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Floating ice shelves, which fringe most of Antarctica’s coast-
line, regulate ice flow into the Southern Ocean1–3. Their thin-
ning4–7 or disintegration8,9 can cause upstream acceleration of 
grounded ice and raise global sea levels. So far the effect has 
not been quantified in a comprehensive and spatially explicit 
manner. Here, using a finite-element model, we diagnose the 
immediate, continent-wide flux response to different spatial 
patterns of ice-shelf mass loss. We show that highly local-
ized ice-shelf thinning can reach across the entire shelf and 
accelerate ice flow in regions far from the initial perturba-
tion. As an example, this ‘tele-buttressing’ enhances outflow 
from Bindschadler Ice Stream in response to thinning near 
Ross Island more than 900 km away. We further find that the 
integrated flux response across all grounding lines is highly 
dependent on the location of imposed changes: the strongest 
response is caused not only near ice streams and ice rises, but 
also by thinning, for instance, well-within the Filchner–Ronne 
and Ross Ice Shelves. The most critical regions in all major ice 
shelves are often located in regions easily accessible to the 
intrusion of warm ocean waters10–12, stressing Antarctica’s vul-
nerability to changes in its surrounding ocean.

Owing to their ability to regulate upstream ice flow, Antarctic 
ice shelves play a key part in future sea-level rise in a warming 
world5,13,14. At the same time, as they are in direct contact with 
the ocean at their base and have low surface elevation, they are 
particularly vulnerable to a changing climate15–19. Ocean-induced 
thinning of ice shelves, which has been accelerating over the past 
decades4, has the potential to reduce the restraining stress to ice 
sheet flow provided by ice shelves1,2 and thereby enhance ice dis-
charge across the grounding lines of the Antarctic Ice Sheet6–9,20. 
Although the importance of ice shelves in modulating ice flux 
from the interior of the Antarctic Ice Sheet across the grounding 
lines and into the ocean has been recognized for some time21–24, 
no study has set out to systematically map the dependency of ice 
flux across the grounding lines to different spatial patterns of  
ice-shelf thinning.

By modifying the stress balance along the grounding line, ice 
shelves can ‘buttress’ the ice flow from the (grounded) ice sheet into 
the ocean. At any point along a grounding line ice-shelf buttressing 
can be quantified in terms of the impact that an ice shelf has on 
the state of stress compared to the state of stress in the hypothetical 
absence of the ice shelf25. Ice-shelf buttressing is primarily affected 
by how strongly the flow of an ice shelf is restricted both laterally 
and through local grounding (an unconfined ice shelf of uniform 
width provides no buttressing). However, it is also dependent on the 
geometry, thickness and rheological properties of the ice shelf3,26,27. 
Thinning in any part of a confined ice shelf affects the stress regime 
within the whole ice shelf, and therefore has the potential to impact 
the ice flux of all surrounding grounding lines. The impact of  

ice-shelf thinning on flow across grounding lines is expected to 
depend on a number of factors such as the location of thinning, 
how strongly the flow of the ice shelf is confined, ice flow properties 
upstream of the grounding lines, the ice softness and the shape of 
the grounding lines. Fully assessing the impact of ice-shelf thinning 
on the discharge from the Antarctic Ice Sheet therefore requires esti-
mating the effect of thinning at any location on all grounding lines.

In order to identify the most critical ice shelf regions, we provide 
a comprehensive, quantitative assessment of the impact of any local 
ice-shelf thickness change on the discharge across the grounding 
lines of present-day Antarctica. Based on input inferred from data 
assimilation of present-day ice thickness28 and velocities29, we con-
duct a series of Antarctic-wide simulations with the finite-element 
model Úa23, which solves for the ice flow in sheet and shelves simul-
taneously (using the shallow-shelf/shelfy-stream approximation of 
the momentum balance, see for example, refs 30,31). At the ice front, 
the boundary condition is given by the vertically integrated, hori-
zontal static fluid pressure of the ambient ocean. The grounding line 
position is diagnosed in Úa using the floatation criterion.

