
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mapping the sensitivity of the Amundsen Sea Embayment to
changes in external forcings using Automatic Differentiation

Citation for published version:
Morlighem, M, Goldberg, D, Dias Dos Santos, T, Lee, J & Sagebaum, M 2021, 'Mapping the sensitivity of
the Amundsen Sea Embayment to changes in external forcings using Automatic Differentiation',
Geophysical Research Letters, vol. 48, no. 23, 23, pp. e2021GL095440.
https://doi.org/10.1029/2021GL095440

Digital Object Identifier (DOI):
10.1029/2021GL095440

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Geophysical Research Letters

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.1029/2021GL095440
https://doi.org/10.1029/2021GL095440
https://www.research.ed.ac.uk/en/publications/62d1e0fb-7da9-45fe-8047-b13c557b96d2


manuscript submitted to Geophysical Research Letters

Mapping the sensitivity of the Amundsen Sea1

Embayment to changes in external forcings using2

Automatic Differentiation3

Mathieu Morlighem1,2, Daniel Goldberg3, Thiago Dias dos Santos2,4,5, Jane4

Lee2, and Max Sagebaum6
5

1Department of Earth Sciences, Dartmouth College, Hanover, NH 03755, USA6
2Department of Earth System Science, University of California, Irvine, CA 92697, USA7

3School of GeoSciences, University of Edinburgh, Edinburgh, UK8
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Abstract18

Thwaites and Pine Island glaciers as well as other ice streams in West Antarctica have19

been changing dramatically over the past decades. Although changes in ocean conditions20

are likely the primary driver of these changes, it remains unclear where other processes21

could cause more mass loss. By employing automatic differentiation and two indepen-22

dent ice sheet models, we construct maps of the sensitivity of the volume above floata-23

tion to changes in ocean-induced melt rates, ice rigidity, basal friction, and surface mass24

balance. We find that changes in basal melt close to the grounding lines and along shear25

margins have a larger impact on the glaciers’ final volume. The glaciers are sensitive to26

changes in basal friction on regions close to the grounding lines, while changes in ice rigid-27

ity has a larger impact along the shear margins of Pine Island. The sensitivity to sur-28

face mass balance is uniform over grounded ice.29

Plain Language Summary30

The Amundsen Sea Embayment is the region of Antarctica that is changing the31

fastest. Pine Island and Thwaites glaciers have been thinning and accelerating over the32

past three decades and it is not clear whether they are going to continue to do so over33

the coming years. Here, we use two models of ice sheet flow and employ a new tool that34

shows what physical process is the most critical, and where, if we are interested in the35

future contribution to sea level rise of this sector of Antarctica. We find that the basal36

friction close to the zone where the ice starts to float exerts a very strong control on the37

mass balance. We also find that the connection between grounded ice and pinning points38

under the ice shelf is key to keep the system stable. Increasing basal melting or weak-39

ening the ice in this sector would lead to significant acceleration and further mass loss.40

1 Introduction41

The Antarctic Ice Sheet has been losing mass over the past four decades (Rignot42

et al., 2019), primarily because of the increase in ice discharge in the Amundsen Sea. Thwaites43

and Pine Island glaciers alone are contributing almost 75% of the total mass loss of the44

Antarctic Ice Sheet (Rignot et al., 2019). While it is now accepted that this mass loss45

was caused by the intrusion of warm Circumpolar Deep Water spilling over the conti-46

nental shelf and reaching ice shelf cavities (R. B. Alley et al., 2015; Jenkins et al., 2016),47

it is not clear how these glaciers are going to change over the coming decades. To ad-48

dress this question it is important to better understand ice-sheet response to changes in49

external forcings, such as ocean-induced melt rates or surface mass balance, or in bound-50

ary conditions, such as basal drag. These influencing factors are known to exhibit strong51

spatial variability (e.g., Dutrieux et al., 2013) and it is likely that any changes will be52

highly spatially variable as well. Thus, an important aspect of this question is to deter-53

mine where changes in external forcings, like ocean-induced melt rates or surface mass54

balance, or in boundary conditions, such as basal drag, would have the largest effect on55

the mass balance of Thwaites and Pine Island glaciers.56

Goldberg et al. (2019) investigated the impact on spatial patterns of sub-ice shelf57

