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We thank the Editor Ben Smith for the positive and constructive suggestions to
improve our paper. We have addressed the comments below.

Comments to the Author:
Editor’s note on tc-2017-242

Most of the referees' comments are addressed in the response. I think that some
clarification is in order in at least one case, and that one of the figures need to be a
little easier to look at. If these changes can be made, I don't think the manuscript
needs a second round of reviews.

Revisions requested:

The referees had trouble with the term ‘dominant,” and I also had trouble
understanding what it meant in the manuscript. The authors, I think, try to establish
that their feedback-driven change in basal shear stress is possibly sufficient to explain
the changes in glacier speed, which would imply that ongoing enhanced melt is not
necessary to explain the changes in the glacier. But this does not establish one process
or the other as dominant. I think a little bit of clarification early in the paper would
help.

Thanks for the Editor’s suggestion. Basal melting driven by ocean warming or the
continued ice dynamic thinning combined with a bedrock unpinning could be possible
triggers for the recent glacier acceleration and grounding line retreat. For each case,
the proposed positive subglacial hydrological feedback may have played an important
role in the ongoing changes. To clarify this, we modified the sentence in the
conclusion section from “In either case, feedbacks in the subglacial hydrologic system
may provide the dominant mechanism for rapid increases in basal sliding and ongoing
ungrounding.” into “In either case, feedbacks in the subglacial hydrologic system may
be a significant factor in reducing basal shear stress, leading to rapid increases in
basal sliding and ongoing ungrounding (Line 530-532).”

To make it clear early in the paper, we modified the sentence in Sect. 1 “An
alternative hypothesis is that the recent changes arise from feedbacks in the dynamics
of the evolving glacier, possibly involving the subglacial hydrology” into “An
alternative hypothesis is that the recent changes are reinforced by feedbacks in the
dynamics of the evolving glacier, possibly involving the subglacial hydrology (Line
84-86)”. We also added a sentence there about another possible triggering mechanism
at Line 83-84, “The recent acceleration could also be triggered by the continued
dynamic thinning passing some threshold.” This is discussed in Sect. 5 and concluded
in Sect. 6.




Various factors (separately or in combination) could be behind the glacier
acceleration and grounding line retreat, as we stated in the last paragraph of Sect. 5.
Here we modified “the dominant cause of the recent FG ungrounding” into “the cause
of the recent FG ungrounding” (Line 513-514). We also modified “Further research is
necessary to better understand the dominant mechanisms.” into “Further research is
necessary to better understand the interplay of a range of possible mechanisms” (Line
514-515).

Figure 4: The figure numbers are illegible. The letters should be in a large font, in
black, on a white background. In the left and middle columns, indicate the year as
well. This is done much better in figure 5.

Thanks for the suggestion. The subplot labels in Figure 4 and Figure 3 have been
revised to match figure 5, and the year labels added where appropriate as suggested.

Reviewer 3 was correct that Figs 4d and 4e are very difficult to interpret. The lines are
far too thin and the colors used to indicate the basal elevation obscure the contours
badly. The differences in hydraulic potential between the 2008 and 2015 fields are not
visible in 4d and 4e, amounting (4f) to only 1-2 contours’ difference. Since the text
only mentions 4f in passing, and because 4d and 4e are visibly identical, but hard to
read, I recommend removing 4d-4f, and generating a single-panel figure showing only
the hydraulic potential in 2015 (or 2008), with either a color table or contour labels to
indicate the hydropotential, and describing the changes between the two years with
words.

Thanks for the Editor’s suggestion. We deleted the original Figs. 4d-4f and took the
hydraulic potential in 2008 as a separate new figure (Fig. 5). Here we generated the
color plot of hydraulic potential in 2008 as the background to give the magnitude
information, and kept the black contours to indicate clearly the subglacial water flow
directions, which are orthogonal to the contours of hydraulic potential (Fig. 5a). The
closeness of the contours conveys a clear sense of where the gradient is steep. To
emphasize the role of bedrock elevations below sea level and the bedrock basins in
the main Fleming Glacier in relation to the plateaus in hydraulic potential as we
mentioned in Sect. 5 (Line 476-487), we retained the figure with bedrock below the
sea level as the background shading under the same set of contours of hydraulic
potential (Fig. 5b). The relevant text was also modified.

We agree with the Editor about deleting the original Fig. 4f and added one sentence
about the changes of the hydraulic potential between 2008 and 2015 in Sect. 4.2, “The
hydraulic potential evolves between 2008 and 2015 due to the changes in surface
elevation (Fig 2a) in Eq. 5, but this does not appreciably change the pattern of
subglacial water flow.” (Line 321-323).
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Abstract

The Wordie Ice Shelf-Fleming Glacier system in the southern Antarctic Peninsula has
experienced a long-term retreat and disintegration of its ice shelf in the past 50 years.
Increases in Upstream—the glacier aeeeleration—velocity and dynamic thinning have been
observed over the past two decades, especially after 2008 when only a httle-constrainingsmall
ice shelf remained at the Fleming Glacier front. It is important to know whether the
substantial further speed up and_greater surface draw-down of the glacier since 2008 is a
direct response to inereasing—ocean forcing, or driven by the-feedbacks within an—unstable
marine-basedthe grounded marine-based glacier system, or both. Recent observational studies
have suggested the 2008-2015 velocity change was due to the ungrounding of the Fleming
Glacier front. To explore the mechanisms underlying the recent changes, we use a full-Stokes
ice sheet—{ful-stress) model to s1mu1ate the basal shear stress dlstrlbutlon of the Flemrng
system1n2008and2015 Recent-observationalstudieshavesugge

%GGS—Comparlson of enrinversions for basal shear stresses for 2008 and 2015 suggests the
migration of the grounding line by—9 km upstream by 2015 fromfrem the 2008 ice
front/grounding line positions, which virtually coincided with thein 1996 grounding line
positions-. a-This shiftmigration-whieh is consistent with the change in floating area deduced

from the calculatcd height above buoyancy in 2015 %&southem—br&neh—of—t-h&ﬂemmg
h m S 0

The retrograde submarine bed underneath the lowcst part of the Fleming Glacrer may hashavc

promoted retreatmieration of the grounding lines—. Grounding line retreatwhieh—wesuesgest
may also be triggered-enhanced by a feedback rnechanrsrn upstream of the grounding line by
which increased basal lubrication due to increasingsubglacial-drainage—as—arespense—to-the
inereased—basal—water —supphy—threush—greater frictional heating enhances sliding and
thinningsi—theres bodeoelSmiaelnes Dopther visteenms i the Do Hossine weion ITmproved
knowledge of bed topography near the grounding line and further transient simulations with
oceanic forcing is-are required to_accurately predict the future sreundingstne-movement of
the Fleming Glacier system grounding line preeisely—and better subseguently—understand
better-itsthe ice dynamics and-the-its future contribution to sea level.