We express the effect of ice-shelf thinning as the ratio between 
the total changes in annual mass flux across all grounding lines 
to the magnitude of locally applied thinning (Fig.  1). In each 
diagnostic experiment, a 20 km ×​ 20 km region is thinned by 
1 m, and the immediate response in ice flux across all ground-
ing lines determined. These perturbations mimic ice-shelf thin-
ning patterns resulting from changes in ocean-induced melting. 
Idealized perturbations allow us to separate the contribution 
from different ice-shelf areas and therefore identify regions of 
particular importance for grounded ice loss. Subdividing the ice 
shelves into 20 km ×​ 20 km sectors was found to be of sufficiently 
fine resolution to adequately resolve the spatial response pat-
tern, and 1 m thinning sufficiently small to be within the linear 
response range (see Methods and Supplementary Figs. 1, 2). The 
impact of each local perturbation is then obtained by dividing the 
resulting increase in annual mass flux across all grounding lines 
R by the applied perturbation in ice shelf mass P. We refer to this 
non-dimensional ratio as the buttressing flux response  number 
θB = R/P and express this number as a percentage. If, for example, 
θB =​ 100%, then the added annual mass flux across all grounding 
lines equals the mass-flux perturbation applied to the ice shelf, or 
20 km ×​ 20 km ×​ 1 m ×​ 910 kg m−3 =​ 0.364 Gt (assuming an ice 
density of 910 kg m−3). Where the perturbed sector is crossed by 
part of the grounding line, the removed ice mass decreases accord-
ingly. To ensure that the recorded flux response is only caused 
by changes in ice-shelf buttressing, and to exclude any poten-
tial impacts related to changes in driving stress over grounded 
regions, ice-shelf thinning is only applied to those elements of 
the computational grid that share no nodes with any elements 
crossing grounding lines (see Methods). With the buttressing flux 

The far reach of ice-shelf thinning in Antarctica
R. Reese   1,2, G. H. Gudmundsson   3, A. Levermann   1,2,4 and R. Winkelmann   1,2*

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Nature Climate Change | VOL 8 | JANUARY 2018 | 53–57 | www.nature.com/natureclimatechange 53

https://doi.org/10.1038/s41558-017-0020-x
mailto:ricarda.winkelmann@pik-potsdam.de
http://orcid.org/0000-0001-7625-040X
http://orcid.org/0000-0003-4236-5369
http://orcid.org/0000-0003-4432-4704
http://orcid.org/0000-0003-1248-3217
http://www.nature.com/natureclimatechange


Letters Nature Climate Change

response number θB we can therefore analyse the relative impor-
tance of different ice-shelf regions on the basis of their influence on 
the immediate flux change through shifts in the stress pattern.

Owing to the diagnostic approach, our analysis is based solely 
on present-day ice-shelf and ice-sheet conditions and is therefore 
independent of assumptions about changes in climatic boundary 
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Fig. 1 | Buttressing flux response numbers (θB) for Antarctic ice shelves. At the location of each perturbation, the ratio of immediate change in ice flux 
across all grounding lines to the locally induced ice-shelf thinning is shown (expressed in percentages). As described in the Methods, the ice shelves  
are locally thinned by 1 m over areas of 20 km ×​ 20 km. Grounding lines and ice front positions are indicated by grey lines. In grounded regions, ice speed  
is shown in grey, ranging up to 1,000 m per year. a, Antartic ice shelves. b–e, Enlargements of selected ice shelves shown in a. b, Ross Ice Shelf.  
c, Filchner–Ronne Ice Shelf. d, Amundsen Sea area. e, Larsen C Ice Shelf area. IR, ice rises; IS, ice streams.
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conditions. Modifications in ocean currents, for example, could 
induce changes in the patterns of sub-shelf melting. Combining 
our continent-wide map of the buttressing flux response  number 
with observed or prognostic thinning patterns, we could assess the 
importance of any such observed changes.