melt on Smith Glacier, a small but strongly thinning ice stream in the Amundsen sec-58

tor. We expand on this study in terms of both mechanistic and geographic scope. We59

investigate the role of four different factors that could enhance the ice discharge and hence60

the imbalance of the Amundsen Sea sector: ocean-induced melt rates under floating ice,61

a weakening of the ice (through a reduction of the ice rate-factor), changes in basal fric-62

tion, and changes in surface mass balance. We use automatic differentiation to gener-63

ate sensitivity maps of the volume above floatation, which directly contributes to sea level,64

to these four quantities. It has been shown, for example, that glaciers can respond very65

differently to different distributions of melt rates that have, overall, the same total in-66

tegrated melt (Gagliardini et al., 2010). The precise location of where melt occurs has67
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a stronger impact than the area-averaged value of basal melt. It is therefore critical to68

determine precisely where changes in melt, or other external forcings or boundary con-69

ditions, would have the largest impact on the glaciers’ mass balance.70

Mapping the sensitivity of a glacier to a given external forcing can be done using71

ensemble methods (e.g., Reese et al., 2017). However, such methods require to run the72

model thousands of times, depending on the spatial resolution of the sensitivity desired73

– limiting the study to consideration of time-independent response only. Automatic Dif-74

ferentiation (AD) provides an efficient method to get these sensitivity maps at the scale75

of the model’s mesh, as it only requires to perform one single backward propagation pass76

on the model (e.g., Heimbach & Bugnion, 2009).77

We analyze the sensitivity of the ice volume above floatation, which is the quan-78

tity that controls the contribution to sea level rise, after a 20-year simulation. We de-79

rive, for each vertex or cell of the mesh, the sensitivity of the final volume above floata-80

tion to a perturbation in each of the four forcings at every single node or cell. We first81

describe the general method employed in this study, how it is implemented using two dif-82

ferent approaches in two independent ice flow models, and then discuss the results. We83

conclude on the areas that are most at risk for changes in each of the four input param-84

eters considered here. Our findings could have implications for guiding and focusing fu-85

ture geophysical exploration of the Amundsen sector.86

2 Methods87

We use two different ice sheet models: STREAMICE, which is a package of the MIT88

General Circulation Model (MITgcm, Goldberg & Heimbach, 2013), and the Ice-sheet89

and Sea-level System Model (ISSM, Larour et al., 2012). Both models are described in90

ample detail in Barnes et al. (2021). We only summarize here the most important char-91

acteristics of each model.92

The model domains include both Pine Island Glacier and Thwaites Glacier and the93

Dotson and Crosson ice shelves (Fig. 1). The two models use the same initial geome-94

try (ice thickness and surface) and bed elevation. The bed topography is based on Bed-95

Machine Antarctica v2 (Morlighem et al., 2020). The surface elevation is derived from96

radar altimetry (Bamber, 2000) and represents the state of this sector in 1995/1996. The97

ice surface velocity is derived from satellite interferometry (InSAR, Mouginot et al., 2014).98

STREAMICE relies on a uniform grid of 318×520 cells at a spatial resolution of 1.5 km,99

while the ISSM model uses a non-uniform mesh of 24,000 elements that have a resolu-100

tion of 3 km in the vicinity of the grounding line and along the shear margins, and a coarser101

resolution in regions of slow flow. Here, both models use a 2-dimensional depth-integrated102

expressions of ice sheet flow: the Shelfy-Stream Approximation for ISSM (MacAyeal, 1989),103

and an L1L2 variant for STREAMICE (Goldberg, 2011).104

In both models, ocean-induced melt is only applied to fully floating elements to avoid105

artificial grounding line retreat (Seroussi & Morlighem, 2018). ISSM employs a sub-element106

parameterization of the grounding line (Seroussi et al., 2014), while STREAMICE does107

not implement any sub-grid scaling of basal stress. Among all four forcings considered108

in this study, sensitivities to melt rates for marine ice stream models can be potentially109

problematic due to these differing treatments of the grounding line (see supplement).110

In all simulations, the calving front is kept fixed, and basal friction, τb, is modeled
using a Coulomb-limited sliding law (Gagliardini et al., 2007):