50

55

60

65

70

75

80

85

90

95

1 Introduction

In the past few decades, glaciers in West Antarctica and the Antarctic Peninsula (AP) have
experienced rapid regional atmospheric and oceanic warming, leading to significant retreat
and disintegration of ice shelves and rapid acceleration of mass discharge and dynamic
thinning of their feeding glaciers (Cook et al., 2016; Gardner et al., 2018; Wouters et al.,
2015). Most of the West Antarctic Ice Sheet and the glaciated margins of the AP (Fig. 1a) rest
on a bed below sea level sloping down towards the ice sheet interior, and the grounding lines
of outlet glaciers located on such reverse bed slopes may be vulnerable to rapid retreat
depending on the bedrock and ice shelf geometry (e.g., Gudmundsson (2013); Gudmundsson
et al. (2012); Schoof (2007)). Once perturbed past a critical threshold, such as grounding -line
retreat over a bedrock hump into a region of retrograde slope, the G-grounding line wiH-may
continue to retreat inward until the next stable state without any additional external forcing
(e.g.. Mercer (1978); Thomas and Bentley (1978); Weertman (1974)). This marine ice sheet
instability has been invoked to explain the recent widespread and rapid grounding line retreat
of glaciers in the Amundsen Sea sector, pessibly—drivenlikely triggered by increased basal
melting reducing the buttressing influence of ice shelves (Rignot et al., 2014). Rapid
grounding line retreat and accelerated flow in these unstable systems leads to significant
increases in ice dischargeflux and increased contribution from these marine ice sheets to sea-
level rise.

The former Wordie Ice Shelf (WIS; Fig. 1b) in the western coast of AP started its initial
recession in 1960s with a substantial break-up occurring around 1989, followed by continuous
steady retreat (Cook and Vaughan, 2010; Vaughan and Doake, 1996; Wendt et al., 2010;
Zhao et al., 2017). The former ice shelf is fed by three tributaries as shown in Fig. 1b. The
Fleming Glacier (FGL; Fig. 1b), as the main tributary glacier, splits into two branches: the
main branch to the north and the southern branch (hereafter “southern FGL”). The floating
part in front of the main FGE nearbydisappeared almost entirely sometime between 1997 and
2000 (Fig. 1b), and the ice front position in Apr 2008 (dark blue line in Figs. 1b and lc,
Wendt et al. (2010)) almost coincides with the latest known grounding line position in 1996
(Rignot et al., 2011a). The main branch of the FGL has thinned at a rate of -6.25+0.20 m yr!
near the front from 2008 to 2015, nearlymore than twice the thinning rate during 2002-2008
(-2.77+0.89 m yr') (Zhao et al., 2017). This is consistent with the recent findings that the
largest velocity changes across the whole Antarctic Ice Sheet over 2008-2015 occurred at
FGE (500 m yr! increase close to the 1996 grounding line) (Walker and Gardner, 2017).
Time series of surface velocities along the centerline of the FG (extending ~16 km upstream
from the 1996 grounding line) (Friedl et al., 2018) indicate that two rapid acceleration phases
occurred: in Jan-Apr 2008 and from Mar 2010 to early 2011, followed by a relatively stable
period from 2011 to 2016. During the first acceleration phase in Jan-Apr 2008, the front of
the FG retreated behind the 1996 grounding line position for the first time (Friedl et al.,
2018).

As a marine-type glacier system residing on a retrograde bed with bedrock elevation as much
as ~800 m below sea level (Fig. 1¢), and-the Fleming system is hence potentially vulnerable
to marine ice sheet instability (Mercer, 1978; Thomas and Bentley, 1978; Weertman, 1974);-.
the—The acceleration and greater dynamic thinning of the FG_over 2008-2015E may
indieatesuggests the possible onset of unstable rapid grounding line retreat (Walker and
Gardner, 2017; Zhao et al., 2017), which has been confirmed by Friedl et al. (2018). The
speedup of the FGE before 2008 was originally assumed to be a continuing direct response to
the less—collapse of buttressing—due—to-the Wordie iee-Ice shelf-Shelf eeHapse-(Rignot et al.,
2005; Wendt et al., 2010). Recent studies_(Friedl et al., 2018; Walker and Gardner, 2017)
have suggested that the recent further glacier speedup and grounding line retreat could be a
direct response to oceanic forcing-(Friedl-et-al 2048 Walker and Gardner, 2047). The recent
acceleration could also be triggered by the continued dynamic thinning passing some
threshold. An alternative hypothesis is that the recent changes are reinforced by feedbacks in
the dynamics of the evolving glacier, possibly involving the subglacial hydrology. The
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examination of changes in basal shear stress distributions between 2008 and 2015 in this

modelhng studv prov1des a first step in explonnq poss1ble feedback hypotheses Neﬂ%of—the

paﬁePwWe explore the potentlal for these hypotheses in Sect. 5.

By analyzing the detailed history of surface velocities, and-rates of elevation change, and ice
front positions from 1994 to 2016, Friedl et al. (2018) shewed-suggested that the initial
ungrounding of the FGLE from the 1996 grounding line position (Rignot et al., 2011a)
occurred during the first acceleration phase betweenin Jan and Apr 2008 and expanded further
expanded-upstream by ~6-9 km frem201-1—+teby 2014, which explained the speedup_and
thinning of the FGE since 2008;-an€. Tthey speculated this was mainly the result of unpinning
caused by the-increased basal melting at-the-groundingtne-due to the greater upwelling of the
warm Circumpolar Deep Water (CDW). However, this study by Friedl et al. (2018) lacked
direct measurements of basal melting and did not perform relevant numerical modelling of the
evolution of a sub-ice ocean cavity or coupling to a cavity ocean circulation model, so it is
still uncertain whether the enhanced basal melting driventriggered by ocean warming is the
dominant reason for the recent changes in the FGungreundingproecess. A positive feedback
between basal sliding and basal water pressure (through friction heating) upstream of

Subglacial-meltingoceurring at-the-iee-bed-interface-awayfrem the grounding line could be
another possible factor in the glacier acceleration ewing—te-apesitive-feedback betweenthe

basal-slidingand-subglacial-melt-watervolumeand grounding line retreat (Bartholomaus et
al., 2008; Iken and Bindschadler, 1986; Schoof, 2010). The possibility of such a feedback, is

not ruled out by Friedl et al. (2018).- and is discussed further in Sect. 4.2 and Sect. 5.

dyn&mates—m th1s study, we employeel the Elmer/Ice code (http //elmerlce elmerfem org/)

(Gagliardini et al., 2013), a newgeneration—three-dimensional (3D) full-Stokes ice sheet
model, to solve the Stokes equations over the whole WIS-FGE catchment. Our
implementation of the model solves the ice flow equations and the steady-state heat equation
(Gagliardini et al., 2013; Gladstone et al., 2014). We also infer the basal shear stress using
eentrel-an inverse methods (e.g., Gillet-Chaulet et al. (2016); Gong et al. (2017)).