We find the buttressing flux response  number to be spatially 
highly variable (Fig.  1a). In general, the strongest response in 
integrated grounding line flux occurs for perturbations directly 
downstream of the grounding lines of fast-flowing glaciers and 
ice streams, but the magnitude of the individual responses differs 
significantly between ice streams. While ice-shelf margins are, as 
expected, crucial for the stress field and therefore for the induced 
flux changes, there are also areas well within the ice shelves with 
equally high response  numbers (for example, within Filchner Ice 
Shelf). A region with a particularly high impact on upstream flow 
and ice flux across the grounding line is found directly downstream 
of Byrd Glacier (Fig. 1b), where the buttressing flux response num-
ber is 175%. Other critical areas with high θB values are found 
downstream of major ice streams, such as Mercer, Bindschadler 
and MacAyeal ice streams draining into Ross Ice Shelf, but not 
downstream of the stagnant Kamb Ice Stream, illustrating that the 
impact of ice-shelf thinning is dependent on mechanical condi-
tions on both sides of the grounding line. For the Ronne-Filchner 
Ice Shelf, similarly critical areas are found downstream of Evans, 
Rutford and Foundation ice streams, and, to a lesser degree, down-
stream of Moeller Ice Stream (Fig. 1c). A very strong response is also 
found for the ice shelves adjacent to Pine-Island Glacier and other 
glaciers in the Amundsen region (Fig. 1d). In Larsen C Ice Shelf, 
the buttressing flux response number shows a similar pattern as in 
Filchner–Ronne and Ross ice shelves, with higher values along the 
grounding lines, especially near ice streams, and a decrease in θB 
towards the ice shelf front (Fig. 1e).

Ice rises and rumples provide a substantial source of buttress-
ing22,27, and our results confirm that ice thickness changes in their 
vicinity can affect grounding-line ice flux over large distances.  
We find, for example, that the shelf areas around Berkner Island—
the ice rise separating Filchner and Ronne ice shelves—influence 
the entire upstream region. In contrast to ice rises, where the ice 
flow is almost stagnant, ice rumples, such as Doake Ice Rumples,  
are smaller obstacles across which the ice shelf slides. In general, 
ice-shelf thinning applied around ice rumples has a greater impact 
on grounding line flux than thinning around ice rises (compare 
Fig. 1b and c).

Yet, other regions have very limited impacts on ice flux. Such 
‘passive’ ice shelf regions are not only found near calving fronts but 
also close to grounding lines (white shelf areas in Fig. 1), that is, in 
areas that might be expected to be highly buttressed and located 
well upstream of the ‘safety band’ of Antarctic ice shelves22. Two 
examples of such areas are the regions directly downstream of the 
grounding line of Filchner Ice Shelf between Support Force and 
Foundation ice streams (Fig.  1c) and downstream of Kamb Ice 
Stream (Fig.  1b). Consistently, these areas have lower buttressing 
values compared to their surroundings22 (but higher than the pas-
sive shelf areas) and for the regions with higher buttressing values 
in the middle of Ronne and Ross ice shelves we find significant 
grounding line flux responses as well.

Ice-shelf buttressing affects the stresses along the grounding 
lines, and with them the horizontal spreading rate of the grounded 
ice upstream. The response in ice velocity at the grounding line, 
and therefore in ice flux quantified here, is the integrated effect 
of changes in spreading rate upstream from the grounding line. 
Therefore, unless these changes extend over a substantial distance, 
the impact on grounding line ice flux will be limited. It follows that 
the changes in ice flux are not only a direct function of perturbation 
in stresses at the grounding line, but are also strongly affected by 
mechanical conditions upstream of the grounding line and in par-
ticular by the length-scale of stress transmission. The latter is pri-
marily determined by the slip ratio, that is, the ratio of basal sliding 
to internal ice deformational velocity and ice-stream width32. Over 
ice shelves, the sliding ratio is infinite and the stress-transmission 
length scale unbounded. However, this does not imply that ice-
thickness changes at one location within an ice shelf will necessarily 
have a wide impact on flow. Changes in ice thickness of an unbut-
tressed ice shelf have, for example, no impact on upstream flow. It 
is therefore the interplay between the applied thinning, degree of 
drag provided by ice shelf margins and pinning points, as well as the 
mechanical basal conditions upstream of the grounding line that 
determines the flux response at the grounding line. This is reflected 
in the complex response pattern that we find for locally applied 
thinning in Antarctic ice shelves.