τb =
Cbu

1/m
b α2N

(Cmb ub + (α2N)m)
1/m

, (1)
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Figure 1. Initial ice surface velocity from STREAMICE (a), ISSM (b), and the 1995 InSAR-

derived ice velocity (c).

where Cb is the friction coefficient, ub is the basal velocity, N is the effective pressure111

at the ice base, α2 = 1/2 defines the maximum value of τb/N , and m = 3 is the fric-112

tion exponent.113

ISSM uses a thermal model to initialize the ice rigidity (B) over grounded ice, and114

an inversion based on InSAR-derived surface velocities for floating ice. The friction co-115

efficient, Cb, is inverted for over grounded ice. For STREAMICE, Cb is set to 0 over float-116

ing ice, while B is inverted over the whole domain, with a cost term applied for grounded117

ice only that penalizes deviation from the initial guess (based on the temperature prod-118

uct of Pattyn, 2010). No such cost term is applied over floating ice (for details see Barnes119

et al., 2021).120

The ocean-induced melt under floating ice is described by a depth-dependent pa-
rameterization:

ṁ (x, y) = m (x, y) +


0 if z ≥ 0,

− 1

10
z if 0 > z > −500,

50 if z ≤ −500,

(2)

where z is the ice-shelf base depth (negative if below sea level), and m (x, y) is a pertur-121

bation field taken initially equal to 0. This melt parameterization has been shown to be122

in good agreement with measured and modeled melting rate under Thwaites Glacier (Seroussi123

et al., 2017), but is smaller than observations for Pine Island Glacier’s ice shelf, espe-124

cially close to the grounding line where melting rate can reach ∼100 m/yr (Rignot et al.,125

2013; Adusumilli et al., 2020).126

We then run the model forward for 20 years, from 1996 to 2016. The surface mass127

balance, ȧ, is derived from the Regional Climate Model, RACMO2.3 (van Wessem et al.,128

2014).129

We rely on Automatic Differentiation (AD) to generate the sensitivity maps of the130

final volume above floatation (V ) at the end of the simulation to the four input param-131

eters: the friction coefficient (Cb), the ice rigidity (B), basal melting (through m), and132

surface mass balance (ȧ). To calculate the derivatives, STREAMICE employs a source-133

to-source transformation of the FORTRAN code using OpenAD (Utke et al., 2008; Gold-134

berg et al., 2016), while ISSM takes advantage of the C++ language to use an object-135

overloaded approach through the CoDiPack package (Sagebaum et al., 2019). With object-136

overloading, all “active variables” (i.e., the ones that connect the dependent to the in-137
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dependent variables) also carry their derivatives and the trace is kept in memory. We138

then perform a single reverse sweep and apply a chain rule to compute the sensitivity139

of the model output to the four input fields. These sensitivity maps are the gradients140

of our quantity of interest, the volume above floatation after 20 years of simulation (V )141

to perturbations in any of these four parameters. For example, the Gâteaux derivative142

of V , DV (Cb), with respect to the friction coefficient, Cb, is defined as:143

∀δCb ∈ H1 (Ω) 〈DV (Cb) , δCb〉 = lim
ε→0

V (Cb + ε δCb)− V (Cb)

ε
, (3)

where δCb indicates a perturbation in Cb, 〈· , ·〉 is the inner product, and H1 (Ω) denotes144

the space of square-integrable functions whose first derivatives are also square integrable145

on the model domain, Ω. These sensitivity maps can therefore be used to determine the146

magnitude of change in V for any perturbation in Cb, or another model parameters con-147

sidered here. In practice, AD provides the gradient of V with respect to each nodal or148

element value of Cb, and we recover DV (Cb) on the H1 (Ω) space by multiplying this149

output by the mass matrix inverse. This procedure avoids mesh-dependency sensitiv-150

ities.151

ISSM and STREAMICE use two fundamentally different methods to retrieve these152

gradients. Not only do they differentiate the code through different mechanisms, but also153

they have different approaches to finding the derivatives of the fixed-point velocity solver154