In the first part of this study (Zhao et al., companion paper), we explored the sensitivity of the
inversion for basal shear stress to: enhancement of ice deformation rates, bedrock elevation
data, the ice front boundary condition, and initial model assumptions about englacial
temperatures—-eceleation o and ee ont bovndns s condivion In thivseond partofthic
study-(the current paper), we adopt the three-cycle spin-up scheme of Zhao et al. (companion
paper) to derive the distributions of basal shear stress in 2008 and 2015. We present the
observational data in Sect. 2 and our methods in Sect. 3. We compare the resulting basal shear
distributions for the-2008 and 2015 and their connections with driving stress and basal friction
heating in Sect. 4.1 and Sect. 4.2. The height above buoyancy for the two epochs is computed
in Sect. 4.3 as an independent guide to grounding line changes. Through comparison of basal
shear stress and height above buoyancy between 2008 and 2015, we analyze the stability of
the grounding line in this period and discuss ongoing marine ice sheet instability and direct
oceanic forcing as possible reasons for the sharp-speed-up of the FGL in Sect. 5.

2 Observational Data
2.1 Surface elevation data in 2008 and 2015

The surface elevation dataset for 2008 (DEM2008; Fig. 2a) from Zhao et al. (companion
paper) plays a central rolewas—used here. To estimate the surface topography in 2015
(DEM2015; Fig. 2a), we generated the average surface-lowering rate during 2008-2015 for
the fast flow regions (surface velocity in 2008 =20 m yr'') by using the hypsometric model
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for elevation change described in Zhao et al. (2017) during—for the same period. The
DEM2015 was then generated from the-DEM2008 by applying these ice thinning rates from
2008 to 2015. For the area with velocities < 20 m yr'!, we assume the DEM in 2015 remains
the same as that in 2008.

2.2 Bed elevation data

The bed topography plays a significant role in simulation of basal sliding and ice flow
distribution for fast-flowing glaciers (Zhao et al., companion paper), and also in interpreting
the grounding line movement precisely (De Rydt et al., 2013; Durand et al., 2011; Rignot et
al., 2014). Zhao et al. (companion paper) diseussed-investigated the sensitivity of the basal
shear stress distribution to three bedrock topography datasets;—. and-The bedrock dataset
bed zc (Fig. 2b). with higher accuracy and resolution, was suggested as the most suitable
bedreek-data-for modelling the WIS-FGLE system. Here-Recall that bed zc is computed by:

bed_zc = Sz008 - Hmne (D

where Sy is the surface BEM-clevation in 2008 combined from two DEM products as
discussed in Zhao et al. (companion paper), and Hp. is the ice thickness data with a resolution
of 450 m combined from the ice thickness data computed using aCenterfor Remote-Sensing
oflee-Sheets {CReSISHee thickness-measurementsusinga mass conservation method for the
regions of faster flow (Morlighem et al., 2011; Morlighem et al., 2013), and ice thickness
from Bedmap2 for other regions (Fretwell et al , 2013). A complete description is given by
Zhao et al. (companion paper).

2.3 Surface velocity data in 2008 and 2015

We use the same velocity data for 2008 as in Part A of this study (Zhao et al., companion
paper), which is from_the InSAR-based Antarctic ice velocity dataset f{MEaSUREs (version
1.0) produced from-the-fal2007-and/or2008-by Rignot et al. (2011c¢) from fall 2007 and/or
2008 measurements over the study arca. The 2008 velocity datdsct has a resolution of 900 m
and the uncertainties over the study region ranges from 4 m yr! to 8 m yr'!-everthe study-area,
For 2015, we adopt the velocity data extracted from Landsat 8 imagery with a resolution of
240 m and errors ranging from 5 m yr! to 20 m yr!' (Gardner et al., 2018). The v¥/elocity
dataset #-for 2015 has a full coverage over the WIS-FGE domain, while the velocity in 2008
has no data in the gray area in Fig. 1b.

2.4 Other datasets

The steady state temperature field is simulated from an initial temperature field, with—a
linearly interpolated initial-temperatarebetween upper and lower ice surfaces, which leads to
robustdeesnet-atfect-the-final inversion results as demonstrated byin Zhao et al. (companion
paper).- The surface temperature is constrained by yearly averaged surface temperature over
1979-2014 computed from RACMO2.3/ANT27 (van Wessem et al., 2014) and the basal
temperature is initialized to pressure melting temperature. The temperature simulations utilize

the spatial distribution ofbettemheatfluxbeoundaryecondition—inclades—the geothermal heat
flux frem-estimated by Fox Maule et al. (2005) and the simulated basal frictional heating.

Our DEM is an ellipsoidal WGS84 system and hence a height of 0 m does not refer to sea
level. An observed sea level height of 15 m (WGS84 ellipsoidal height) in Marguerite Bay
(Zhao et al., companion paper) was taken to compute the sea pressure on the ice front.

3 Method

The modelling method using Elmer/Ice presented in Part +-A of this study (Zhao et al.,
companion paper) is adopted here, including the mesh generation, mesh refinement, model



195

200

205

210

| 215

220

225

230

235

240

parameter choices and apphlied-boundary conditions. The simulations for both 2008 and
2015the-twe—epochs— retain the same assumptions about the ice-covered domain, namely a
common spatial extent with fixed ice front location, and the assumption that all the ice is
grounded. The ice front position is assumed to coincide with the 1996 grounding line position
(Rignot et al., 2011a). This assumption might be incorrect for the main branch of the FG, and
we evaluate it based on the deduced floating area where the inferred basal shear stress is
lower than a threshold, which is discussed in Sect. 4.1. It is very clear from satellite imagery
that in 2008 a small ice shelf is still present in front of the southern FG and the Prospect
Glacier (hereafter PG) (Fig. 1c¢). In 2015 the ice shelf in front of the southern FG has
disappeared, while the floating part of the PG has retreated in the east and re-advanced in the
west (Fig. 1¢). However, we don’t include the floating parts of the southern FG and PG in
either epoch in this study, owing to the lack of the ice shelf thickness data.

We follow the three-cycle spin-up scheme (Zhao et al., companion paper) and simulate the
basal shear stress 73 in 2008 and 2015 with the linear sliding law:

Ty = —Cub (2)

Here C is a-the basal dragfriction coefficient, a variational parameter in the inversion
procedure, and u,, is the basal sliding velocity.

There are two key differences between the data used for the 2008 and 2015 inversions:
increased surface velocity and changed ice geometry, namely a thinner glacier in 2015
compared to 2008 due to dynamic thinning. To explore their relative impacts, we carry out an
additional inversion with the geometry from 2008 but the surface velocity from 2015 (see
AppendixASect. S| in the supplementary material). We fieund that both geometry variations
and velocity changes are important to the inverted basal stress condition.

To explore the relationship between the basal shear stress and local gravitational driving
stress 74, the gravitational driving stress is also computed for both epochs:

Tq = pigH|VZS| (3)

where p; is the ice density, g is the gravitational constant, H is the ice thickness, and Wzsl is
the gradient of the ice surface clevation. Considering the snow and firn on the ice surface, we
apply a relatively low ice density of 900 kg m™ following Berthier et al. (2012).