While perturbations downstream of fast-moving ice streams 
generally induce a local acceleration of ice flow (an example of 
this feature for Pine Island Glacier is given in Fig. 2a), our results 
show that the effect of ice-shelf thinning can reach over long dis-
tances: thinning near Ross Island, for example, induces immediate 
speed changes that reach across the entire ice shelf, accelerating 
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Fig. 2 | Examples of changes in speed resulting from 1 m thinning. a, Pine Island Glacier Ice Shelf. b, Ross Ice Shelf. The red squares indicate the area 
over which thinning is applied, the blue shading indicates the resulting change in ice flow speed. Ocean is shown in grey. b, The arrow gives an example 
for direction and the far-reaching impact of a local perturbation near Ross Island on the Bindschadler and MacAyeal ice streams (directions for all 
perturbation locations are given in the interaction matrices in Supplementary Figs. 3, 4). Black circles mark the distance from the perturbation location in 
200 km contours (compare to Fig. 3b).
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Bindschadler and MacAyeal ice streams located more than 900 km 
away (Fig. 2b).

This 'tele-buttressing' effect can be observed in several regions. 
Fig.  3 shows the maximal response distance for each location in 
the Ross and Filchner–Ronne ice shelves in contrast to the overall 
response strength given in Fig. 1b,c. In both ice shelves, we find sev-
eral critical regions (indicated by red boxes) where local perturba-
tion affects remote grounding lines, often across streamlines of the 
ice shelf flow. The direction of these teleconnections can be derived 
from interaction matrices (such as the ones given in Supplementary 
Figs. 3, 4), which record the response pattern for each perturbation 
area. Tele-buttressing regions with especially far-reaching effects in 
Filchner–Ronne Ice Shelf are the west coast of Ronne Ice Shelf and 
the west coast of Berkner Island.

It is well-understood that changes in mechanical contact between 
ice shelves and ice-shelf pinning points can affect ice shelf flow1. Our 
analysis shows how thinning of ice shelves—involving no reduction 
in grounded areas or loss of mechanical contact between floating 
and grounded sections—affects the flux across grounding lines. 
In contrast to the direct loss of pinning points, where the result-
ing stress perturbations are generally felt over whole ice shelves, the 
impact of a local modification in ice shelf thickness on ice flow is 
arguably more complicated, as the range over which such a pertur-
bation acts depends on the large-scale geometry of the specific ice 
shelf. Whereas non-locality of ice-shelf thinning follows from the 
general characteristics of the elliptical system of equations describ-
ing the vertically integrated momentum balance in ice shelves and 
ice streams30,31,33,34, the range of the response over some hundreds of 
kilometres from the source in the tele-buttressing areas, which we 
identify here, has not been quantified before.

Our approach is purely diagnostic and does not encompass 
future projections of grounding line flux, however, it serves to 
map out the most critical regions within Antarctic ice shelves that 
can induce a strong response—in either magnitude or distance or 
both—of the grounded ice to even slight changes in ice shelf thick-
ness. The immediate flux response derived here is independent of 
observed thinning patterns, which allows our results to be trans-
ferred to any observed or possible changes in ice shelf thickness 
in the near future, for example, changes owing to local alterations 
in the ocean circulation. Shifts in the position of the thermocline 
can be expected to affect the melting of ice near grounding lines 
the most, where ice thicknesses are greatest35,36. Because these areas 
are also the most critical regions found in our analysis, the overall 