(Goldberg et al., 2016). Still, they should theoretically provide the same results, which155

is one of the benefits of this exercise. Since the two models are also different, in the sense156

that they are based on different meshes, different initial conditions, different stress bal-157

ance approximations, and different numerical methods, we do however expect to see some158

differences in the results. On the other hand, strong agreement between the results sug-159

gests that (a) both ice-sheet models have similar sensitivities, despite their independent160

approaches; and (b) features in the computed sensitivities are representative of actual161

system sensitivities, and not numerical artifacts.162

Automatic Differentiation is known to be more computationally and memory in-163

tensive than the primal model (i.e., the forward run). One approach to alleviate this prob-164

lem is to use a check-pointing strategy (e.g., Margossian, 2019). This strategy, imple-165

mented in both ISSM and STREAMICE, consists in stopping the transient model ev-166

ery n iterations and writing the state of the model on disk, which allows to break down167

the entire simulation into smaller intervals by restarting the model at intermediary steps.168

STREAMICE makes use of the Revolve algorithm (Griewank & Walther, 2000), which169

optimizes this balance between storage and recomputation.170

3 Results171

We first performed some validation tests on simpler geometries (see supplement),172

as well as finite difference tests to validate our independent implementations of AD. The173

agreement between the sensitivity maps from ISSM and STREAMICE with a Coulomb-174

limited law is excellent and we then applied the same methodology to the Amundsen Sea175

Embayment glaciers.176

Figures 2a and 2b show the sensitivity maps of the final volume above flotation af-177

ter 20 years of simulations, with respect to the basal friction coefficient, Cb. Over the178

vast majority of the model domain, the sensitivity is negligible. This means that chang-179

ing the basal friction over ∼85% of this region would have virtually no effect on the mass180

balance of this sector over 20 years. Two regions, however, stand out. The area within181

50 km upstream of Pine Island’s grounding line, and, to a smaller extent, 60 km upstream182

of Thwaites grounding line. The sensitivity being positive means that increasing the fric-183

tion coefficient in these areas would lead to an increase in ice volume above floatation184

after 20 years compared to a simulation where the friction would not be changed. The185
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Figure 2. Sensitivity maps of the model’s final volume above flotation to the basal friction

coefficient, Cb, from STREAMICE (a) and ISSM (b), and sensitivity to the ice rigidity, B, from

STREAMICE (c) and ISSM (d).

opposite is also true: reducing the basal friction in this sector would lead to a decrease186

in the volume above floatation after 20 years. These two regions are therefore highlighted187

as the places where changes in basal conditions would affect the mass balance of the Amund-188

sen Sea Embayment the most.189

Figures 2c and 2d show the sensitivity maps with respect to the ice rigidity, B. Again,190

over the vast majority of the model domain, the sensitivity remains negligible. The re-191

gions that show a particularly high sensitivity are the shear margins of Pine Island glacier192

over the ice shelf, and also up to about 50 km upstream of the grounding line. A small193

band of about 20 km of high sensitivity is also visible along the grounding line of Thwaites,194

but also Dotson and Crosson. Again, a positive sensitivity means that increasing the ice195

rigidity, B, would increase the final volume above flotation, and also that a decrease in196

B would induce a decrease in the final volume above flotation.197

The second set of figures (Fig. 3) shows the sensitivity maps of the model with re-198

spect to external forcings: surface mass balance (Fig. 3a and 3b), and basal melting (Fig.199

3c and 3d).200

In the sensitivity map related to the surface mass balance, most of the grounded201

ice has a clear positive sensitivity, that gradually decreases to 0 as the grounding lines202

and floating ice are reached. We also notice that the transition zone between high sen-203

sitivity and low sensitivity is wider in regions of fast flow compared to regions of slower204

flow.205

In the maps showing the sensitivity to perturbations in basal melt, we have no sen-206

sitivity over grounded ice, as expected, but we have a highly spatially variable pattern207

over the floating ice shelves of this sector. The maps consistently show a high sensitiv-208

ity along the shear margins of Pine Island, the grounding lines of Dotson and Crosson,209

and the ice that connects Thwaites to the Eastern Ice Rise. These sensitivities are now210

negative, meaning that an increase in basal melt in these regions would lead to a decrease211

in the final volume above flotation. Note that the central parts of Pine Island Ice Shelf212

and the majority of Thwaites’ ice tongue have very low sensitivities to basal melt.213
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Figure 3. Sensitivity maps of the model’s final volume above flotation to the local surface

mass balance, SMB, from STREAMICE (a) and ISSM (b), and sensitivity to ocean melting, m,

from STREAMICE (c) and ISSM (d).