Hoffman and Price (2014) alse-found a positive feedback between the basal melt and basal
sliding through the frictional heating enfor an idealized mountain glacier using coupled

subglacial hydrology and ice dynamics models. To explore possible effects of changes of
basal frictional heating between 2008 and 2015, we compute the friction heating (qf)

generated at the bed:

qr = TpUp 4)

To explore the possible flow path of subglacial water beneath the FGL, we calculate
hydraulic potential at the bed, and-since the-its negative gradient ef-this—geverndeterminess
subglacial flow direction. The hydraulic potential, (&3}, expressed in equivalent metres of

water, is given by:

D = (25 — zp) 2= +
(zs — zp) D rw Zp
(45)
where py,, is the fresh water density (1000 kg m™), and z, and z,, are the surface and bed
elevations, respectively. Here we assume that the water pressure in the subglacial hydrologic

system is given by the ice overburden pressure, which is equivalent to assuming that the
effective pressure at the bed, N, is zero (Shreve, 1972).
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Height above buoyancy (Z,) is an geed-indicator of how heavilyereundedclose to floatation a
marine-based glacier is, which is relevant to the glacier’s evolution and additionally helps

interpret-theidentify likely floating regions-based-on-simulated-basal shear-stress-in-this-study.
Z, is related to the effective pressure N at the bed by the relationship:

N =p,gZ.

(56)

In this study, we use a simpler hydrostatic balance based on sea level with the relationship:
H, if z, >=zg

L= {H + (Zb _Zsl)l:)_v:' ibe <Zzg

(67)

where p,, is the density of ocean water and zg; is the sea level. This expression for Z, assumes
a perfect connectivity of the basal hydrology system with the ocean. This is appropriate for
the present study where we are exploring the degree of grounding of the fast flowing regions
of the FG over the downstream basin.

4 Results
4.1 Comparison of basal shear stress and driving stress in 2008 and 2015

We obtain the spatial distributions for basal shear stress, 7, (Figs. 3a, 3b), and basal velocity
of the WIS-FGE system for 2008 and 2015 using the-an inverseion method to determine the
basal dragfriction coefficient, C, with the geometry and velocity data described above.
Although low-resolution estimation of basal shear stress has been carried out for the whole
Antarctic Ice Sheet (Fiirst et al., 2015; Morlighem et al., 2013; Sergienko et al., 2014), this is
the first application of inverse methods to estimate the basal friction pattern of the Fleming
system at a high resolution and use the full-Stokes equations.

In 2008 the main FGE shows a—some sticky spots band—of high basal shear stress
approximateby2kmwide-alongclose to the ice front (Fig. 3a);). The backstress exerted by
these sticky spots with 7,>0.01 MPa (shown in Fig. S3) is ~3.42x10'! N, -while immediately
upstream a region of low basal stress covers most of the downstream bedrock basin, returning
to more typical values (~0.05-0.53 MPa) ~9 km from the ice front. In contrast, the basal
friction at the front of the southern FG is low, with more typical values ~2 km upstream. By
2015, the high dragfriction band-spots near the FGE ice front has-have disappeared while in
the downstream basin the region of already-low basal dragshear stress already seen in 2008 is
more extensive and even-even lower in valuein2045 (Fig. 3b)-). whieh-This is consistent
with the observed speed-up from 2008 to 2015. Further upstream in thise basin, ineluding-and
over the ridge between the downstream and upstream basins, the basal shear stress does not
change much between the two epochs (Fig. 3¢).

To explore the ice dynamics evolution from 2008 to 2015, we present the ratio of basal shear
stress T, to driving stress T, (hereafter referred as “RBD”) in Figs. 3e3d, 3d3e, which can
provide insight into the dynamical regime (Morlighem et al., 2013; Sergienko et al., 2014). In
particular, it provides an indication whether the driving stress is locally balanced by the basal
shear or whether there is a significant role for membrane stresses and a regional momentum
balance. We assume-designate the region with 7, < 0.01 MPa or RBD < 0.1 to-be-theas a “low

derefliction area. eswsiderinethepnesrnintie o fthe maadelinonaad the scopme Lose fndomead
basal-drag-is-assumed-to-correspond-topotentially indicative of flotation, i.e. ungrounded ice.

H—is—hardto—determine—whether—+tThe high basal shear stress band-spots inferred by the
inversiondeteeted at the front of the main branch of the FGE in 2008 (Fig. 3a) 1s-may be a-+real
feature-or-at-leastin-part-an-articfacts errer-due to uncertainties from the ice thickness, local
bed topography, local sea level, ice mélange backstress, and the ice front position (as
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discussed in Zhao et al. (companion paper)). Sensitivity to such uncertainties was explored in
Zhao et al. (companion paper), and the adjustments of ice front boundary condition with a
higher sea level of 25 m_or an advanced ice front position showed as decrease in the basal
shearstressfriction coefficients areund-near the ice front, but did not completely removehas

not-shewn-any-sign-of disappearanee-of these high basal dragfriction bandspots. This implies

that the front of the FG i in 2()()8 mlght still be partly grounded on the 1996 groundmg line due

As expected, the gravitational driving stress of this system shows no significant changes from
2008 (Fie—3e)to 2015, except for the front of PG (Fig. 343f). In 2015, the boundaries of the
zone in the main FGE with 15,015 < 0.01 MPa (magenta-blue lines in Fig. 3b-3band-Fie—4) or
RBD2015 < 0.1 (red lines in Fig. 3d-3cand-Fig—4) have some similarity toare-parthy-ecensistent
with the deduced grounding line position of the FGL in 2014 from5 Friedl et al. (2018) (white
dots in Figs. 3 and 4). The differences with that study are around the nerthern-southern and
eastern parts, but the magenta-blue and red boundaries{Figs—4e4d) inthenortherapartfit
the bedrock ridges in the presentis study (Figs. S2b), —while the white points fit the
corresponding bedrock topography data #-used by Friedl et al. (2018). This resul-comparison
confirms the significant role of bedrock topography in determining the grounding line
position. Around the eastern part of the region within which velocities > 1500 m yr! (eyan
conteur—n-Fig. 3b), the low basal dragfriction area in this study extends ~1-3 km further
upstream than the ae&aeted—cstlmatcd groundlng line in 2945—2014 (Frledl et al. 2018) Pass!