ice discharge is especially sensitive to changes in ocean circulation. 
Currently, the ice shelves in the Amundsen Region, which might 
be undergoing unstable retreat37–39, experience the highest thin-
ning rates (on average 19.4 metres per decade with a maximum of  
66.5 metres per decade4) near their grounding lines. Our analysis 
shows that the flux response for these shelves is particularly high. 
Should oceanic circulations underneath Antarctic ice shelves 
change in the future (as projected for higher greenhouse gas emis-
sion scenarios for instance in the Weddell Sea10), other critical shelf 
regions might increasingly melt and trigger additional grounded 
ice loss. The critical shelf regions identified here should therefore 
be monitored with particular care because changes in the ambient 
ocean water or surrounding atmosphere and subsequent thinning 
in these areas can have an impact far beyond expected local effects.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-017-0020-x.
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Methods
Ice-sheet model. The experiments are conducted with the ice dynamics model Úa, 
which has been used successfully to study ice-shelf ice-stream systems for both 
idealized setups23,25,40 and realistic, more complex geometries38,41. Úa is a finite-
element model that uses unstructured grids and enables localized grid refinement 
in the vicinity of grounding lines. Here the model is used to solve the shallow-shelf/
shelfy-stream approximation (see for example, refs 31,42) using Glen’s flow law with 
a stress exponent n =​ 3, and a non-linear Weertman-type sliding law with stress 
exponent m =​ 3. In all calculations presented here triangular six-node elements 
with quadratic base functions were used. The Antarctic-wide mesh (generated with 
Gmsh43) consists of 544,801 elements and 1,097,274 nodes and is refined in the 
vicinity of the grounding line. The elements have a maximum size of 120,387 m in 
the interior of the continent and minimum size of 383 m along the grounding line. 
Mean element size is 4,901 m and median 3,907 m.

Model initialization. Modelling parameters related to basal conditions and ice 
rheology are the basal slipperiness, C (Supplementary Fig. 5) and the ice-rate 
factor, A (Supplementary Fig. 6). We initialized the ice-flow model by changing the 
ice-rate factor and basal slipperiness using an inverse model methodology until the 
surface velocities of the numerical model closely matched the measurements of ice 
flow in the MEaSUREs surface velocities based on the Bedmap2 ice thickness and 
bed geometry estimates28,29. We used a Bayesian inversion that was constrained by 
a priori knowledge about A and C expressed through corresponding covariance 
matrices generated by an exponential covariance functions. The average difference 
between modelled and observed ice speed is 43.8 metres per year with a median of 
17.7 metres per year and a root mean square error of 93.8 metres per year.  
The ice-rate factor- and basal slipperiness-derived distributions can be obtained 
from the Polar Data Centre (http://doi.org/bndr). Weakening of the effective 
viscosity due to bending stresses in the vicinity of the grounding line, which is not 
included in the shallow-shelf/shelfy-stream approximation44, will be indirectly 
accounted for in the inverted ice-rate factor.

Vertically averaged ice densities are calculated using firn thickness fields from 
RACMO245, assuming a constant ice density of 910 kg m−3 and a firn density of 
500 kg m−3. The grounding line position is determined by the flotation criterion 
(Supplementary Fig. 7). While some pinning points are missing in Bedmap221, 
our main focus lies on Filchner–Ronne and Ross Ice Shelves, where Bedmap2 
data includes the most important obstacles. Computed grounding line fluxes for 
present-day Antarctica agree reasonably well with observations, with a tendency 
for most ice shelves to have slightly lower modelled than observed fluxes29,  
see Supplementary Table 1.

