

resolution of the models, which is often comparable to the width of many of the outlet 754	  

glacier marine front, most likely limits their ability to provide a realistic response to 755	  

ocean forcing. The model that captured the observed retreat of the front position and 756	  

associated inland draw down [e.g. Hughes, 1986; Joughin et al., 2004], is the shallow ice 757	  

model UMISM that incorporated the effect of longitudinal shelf stresses via a Weertman 758	  

style spreading rate at the ice front. Thus, the current generation of Greenland whole ice 759	  

sheet models is not yet able to simulate the potential response to a warming ocean, and 760	  

caution is needed when interpreting the SeaRISE response to this scenario, as the 761	  

ensemble mean response likely underestimates the true potential response. Capturing the 762	  

evolution of the ice front position and its associated effect on the dynamics of the ice 763	  

sheet remains a challenge for whole ice sheet models, that can only be addressed with an 764	  

increased understanding of ice-ocean interactions, and by subjecting ice sheet models to 765	  

intercomparison exercises that are specifically focused on grounding line migration, such 766	  

as the existing MISMIP and MISMIP3d efforts [Pattyn et al., 2012].  The positive 767	  

feedbacks between the thinner outlet glacier termini and surface mass balance and its 768	  

potential to alter the flow of tributaries indicates the need for two-way coupling of 769	  
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dynamic ice sheet models to climate models in order to refine the quantitative projections 770	  

of future sea levels.  771	  

 772	  

Spatial analysis of the thickness response to the SeaRISE external forcings thus 773	  

significantly add to the bulk numbers of sea level contribution [Bindschadler et al., 774	  

submitted], by identifying aspects where ice sheet models agree on a regional scale. The 775	  

approach also identifies where models disagree, as reflected in the scatter in model’s 776	  

response in the Central West basin due to Jakobshavn Isbrae for example, and thus where 777	  

model improvements in tandem with observations, are still needed. Ice sheet influence 778	  

our future sea levels and are thus an issue of enormous societal importance. 779	  
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Figure captions 

Figure 1: Difference in surface elevation between the SeaRISE ice sheet model initial 

conditions and modern-day Greenland. Drainage divides (black lines) are shown for the 

seven basins discussed in the text. Clockwise from the North: 1. North basin, 2. North 

East basin, 3. Central East basin, 4. South East basin, 5. South West basin, 6. Central 

West basin, and 7. North West Basin.      

 

Figure 2: Variability of the SeaRISE models’ initial surface elevation relative to the 

observed configuration. The radial distance is proportional to the standard deviation, the 

angular position corresponds to the correlation, and the distance between the models 

(points A-H) and observation (Obs) represent the RMS.  The standard deviation and RMS 

difference have been normalized by the observed standard deviation. Models plotted: 

UMISM (A), AIF (B), IcIES (C), SICOPOLIS (D), PISM (E), ISSM (F), CISM2 (G) and 

Elmer/Ice (H). 

 

Figure 3: The change (experiment-control) in volume above flotation for the basins of the 

Greenland ice sheet (see Figure 1) after 100 simulated years. A) Atmospheric forcings 

C1, C2, and C3 (light blue, blue, green). B) Sliding enhancements S1, S2, and S3 (light 

blue, blue, green). C) Melt rates M1, M2, and M3 (light blue, blue, green). D) 

Combination forcing S1C1 (light blue) and sum of C1 and S1 (red). 

 

Figure 4: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the C3 experiment after 100 simulated years, along with the 
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thickness contribution from the maximum (PISM, C) and minimum (CISM2, D) models, 

and the surface forcings for these models: surface mass balance (E, F) and surface mass 

balance anomaly (G, H) at 100 years. 

 

Figure 5: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the S2 experiment after 100 simulated years, along with the 

thickness contribution from the maximum (Elmer/Ice, C) and minimum (PISM, D) 

models. The basal velocity at 100 years from the control and S2 experiments for 

Elmer/Ice (E, F) and PISM (G, H). 

	  
Figure 6: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the M2 experiment after 100 simulated years, along with the 

thickness contribution from the maximum model (UMISM, C). UMISM control and M2 

surface mass balances (D) and surface velocities (E) at 100 years. The thickness change 

associated to AIF (F), SICOPOLIS (G), and IcIES (H) after 100 years 

 

Figure 7: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the C1S1 experiment after 100 simulated years, along with 

the thickness contribution from the maximum (Elmer/Ice, C) and minimum (AIF, D) 

models, and the thickness change due to the S1 and C1 experiments for Elmer/Ice (E, F) 

and AIF (G, H). 
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Figure 8: The ensemble mean thickness change from the control and standard deviation 

after 200 simulated years resulting from the C3 experiment (A, B), the S2 forcing (C, D), 

the M2 forcing (E, F), and the C1S1 experiment (G, H). 
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Table 

Table 1: Initial volume above flotation in cm sea-level equivalent (sle), and associated 

change after 100 years of SeaRISE sensitivity experiments. X indicates no submission 

from the model.  