Comparison of basal shear stress between 2008—(Fis—3a) and 2015 (Fig. 3b3c) shows a
significant decrease from 2008 to 2015 in fast flowing regions (velocity > 1500 m yr') at the
front of the FGE. A similar pattern occurred at front of the PGE and the southern FGE. For
the northern section of the southern FGL, the grounding line hass retreated by ~2 km in 2008
from the last known grounding line position in 1996 (Rignot et al., 2011a) (Fig. 3a). which is
reasonable considering that the northern section of the ice front has retreated ~2 km behind
the 1996 grounding line position (Fig. 1c). However, it is not clear whether the southern
section of the southern FG has also retreated in 2008 as indicated in Fig. 3a, and whether the
floating area has expanded ~3 km further inland in 2015 based on the decreased basal shear
stress from 2008 (Fig. 3a) to 2015 (Fig. 3b). Similarly, it is also hard to estimate the possible
grounding line positions of the PG based from the inferred basal shear stress in both epochs.
That is because we did not account for the normal stress of the remnant small ice shelf at the
front of the southern FG and the PG (Fig. 1c¢) in the inverse modelling. The surface lowering
in DEM2015 for the PG could also be an artefact since no observations were available for the
PG when building the hypsometrlc model that generates the DEMZOlS (see 1nset map in Fig.
2a Zhao et al (2017))_ : SR et e b

4.2 Basal melting and subglacial hydrology

Increases in sSubglacial water pressure could-be-a contributeer to lower basal shear stress and
higher basal sliding at the base of the EGEFG, potentially through the positive hydrology
feedback mentioned earlier. That feedback mechanism can be summarized simply: a general
acceleration of glacier flow (for example due to a backstress reduction from ice shelf collapse
or unpinning from a sticky spot) can lead to increased basal sliding in regions where the basal
shear stress almost remains unchanged (for example in the FG trunk above the downstream
basin (Figs. 3a-c). This increases friction heating and basal melt water generation, which - as
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suggested by Hoffman and Price (2014) - may increase the effective basal water pressure
downstream, thereby increasing sliding speeds (Gladstone et al., 2014; Hoffman and Price,
2014). Since the reduction of effective pressure is the key process to enhance sliding, this
positive feedback is dependent on a positive feedback of melt water generation to water
pressure. This dependence can break down when there is sufficient basal water to generate
efficient drainage channels (Schoof, 2010). However, such efficient channelization in the
subglacial hydrologic system is typically associated with seasonal surface meltwater pulses
reaching the bed (Dunse et al., 2012), a process that is not expected to occur for Fleming
Glacier (Rignot et al., 2005).

H-Basal melt water arises from two main sources in polar regions: either surface melt water

draining into the subglacial hydrologic system via crevasses or moulins or in-situ melting at
the bed (Banwell et al., 2016 Dunse et al., 2015 Hoftman and Prlce 2014) H@=ﬁ€m%=¢mé

and-iee-dynamiesmed .However the amount of surface melt water in thc WIS FGis reglon
is not thought to be sufficient to percolate to the base (Rignot et al., 2005), so we take basal
melting due to the friction heat and geothermal heat flux as the only source of subglacial
water. The gGeothermal heat flux at-in the fast flowing regions of our study area (Fox Maule
et al., 2005) is two orders of magnitude smaller than the friction heating at the base, leaving
friction heating as the dominant factor in generating basal melt water.

To explore the potential subglacial water sources and the likely flow directions, we plot the

frictional heating in both 2008 and 2015 (Figs. 4a, 4b), the-contours-otfhydravlic potential ()

(Figs—4e—4d)—and-the basal hemelogous—temperature{temperature relative to the pressure
melting point }-(Figs—4e4H-forin both epochs (Figs. 4d, 4e). and the contours of hydraulic

potential in 2008 (®; Fig. 5). Friction heating due to sliding at the bed (Figs. 4a, 4b) provides
a basal melt water source where ice is at pressure melting temperaturepoint, which is the case
for the fast flow regions of the FGL (see the basal hemeolegous-temperature- relative to the
pressure melting point in Figs. 4e4d, 4f4¢), and-while the gradient of the hydraulic potential
(Figs. 4e5:44) indicates likely water flow paths at the ice-bed interface. The hydraulic
potential evolves between 2008 and 2015 due to the changes in surface elevation (Fig 2a) in
Eq. 5, but this does not appreciably change the pattern of subglacial water flow. The frictional
heat generated at the base is high where both basal shear stress and basal sliding velocities are
high. The modelled friction heating in both 2008 and 2015 (Figs. 4a, 4b) extends as far and
hish-as in-the upstream basin under the FGL, indicating high basal melt rates in this region (a
heat flux of 1 W m™ could melt ice at the rate of 0.1 m yr'! in regions at the pressure melting
temperature). The highest friction heating is generated over the bedrock rise between the FGE
upstream and downstream basins, where the most melt water will be generated-produced and
wit—this will be routed towards the downstream basin given the gradient of hydraulic
potential in this region (Figs. 4e5bs4d). Hence it is a major source of basal water for the
downstream basin. This could explain the low basal dragfriction downstream, while the
increase in heating between 2008 and 2015 (Fig. 4¢) could further enhance the basal sliding in
the fast-flowing regions, contributing to the observed accelerations. Both the hydraulic
potential and frictional heating could help to understand the mechanism behind the rapid
acceleration and surface draw-down of the FGL, which is further discussed in Sect. 5.

4.3 Height above buoyancy-Z.

We compute the height above buovancy, Z,, for 2008 and 2015 for the FGE based on Eq. (67)
with a sea level of 15 m (Figs. 5a6a, 5b6b). To allow for the over- or under-estimation of Z,
owing to uncertainties from the topography data, ice thickness, ice density and the sea level
applied above, we suggest that the areas where 7,14} < 20 m might be floating, and
aeceordinglywhile melade-including areas where Z, > -20 m in Fig. 56.
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In 2008 A-a low height above buoyancy-Z. #+2008-(Fig. 5a6a) is only found near the 1996
grounding line position in the downstream basin, which reveals-indicates that ungrounding of
the main FGE may not have started or only just commenced in 2008. In 2015, the area close
to flotation with Z,< 20 m (taken as an upper limit) has expanded, reaching about 9 km
upstream-1—20+5 (magenta lines in Fig. 5b6b), which broadly coincides with the estimated
grounding line in 20145 (Friedl et al., 2018) except for an almost encircled patch with slightly
higher Z, (20-30 m). The implications of the different Z, from 2008 and 2015 are a small
FGE grounding line retreat from 1996 to 2008 but significant retreat from 2008 to 2015.
Uncertainty in the predicted grounding line in 2015 is significant, but a new position ~9 km
upstream is likely.

In addition to the main branch of the FGL, its southern branch and the PGL also show an
expansion of the regionreduetion in_which Z, is close to zero, which suggests—indicates
possible grounding line retreat. However, the DEM2015 used to compute Z, has large
uncertainties in the southern branch of FG and PG, since the surface lowering in DEM2015
for those regions could be artefacts due to the lack of observations as mentioned above (see
inset map in Fig. 2a; Zhao et al. (2017)). Therefore, it is hard to determine the current

groundmg line locations for those two glamers Based—eﬁ—th%afea—w&th—Z—QO—m—th%semhem

Changes in Z, from 2008 to 2015 suggest the creation of an ungrounded area consistent with
the area of very low modelled basal shear stress shown in Figs. 3a and 3b. Fhe-This change in
area close to floating, defined by Z, < 20 m, constitutes additional evidence supporting the
hypothesis of rapid grounding line retreat over 2008 to 2015 and the likely grounding line
positions of the FG in both epochs.