Thinning experiments. Based on inverted ice softness and basal friction fields, 
ice velocities are computed: first for the unperturbed state that corresponds 
to the current state of Antarctica (Supplementary Fig. 7), then applying local 
perturbations to the ice thickness. We use an Antarctic wide, regular perturbation 
grid of 20 km ×​ 20 km resolution (in polar stereographic projection) that has 
275 ×​ 220 grid cells. Each cell of this perturbation grid therefore contains a 
multitude of nodes of the unstructured Úa grid (see Supplementary Fig. 8). For 
each perturbation cell, instantaneous velocity changes are computed by solving the 
shallow-shelf/shelfy-stream approximation31 for a thickness perturbation of 1 m 
at all its floating nodes. All nodes belonging to elements that contain parts of the 
grounding line are excluded. This ensures that the model response is only due to 
thinning-induced changes in the stress field and that potential effects of changes 
in driving stress over grounded regions are excluded. Because the ice thickness at 
the grounding line is not affected by the experiments, we can derive the immediate 
changes of the flux across the grounding line from the velocity changes in the 
experiments. For each perturbation experiment, velocities are computed for the 
entire Antarctic setup.

Interaction matrix and grounding line flux response. For all elements of the 
perturbation grid, we obtain an interaction matrix as given for Filchner–Ronne 
and Ross Ice Shelves in Supplementary Figs. 3 and 4, respectively. Its pr-th entry 
is the change in grounding line flux caused by a perturbation in square p that is 
integrated over the parts of the grounding line within square r:

Δ= ∫
∈

I Q (x)dl (1)
x GL r

p(p,r)
( )

where p is the perturbed square and r the response square containing the 
grounding line section GL(r). The local change in flux at the grounding line at 
position x caused by a perturbation in p is ΔQ x( )p .We do not account for changes 
in flux across the grounding lines of ice rises or rumples. Note that for squares of 
the perturbation grid that do not contain grounding line sections, the entries in the 
interaction matrix are zero. Summing the elements of the interaction matrix over 
one column p yields the continent-wide response in flux across the grounding line 
that a perturbation in square p causes.

Buttressing flux response number. The ratio of the immediate grounding line flux 
change to the externally induced ice-shelf thinning is defined as the buttressing 

flux response number θB. The buttressing flux response number at a node x within 
square p is given by

θ = ∕x R P( ) (2)B

where P is the perturbation strength for square p and R is the response in flux 
integrated over all grounding lines. The latter is equivalent to the sum of all 
elements in the pth column of the interaction matrix. Note that θB at each 
location within an ice shelf is calculated by adding up the total perturbation in ice 
flux over the whole ice shelf, and in cases where an ice shelf has several separated 
grounding lines, the contribution of all those grounding lines are included. While 
the response is integrated over all grounding lines of the Antarctic-wide setup, 
a change in flux occurs only in the ice shelf where the perturbation was applied 
(see for example, Fig. 2). Here, the buttressing flux response number is calculated 
by multiplying the instantaneous perturbation in flux across grounding lines by a 
time interval of one year. The buttressing flux response number can equally well 
be thought of as representing a rate of mass loss (with units per year).  
A perturbation of 2 m over area A at position x, for example, increases the flux 
across the grounding line by θ× ×A x2 ( )B  Gt per year, assuming that the ice 
flux responds linearly to the perturbations as further discussed below (see also 
Supplementary Fig. 2). A buttressing flux response number of 100% indicates 
that the entire ice mass taken from the ice shelf by the perturbation translates 
(via a reduction of buttressing and a resulting acceleration of ice flow) into an 
equivalent additional mass loss from the ice sheet within one year (given fixed 
boundary conditions).

Tele-buttressing. To account for remote grounding line flux responses, we 
introduce the notion of tele-buttressing. To this end, we define the maximal 
response distance for a perturbation cell p as the maximum distance such that 
the remote buttressing response ratio (along the grounding line parts that 
are at least at that distance from the perturbation location) is greater than a 
threshold t:

Δ= > ∫ >
− >















d Q x tmax r 0 ( )dl (3)p
x x p r

p
( )

where x(p) is the position of the cell p. We set the threshold to t =​ 0.02%. 
Thinning along the margins of a confined ice shelf will almost invariably affect 
buttressing along all grounding lines, and although the resulting impact at 
any given location along the grounding line might be small, the cumulative 
impact across the whole grounding line can be comparable to or larger than the 
impact of the same amount of thinning applied locally directly downstream of a 
grounding line.