4 Discussion214

The agreement between the sensitivity maps produced by the two ice sheet mod-215

els that are completely independent indicates the robustness of the results. The two mod-216

els are written in different languages, and rely on different stress balance equations, meshes,217

discretization methods, AD tools, and different initialization procedures (Barnes et al.,218

2021). This remarkable agreement validates the approaches implemented in ISSM and219

STREAMICE, and provides confidence in the maps obtained from each one.220

In terms of basal friction, the zone upstream of grounding lines for both Pine Is-221

land and Thwaites is clearly highlighted as an area where changes in basal friction (e.g.222

due to grounding line retreat or changes in the subglacial hydrological system) would lead223

to strong changes in the rate of mass loss of this region. The interior of the ice sheet,224

where the ice is slower, does not seem to have much impact. This could be due to the225

time interval that we considered here: 20 years. If the ice flow becomes faster (or slower)226

upstream, it will take some time before it has any impact on the ice discharge and, con-227

sequently, on the glaciers’ mass balance. While the region of fast flow close to the ground-228

ing zone is clearly the most important in terms of rapid mass loss, we cannot exclude229

that changes in basal friction in the interior would have an impact on the ice discharge230

but probably over longer time scales (i.e., >20 years).231

The sensitivity maps with respect to the ice rigidity show that the weakening of232

the ice shelf along the shear margin of Pine Island would accelerate the mass loss of this233

glacier, which is consistent with previous studies (e.g., Lhermitte et al., 2020). These shear234

margins buttress the flow of the main trunk of Pine Island and any change, due to in-235

creased fracturing (Lhermitte et al., 2020) or to the development of sub–ice-shelf chan-236

nels (K. Alley et al., 2019), will lead to a reduction of its buttressing effect, which will237

ultimately increase the ice discharge. Our sensitivity maps show that this effect would238

be at least an order of magnitude stronger than a weakening of other regions of the Amund-239

sen Sea Sector, including the shear margins of Thwaites Glacier. Another sector that is240

highlighted in these maps is a region ∼20 km upstream of Thwaites grounding line. It241

is interesting to note that the sensitivity map with respect to basal friction in this same242

sector (i.e., over the eastern part of Thwaites) is lower. This counter-intuitive result could243

be explained by the fact that this region is close to floatation and so our effective pres-244

sure, N , is small. Increasing the friction coefficient, Cb, would have a limited impact on245

the overall basal stress, whereas decreasing the ice rigidity would instantaneously lead246
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to flow acceleration and enhanced discharge. The models do not show a strong sensitiv-247

ity to margin weakening along the grounded margin of Thwaites Glacier, suggesting that248

a possible migration of the Eastern margin of Thwaites would not have a strong impact249

on the mass balance as weakening on other regions closer to the grounding line, at least250

over a 20-year period. The sensitivity to changes in ice rigidity on Thwaites’ ice tongue251

is negligible. This suggests that recent changes in this region (i.e., “crumbling” of the252

ice shelf) did not have any significant impact on Thwaites mass balance.253

The sensitivity maps with respect to surface mass balance show a clearer pattern:254

changing the surface mass balance over floating ice would have no effect on the final vol-255

ume above floatation, precisely because ice shelves maintain floatation, whereas increas-256

ing the surface mass balance over grounded ice directly contributes to the volume above257

floatation. The transition between the high sensitivity, upstream, and the low sensitiv-258

ity, downstream of the grounding line, is a function of ice speed. For instance, increas-259

ing the surface mass balance 3 km upstream of the grounding line of Pine Island would260

only increase the volume above floatation over a 1-year period. It happens because, over261

the course of one year and at a speed of ∼3 km/yr, any change at this distance would262

be advected downstream of the grounding line, from which its contribution would be can-263

celed as the ice becomes afloat. The longer the ice remains grounded over this 20-year264

period, the larger the sensitivity to changes in surface mass balance.265

Finally, the sensitivity maps with respect to an increase in basal melt shows a com-266

plex pattern that is consistent across the two models. The shear margins of Pine Island267

stand out again, for the same reasons as above: a weakening or thinning of the ice mar-268

gins leads to ice speed-up and increased mass loss. We now also see a strong sensitiv-269

ity along the grounding lines of Dotson and Crosson, a region ∼20 km upstream of Thwaites270