5 Discussions

TheA sticky spots of band-ef-high basal shear stress -near the terminus of the FGE in 2008
might be artefacts, but the possibility that this high friction area is a real feature due to some
pinning points is not excluded. If the high basal resistance spots are artefacts, ungrounding of
this region in early 2008 is less viable as an explanation for an abrupt increase in ice flow
speed, since the loss of backstress would be more gradual. In this case, positive feedbacks,
such as the marine ice sheet instability or the subglacial hydrology feedback, are even more
likely to explain the FG’s recent behavior. If the sticky spots are real features, the implication
issugeests that the ice front might-have-beenwas at least partly stil-grounded at-thattimein
early 2008;-an. This interpretation_is consistent with the relatively high bedrock topography
near the ice front compared to upstream (Fig. 1c). Friedl et al. (2018) dedueed-proposed that
the hkelry—groundlng hne pesmeﬁ—of the FGE in-after Jan- Apr 2008 must have been located
upstream of at-a : :
1996 grounding 11ne) as—from thelr 1nterpretat10n of rapid-ab p surface accelerat1on detected
around Marehthe same period-ApsH-2008. This is also confirmed by the fact that the glacier
front had retreated behind the 1996 grounding line during the acceleration phase (Friedl et al.,

2018) Howcvcr %&aeeelemﬂea—ph&s&m%ek%%ﬂ%@@%—ee&wed—ﬁtekthaﬂ—m%ﬁmg

¥he1¢efef%1t 1S qb&t&posmble that th1se groundlng hne _retreat had—net—fetreated—byoccurred
after Januwary 2008, when our DEM2008 was acquired. The analysis of height above
buoyancy for the-DEM2008 and inferred basal shear stress in 2008 supports the main FGE
being grounded close to the ice front and hence near the 1996 grounding line location.

Ceonsidering-Given the uncertainties of grounding line position in 1996 (several kilometreers)
(Rignot et al., 2011a) and uncertainty about interpreting the frontal high basal dragfriction
band-area in th1s study, the exact groundlng line pos1t10n 1n January 2008 is somewhat
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Mareh-AprH2008. Improved bed topography/ice thickness data and accurate historic ice front
position are necessary to interpret the precise grounding line position in 2008. Detailed
bathymetry of the relevant location might become available if the ice front of the FG retreats
in future.

The disappearance of a-the inferred high basal resistanee-shear regionband (a-tikelypossible
physical pinning bardpoints) near the FGE front between 2008 and 2015 is a likelypossible
trigger for the sudden acceleration and increased surface lowering of the FG during this
periodk. The increased flux of ice, combined with the changed glacier geometry, suggests the
substantial grounding line retreat, which agrees with two recent studies (Friedl et al., 2018;
Walker and Gardner, 2017). The timing of these-the acceleration. whichs occurred in Jan-Apr
2008 (Friedl et al., 2018), suggests that the loss of this basal resistance occurred shortly after
the first epoch we analyzed (Jan 2008). Given the low basal dragfriction already present over
most of the downstream basin_(a possible cavity proposed by Friedl et al. (2018)), one would
expect the loss of the localized dragfriction near the ice front to promptly result in an increase
in velocity over the entire low-dragfriction region. This is consistent with the near uniform
increase in velocity reperted-in-in early-Apr 2008 -for a region 4-10 km upstream of the 1996

grounding line reported by Friedl et al. (2018)feraresion41+0kmupstream—of-the 1996
crsmadinaetine,

For a glacier lying on a retrograde slope in a deep trough, the grounding line may be
vulnerable to rapid retreat without any further change in external forcing, once its geometry
crosses a critical threshold. which is the marine ice sheet instability hypothesis (e.g., Mercer
(1978); Thomas and Bentley (1978); Weertman (1974)). A similar theory has been proposed
on the prospective rapid retreat of Jakobshavn Isbra in West Greenland without any trigger
after detaching from a pinning point (Steiger et al., 2017). The FG grounding line in ecarly
2008 may have experienced a retreat after moving across the geometric pinning band-points
near the front, and then retreated further to the position in2645-about 9 km upstream in the
FGLE downstream basin by 2015. This has been proven by Friedl et al. (2018). and they also
suggested that a further stage of grounding line retreat of the FG may have happened between
Mar 2010 and early 2011. A similar ungrounding process has been detected in the Thwaites,
Smith and Pine Island Glaciers from 1996 to 2011 (Rignot et al., 2014).

The current grounding line of the FG (Friedl et al., 2018)L appears to be on the prograde
slope of the bedrock high between the FGL downstream and upstream basins. With the
establishment of an ocean cavity under the new ice shelf we can expect that ocean-warming
driven basal melting will further modify the thickness of the recently ungrounded ice. If the
system remains out of balance and continues to thin, the grounding line could eventually
move across this bed obstacle. and-If this occurs, the grounding line is then likely to retreat

rapidly down the retrograde face of the FGE upstream basin, likely to be accompanied by
further glac1er speed up and dynamlc thmmng, — et e sle LD botteenn a0l o

Walker and Gardner (2017) attribute the sharp-significant increase in observed ice velocity
and drop in surface elevation from 2008 to 2015 to increased calving front melting caused by
incursion of relatively warm Circumpolar Deep Water (CDW). The CDW flows onto the
continental shelf within the Bellingshausen Sea, penetrating into the-Marguerite Bay, driven
by changes in regional wind patterns resulting from global atmospheric circulation changes
(Walker and Gardner, 2017). Friedl et al. (2018) also explain both the unpinning from the
1996 grounding line position in 2008 and further landward migration of the grounding line in
2010-2011 with the same mechanism, namely the increased-front-and/or basal melting due to
ocean warming. This explanation appears consistent with the finding that the acceleration,
retreat, and thinning of outlet glaciers in the Amundsen Sea Embayment (ASE) are triggered

by the-ungreunding process—dueto-the inflow of warm CDW onto its continental shelf and
into sub-ice-shelf cavities (Turner et al., 2017). However, the floating parts of the FGE

remained negligible in 2008 as indicated in Sect. 4.3 based-on-the-height-above-buoyaneyin
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2008—(Fig. 5a6a). The speedup and ungrounding occurring in the ASE glaciers was a direct
response to significant loss of buttressing caused by ice shelf thinning and grounding-line
retreat (Turner et al., 2017). When the CDW incursions started in the ASE, the floating parts
of ASE glacier systemss were much larger than the residual ice shelf of the Fleming system in
2008. After the recent changes the newly floating region of the FGL has an area of ~60 km?,
based on the estimated 20145 grounding line from Friedl et al. (2018) and the 2016 ice front
position in this study—, which is consistent with o©ur height above buoyancy analysis for
2015 (Fig. 5b6b)-also-indicates—substantial-crounding Hneretreat-sinee2008. So, significant
buttressing reduction is not likely to have occurred on the FGE during the rapid acceleration
of 2008, but further changes to the FGL after 2015 may resemble ASE glacier and ice shelf
systems more closely. No direct measurements are available to confirm the direct effect of the
frontal or basal melting on the FGEL grounding zone over this period, nor have previous
studies attempted to quantify the amount of melting required to drive significant FGL
grounding line retreat. The ocean-driven basal melting at the ice shelf front or base may have
contributed to grounding line retreat, or the reduction of the frontal high basal shear zone, but
establishing this as the main cause would require further quantification of the cause-effect
link.