Uniform perturbation experiments. In an additional set of experiments, we 
thin the entire ice shelves uniformly by 1 m. The results from these experiments 
are given in Supplementary Table 1. With these experiments, we diagnose the 
immediate response of the grounding line flux to uniform perturbations of the 
entire ice shelf. Realistic thinning patterns are not uniform, but these idealized 
uniform perturbation experiments allow us to investigate the additivity of 
the transfer functions (discussed in ‘Linearity range of grounding line flux 
response’) and to identify the relative importance of individual ice shelves 
to global sea-level change. As expected, the large Filchner–Ronne Ice Shelf 
and Ross Ice Shelf show the highest total response with, respectively, 1.07 Gt 
per year and 0.79 Gt per year flux increase to an abrupt 1-metre thinning 
of the floating ice. Relative to their area, small ice shelves, however, have a 
comparably high impact (consistent with results using simplified geometries, 
see for example, ref. 46). The 1-metre thinning of the ice shelf adjacent to Pine 
Island Glacier, for example, increases the ice flux across the grounding line 
instantaneously by 0.285 Gt per year (Supplementary Table 1). These flux 
changes correspond to about 0.27% of the total current flux across Pine Island 
Glacier’s grounding line. Note that the applied perturbations (of 1 m) are very 
small compared to the overall thickness of Antarctic ice shelves (in the order of 
100 to 1,000 metres).

Linearity range of grounding line flux response. The range of linearity 
(additivity and homogeneity) of the immediate response in grounding line flux 
to thickness perturbations is numerically diagnosed: for all ice shelves listed 
in Supplementary Table 1, we find that adding the grounding line flux response 
of its perturbation squares compares well with the total shelf response, that is, 
the grounding line flux changes for a uniform perturbation of the corresponding 
ice shelf. Furthermore, Supplementary Fig. 2 shows that the uniform response 
scales with the perturbation up to a few metres. Our analysis can thus give 
insight into the expected response of the Antarctic Ice Sheet to currently 
observed ice-shelf thinning patterns.

Stress adjustment to local thinning. Our ice flow model Úa solves the shallow-
shelf/shelfy-stream approximation of the momentum balance describing ice 
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shelf flow and flow of fast-moving ice streams31,42. In an ice shelf, horizontal 
‘membrane’ stress gradients balance the body force47. For the flowline case of 
an ice shelf, the longitudinal ‘membrane stresses’ are a local function of ice 
thickness48. Therefore, in an ice shelf with a complicated geometry varying 
in two horizontal dimensions, stresses will likewise be affected by changes in 
ice thickness. As the shallow-shelf/shelfy-stream approximation is an elliptic 
equation that is non-local in the sense that any solution of the system will 
not only depend on local properties but also on boundary conditions and 
the properties of the surrounding ice, a local perturbation has the potential 
to affect far-off ice flow by changing the stress field within the ice shelf and 
at the grounding lines. This is reflected by the fact that stresses within an ice 
shelf are transmitted immediately across the entire ice shelf as there is no basal 
resistance felt by the ice shelf at its base. Relevant for this is the transmission of 
horizontal stresses which are fully included in the shallow-shelf/shelfy-stream 
approximation. The experiments conducted here are hence sufficient to quantify 
the effect of a buttressing reduction on the ice flow at the grounding line. They 
further enable disentangling the effect of buttressing from further mechanisms 
and feedbacks that would control grounding line movement and stability in a 
prognostic model run.

Code availability. The scripts that support the findings of this study are available 
from the corresponding authors upon request.

Data availability. The data that support the findings of this study are available 
from the corresponding authors upon request.
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