 

Experiment UMISM AIF IcIES SICOPOLIS PISM ISSM CISM2 Elmer/Ice Mean 
Initial 695 712 755 707 725 710 709 718 717 
CC-Initial -0.25 3.0 -0.07 -2.46 -0.90 4.99 -0.77 6.18 1.22 
C1-CC -3.67 -2.82 -6.48 -2.16 -5.98 -1.68 -0.90 -2.13 -3.23 
C2-CC -5.63 -6.20 -12.21 -4.37 -12.12 -2.44 -1.33 -4.20 -6.06 
C3-CC -7.42 -11.67 -20.20 -7.79 -21.14 -3.16 -1.68 -7.39 -10.06 
S1-CC -10.74 -3.46 -3.70 -9.12 -1.54 -6.13 -6.76 -12.84 -6.79 
S2-CC -15.15 -5.16 -5.16 -13.00 -2.18 -9.18 -9.87 -22.65 -10.29 
S3-CC -22.19 -6.79 -6.38 -16.80 -2.82 -12.11 -12.78 -34.62 -14.31 
M1-CC -12.35 -0.21 -0.22 -0.68 0.0 -0.01 X X -2.24 
M2-CC -57.48 -4.29 -2.90 -1.01 0.02 -1.02 X X -11.11 
M3-CC -82.34 -10.81 -15.97 -12.36 0.04 -1.60 X X -20.51 
S1C1-CC -13.82 -6.49 -10.71 -11.17 -7.63 -7.67 -7.77 -15.01 -10.03 
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Figures 

 

Figure 1: Difference in surface elevation between the SeaRISE ice sheet model initial 

conditions and modern-day Greenland. Drainage divides (black lines) are shown for the 

seven basins discussed in the text. Clockwise from the North: 1. North basin, 2. North 

East basin, 3. Central East basin, 4. South East basin, 5. South West basin, 6. Central 

West basin, and 7. North West Basin.      
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Figure 2: Variability of the SeaRISE models’ initial surface elevation relative to the 

observed configuration. The radial distance is proportional to the standard deviation, the 

angular position corresponds to the correlation, and the distance between the models 

(points A-H) and observation (Obs) represent the RMS.  The standard deviation and RMS 

difference have been normalized by the observed standard deviation. Models plotted: 

UMISM (A), AIF (B), IcIES (C), SICOPOLIS (D), PISM (E), ISSM (F), CISM2 (G) and 

Elmer/Ice (H). 
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Figure 3: The change (experiment-control) in volume above flotation for the basins of the 

Greenland ice sheet (see Figure 1) after 100 simulated years. A) Atmospheric forcings 

C1, C2, and C3 (light blue, blue, green). B) Sliding enhancements S1, S2, and S3 (light 

blue, blue, green). C) Melt rates M1, M2, and M3 (light blue, blue, green). D) 

Combination forcing S1C1 (light blue) and sum of C1 and S1 (red). 
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Figure 4: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the C3 experiment after 100 simulated years, along with the 

thickness contribution from the maximum (PISM, C) and minimum (CISM2, D) models, 

and the surface forcings for these models: surface mass balance (E, F) and surface mass 

balance anomaly (G, H) at 100 years. 
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Figure 5: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the S2 experiment after 100 simulated years, along with the 

thickness contribution from the maximum (Elmer/Ice, C) and minimum (PISM, D) 

models. The basal velocity at 100 years from the control and S2 experiments for 

Elmer/Ice (E, F) and PISM (G, H). 
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Figure 6: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the M2 experiment after 100 simulated years, along with the 

thickness contribution from the maximum model (UMISM, C). UMISM control and M2 

surface mass balances (D) and surface velocities (E) at 100 years. The thickness change 

associated to AIF (F), SICOPOLIS (G), and IcIES (H) after 100 years 
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Figure 7: The ensemble mean thickness change from the control (A) and standard 

deviation (B) resulting from the C1S1 experiment after 100 simulated years, along with 

the thickness contribution from the maximum (Elmer/Ice, C) and minimum (AIF, D) 

models, and the thickness change due to the S1 and C1 experiments for Elmer/Ice (E, F) 

and AIF (G, H). 
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Figure 8: The ensemble mean thickness change from the control and standard deviation 

after 200 simulated years resulting from the C3 experiment (A, B), the S2 forcing (C, D), 

the M2 forcing (E, F), and the C1S1 experiment (G, H). 

 