Ongoing thinning as a result of backstress reduction following the collapse of the WIS is
another possible cause for the recent ungrounding. The WIS evolved from an embayment-
wide ice shelf in 1966 to smaller individual remnant ice shelves in 1997 (Fig. 1b) (Cook and
Vaughan, 2010; Wendt et al., 2010). The floating part of the FG in particular was in the form
of an ice tongue in 1997 (Cook and Vaughan, 2010), and as such would likely have imposed
much lower backstress on the grounded part. Point measurements indicate that the FG
accelerated by 40-50% between 1974 and 1996 (Doake, 1975; Rignot et al., 2005). If this
acceleration was a response to loss of buttressing, the FG system may have been out of
equilibrium, and losing mass, since before 1996. If the increased velocity in response to shelf
collapse was maintained over time, maintaining persistent thinning, eventual ungrounding of
the bedrock high where the 1996 grounding line was located would occur independently of
ocean-induced increased shelf melt. The recent accelerations and enhanced thinning (Friedl] et
al., 2018; Gardner et al., 2018; Walker and Gardner, 2017) may indicate an ongoing response
to the WIS collapse, amplified by positive feedbacks within the FG system.

Rapld slldmg at the basc 1S dcpcndcnt on the presence of a sub olacial hvdrologlc

maﬂﬂ%}e%sheet—systems EV1dence suggests that 1ncreased basal water supply could
accelerate basal motion and-surfacelowering-of both mountain glaciers (Bartholomaus et al.,

2008) and ice sheets (Hoffman et al., 2011), presumably by changing the subglacial water

pressure or bed contact, and further contribute to grounding line retreat of marine-based
glaciers. Jenkins (2011) has also suggested that subglacial water emerging at the grounding
line can enhance local ice shelf basal melt rates by driving buoyancy driven plumes in the
ocean cavity. The rapid sliding and high friction heating in the upstream FGE (Figs. 4a, 4b).
together with the direction of the hydraulic potential gradient (Fig. 5), has-provided evidence
for an extensive active hydrologic system beneath the FG, which might already have been
enhanced by the previous significant WIS collapse that occurred before 2008E.

High basal frictionatly—generated heating in the fast flowing regions—upstrearm—basin of the

FGE is the main source of meltwater flowing into the FGE downstream basin. It is also clear
that the frictional heating in 2015 (Fie—4b)-wais greater than in 2008 in the upstream basin
(Fig. 4a4c), with the increase in basal meltwater production peaking over the bedrock rise
between the downstream and upstream basins indieatingmore-basal-melt-watergenerationin
2045(see Sect. S2 and Fig. S4). The plateaus in hydraulic potential in both downstream and
the—upstream basins of the FG_(Fig. 5b)k suggests the possibility that basal water may
accumulate in this-those regions, or at least show a low throughput. The downstream plateau
appears to be fed by a large frictional heat source over the ridge between the downstream and
upstream basins in addition to flow from further inland, while This-the upstream plateau
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appears to be fed by an extensive upstream region of basal melting-with-atarge-frictional-heat
souree. There might be some pooling of water in those plateaus in 2008, but the inferred basal

shear stress (Fig. 3a) and the height above buovancy (Fig. 6a) indicate that those regions
should still remain grounded. Outflow—from-this-plateav—region—aAccording to our hydraulic
potential calculations_(Fig. 5b), outflow from the upstream plateau region is likely to be
predominantly in the direction of the downstream basin, but future outflow across the shallow
saddle in hydraulic potential towards the Seuthern-southern branch of the FG cannot be ruled
out, since the evolution of the potential responds to the changing elevation (Fig. 2a) as

discussed abovessean-beseenbcomparinethe contoneinFo e vnd =l

The further sharp-abrupt speed-up events that occurred in 2010-2011 reported by Friedl et al.
(2018) could have several potential causes in addition to the previously proposed mechanism
of a direct response to ocean-induced melting (Walker and Gardner, 2017). One possibility is
an outburst of subglacial water from the upstream basin after subglacialwaterbuilding up
over years to decades in response to increased sliding and friction heating and progressive
lowering of the ice surface. Another possibility is local unpinning near the retreating
grounding line: ungrounding from pinning points may cause a step reduction in basal
resistance. —This unpinning could be a feature of ongoing thinning in response to WIS
collapse, as discussed above. Another pessibilpossible causeity could be a positive feedbacks
in the subglacial hydrologic system — rapid change may result from the direct feedback
between changes in sliding speed, friction heat and basal water production, as discussed in
Sect. 4.2.

The height above buoyancy is an indicator for the vulnerability of marine-based grounded ice
to dynamic thinning and acceleration. The area with Z, < 20 m in 2015 has shown that the
downstream basin is currently ungrounding and this may continue until the grounding line
finds a stable position on the prograde slope separating the two major basins. More thinning
would be needed to destabilise the upstream basin, and it is hard to say-estimate how much
forcing would be needed to push the grounding line into the upstream basin boundaryinte-it.
If the retrograde slope of the upstream basin is reached, further rapid and extensive grounding
line retreat would be expected. A clear decrease can be seen in Z, from 2008 (red in Fig.
5aba) to 2015 (dark red in Fig. 5b6b) in the upstream basin (around the 2645-2008 velocity
contour of 1000 m yr'!), indicating the potential vulnerability of the FGL to continued ice
mass loss. The surface lowering rate between 2008 and 2015 in this region is ~4.6-6 m yr’!
(Zhao et al., 2017). If this thinning trend-rate continues-tinearty—with-time, the ice in regions
with Z, of 200-300 m would be expected to unground in ~3645-56-65 years. This could be
take a longer or shorter period since-# the future thinning rate cannot be expected to remain
constantis-netHnear-with-time.

In the absence of precise and accurate knowledge of bed topography and ice shelf/stream
basal processes, the deminant-cause of the recent FG ungrounding cannot be determined.
Further research is necessary to better understand the deminantmechanismsinterplay of a
range of possible mechanisms.

6 Conclusions

We used a full-Stokes ice dynamics modelsetver (Elmer/Ice) at high spatial resolution to
simutate-cstimate the basal shear stress, temperature and frictional heating of the Wordie Ice
Shelf-Fleming Glacier system in 2008 and 2015. Both increased surface velocity and surface
lowering during this period are important for the calculation of basal shear stress.