Glacier’s grounding line over which the grounding line retreats during the simulation,271

as well as the region that connects Thwaites Eastern Ice Rise to Thwaites tongue. This272

ice rise provides critical buttressing to upstream flow and the integrity of the ice con-273

necting grounded ice to this ice rise has a strong impact on future ice discharge. Increas-274

ing the melt in this region would reduce the buttressing force exerted by this ice rise and275

result in more mass loss. It is also interesting to note that both models highlight a re-276

gion to the east of this sector that has a positive sensitivity to increased melt. In other277

words, if ocean melting increased in this region, the final volume above floatation would278

increase. We hypothesize that this region is actually mechanically connecting Thwaites’279

ice tongue and the Eastern ice shelf, and that the ice tongue is “pulling” the eastern side.280

Increasing the basal melt in this region would reduce the shear stresses exerted by Thwaites’281

ice tongue and reduce the ice velocity of the Eastern ice shelf. This is however an ex-282

ception in this sensitivity map as the vast majority shows a negative sensitivity to en-283

hanced melt. Note, however, that most of Thwaites tongue is “passive”, i.e., changes in284

melt over the ice tongue do not impact the final volume above floatation of Thwaites.285

This is in line with the sensitivity map to ice rigidity. These results suggest that the calv-286

ing of Thwaites’ tongue over the last decades had a negligible impact on the glacier’s dy-287

namics compared to changes over the Eastern ice shelf.288

A limitation of these results are that they are linear in nature. That is, Eq. 3 rep-289

resents a linearization of a nonlinear model, and as such is not necessarily quantitatively290

accurate when considering large perturbations. However, previous application to Crosson291

and Dotson ice shelves suggest that linear sensitivities are a strong indication of sensi-292

tivities to large changes in forcing (Goldberg et al., 2019). A Weertman friction law was293

employed in an earlier version of this work, and the results were very comparable to the294

ones presented here, further suggesting that our results are not specific to the friction295

law used, at least qualitatively. We performed additional experiments to test the sen-296

sitivity of our results to the length of the transient simulation (Figures S7 and S8) and297

to the applied melting rate (Figure S6) and the sensitivity maps are qualitatively sim-298

ilar, again suggesting that the areas highlighted here are robust features. The consistency299
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of these sensitivities across different models demonstrates that our conclusions are re-300

lated to the physics of the system, and not due to specific modeling approaches or model301

parameters.302

These maps could be used to inform future field campaigns. We see, for example,303

that changes over Thwaites’ ice tongue have virtually no effect on the glacier’s mass bal-304

ance, which is expected as the ice tongue is mostly unconfined. The fine scale details in305

these sensitivity maps, however, highlight regions that, if they were to change even over306

a limited area, would affect the mass balance of this sector and should therefore be closely307

monitored. These maps indicate not only which factor but also where changes would have308

the greatest impact on the mass balance of the glaciers of this sector. We see that in most309

sensitivity maps, changes in the grounding line region will have the greatest impact.310

5 Conclusions311

We compared the sensitivity maps of the volume above floatation after a simula-312

tion of 20 years from two ice sheet models with respect to four different forcings. These313

experiments show, at a high resolution, where changes in any of these forcings would have314

the largest effect on the glacier mass balance. Overall, we find that, while the surface315

mass balance controls the sensitivity of the mass balance over the grounded portion of316

the domain, changes in basal friction, ice rigidity or ocean-induced melt in the vicinity317

of the grounding lines have a strong effect on the dynamics of the glaciers of the Amund-318

sen Sea Sector. The shear margins of Pine Island are also particularly sensitive to changes319

in ice rigidity and melting. More work on ice-ocean interactions and damage mechan-320

ics is therefore particularly important in order to reduce uncertainties of predictive ice321

sheet models.322
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