Decreased basal dragfriction from 2008 to 2015 in the Fleming Glacier downstream basin
indicates significant grounding line retreat, consistent with change in the suggested floating
area based on the geometry in 2015 and the deduced grounding line in 20145 from Friedl et
al. (2018). Grounding line retreat also occurred on the southern branch of the FGL-and-the
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PGL. Our height above buoyancy calculations also indicate the FGE downstream basin was
close to flotation in 2015 and is vulnerable to continued ice thinning and acceleration.

Pronounced basal melting driven by oceanic warming in the—Marguerite Bay may have
contributed—totriggered the ungrounding of the Fleming Glacier front in early 2008, as
previously suggested by Walker and Gardner (2017) and Friedl et al. (2018), but ongoing
thinning following the collapse of Wordie Ice Shelf may also provide an explanation. In either
case, feedbacks in the subglacial hydrologic system may be a significant factor in reducing
provide-the-deminant-trigeerforbasal shear stress, leading to rapid increases in basal sliding
and ongoing ungrounding—precess. The derived basal shear stress distributions suggest a
major influence was-could have been the toss-ungrounding of a-narrew-some sticky spotsband
of higher basal shear near the ice front of the main Fleming Glacier, as basal friction under
most of the region considered afloat by 2015 was already low in 2008 (a possible subglacial

cavity).

The marine-based portion of the Fleming Glacier extends far inland. It is not clear whether
grounding line retreat into the Fleming Glacier upstream basin will occur without further
forcing. Transient simulations with improved knowledge of bed topography are necessary to
predict the movement of the grounding line and how long it will take to achieve a new stable
state. Coupled ice sheet ocean modelling willsay be required to explore the evolution of the
new-ice shelf melting and impact of buttressing from the remaining and new ice shelf on the
grounded glacier. Future studies of the dynamic evolution of the Fleming Glacier system will
enhance our understanding of its vulnerability to marine ice sheet instability and provide
projections of its future behavior.
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Figure 1. (a) The location of the study region in the Antarctica Peninsula (solid line polygon)
with bedrock elevation data “bed zc” ”, based on BEDMAP2 (Fretwell et al., 2013) but
refined using a mass conservation method for the fast-flowing regions of the Fleming Glacier
system (Zhao et al., companion paper). (b) Velocity changes of the Wordie Ice Shelf-Fleming
Glacier system from 2008 (Rignot et al., 2011c) to 2015 (Gardner et al., 2018). Black
contours representing the velocity in 2008 with a spacing of 500 m yr!'. The colored lines
represent the ice front positions in 1947, 1966, 1989, 1997, 2000, 2008, and 2016 obtained
from Cook and Vaughan (2010), Wendt et al. (2010), and Zhao et al. (2017). The feeding
glaciers for the Wordie Ice Shelf include three branches: Hariot Glacier (HGE) in the north,
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Airy Glacier (AGL), Rotz Glacier (RGL), Seller Glacier (SGL), Fleming Glacier (FGL),
southern branch of the FGE (sFGLE) in the middle, and Prospect Glacier (PGL), and Carlson
Glacier (CGE) in the south. The grey area inside the catchment shows the region without
velocity data. (c¢) Inset map of the Fleming Glacier with ice front positions in 2008 and 2016,
grounding line in 1996 (dashed black line) from Rignot et al. (2011a) and deduced grounding
line in 2014 (dashed blue line) from Friedl et al. (2018). The background image is the
bedrock from panel (a) and the black contours are the same ones as inwith panel (b).
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Figure 2. (a) Surface elevation data-difference between 2008 and 2015 (2008 minus 2015) ##
2008(eelorseale}-with black and white contours (interval: 200 m) representing the surface
elevation in 2008 and 2015, respectively. Inset map shows the location in the research domain
with blue points showing the available elevation data points used to extract the hypsometric
model of elevation change from 2008 to 2015 (Zhao et al., 2017). (b) bed elevation data
“bed_zc” (metres above sea level, masl) with two basins “FGE downstream basin” and “FGE
upstream basin” from Zhao et al. (companion paper). The black contours show the bed
elevation with an interval of 100 m. The white contour represents the sea level used in this

study.
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Figure 3. (a,b) Basal shear stress 7, (¢;-d. ¢) the ratio of T, to 74, and{e,H-the-drivingstress
zz-of the Fleming Glacier and the Prospect Glacier in 2008 (left) and 2015 (xightmiddle). (c)

the ratio of basal shear stress 7j,,015.t0 Tp2005. and (f) the ratio of driving stress 74,015.to
Ta2008. The white dotted line represents the deduced grounding line in 2014 from Friedl et al.
(2018). The cyanmagenta— lines in (a) and (b) shows the i
Tp<=0.01 MPa in-each-simulationcontour. The red lines in (ed) and (ée) show the-beundaries
ot seleeted-area—with RBD == 0.1 contour in the current study. The blackwhite ~reHow-and
eyan-solid lines represent the 2008 surface speed contours of 100 m yr!, 1000 m yr!, and
1500 m yr', respectively, to aid visual comparison across subplotsgive—additional-spatial
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Flgure 4. (a b) The basal frlctlon heatlng, and (ed de)—th%eeﬂ{e}uf%—ef—hyd—mtm&pe%emra{

the simulated
hemeiege%—tempem%u-re{temperature relative to the pressure meltlng point) at the base of the
Fleming Glacier and the Prospect Glacier in 2008 (left) and 2015 (sightmiddle). The
differences of (¢) basal friction heating and (f) simulated basal temperature between 2008 and
2015 (2015 minus 2008). The white dotted line represents the deduced grounding line in 2014
from Friedl et al. (2018). The white solid lines represents the 2008 surface speed contours of
100 m yr!, 1000 m yr', and 1500 m yr'.
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Figure 5. (a) The hydraulic potential in 2008 and (b) the submarine bedrock elevation (metres

above sea level). In both figures the dense contours represent the hydraulic potential with a

spacing of 20 m (black solid lines). The white dotted line represents the deduced grounding

line in 2014 from Friedl et al. (2018). The white solid lines represent the 2008 surface speed
845 contours of 100 m yr'!, 1000 m yr', and 1500 m yr'!.
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Figure 56. The height above buoyancy Z, in (a) 2008 and (b) 2015 of the Fleming Glacier and
Prospect Glacier. The background images are from (a) ASTER L1T data in Feb 2™, 2009, and
(b) Landsat-8 in Jan 13™ 2016, respectively. The black lines represent velocity contours in
2008 (Rignot et al., 2011c)-and-2645-. The dashed black and blue lines show the grounding
line in 1996 (Rignot et al., 2011a) and 2014 (Friedl et al., 2018), respectively. The dashed
magenta line shows the possible grounding line with Z, <20 m. Inset map shows the location
in the research domain with blue points showing the available elevation data points used to
extract the hypsometric model of elevation change from 2008 to 2015 (Zhao et al., 2017).
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