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Dynamic ice loss from the Greenland Ice Sheet

driven by sustained glacier retreat
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’Department of Earth System Science, University of California Irvine, Irvine CA, USA.

3Institute for Marine and Atmospheric Research Utrecht, Utrecht University, The Netherlands

“Department of Geoscience & Remote Sensing, Delft University of Technology, Delft, the Netherlands

Abstract

The Greenland Ice Sheet is losing mass at accelerated rates in the 21st century, making it the largest
single contributor to rising sea levels. Faster flow of outlet glaciers has substantially contributed
to this loss, with the cause of speedup, and potential for future change, uncertain. Comparing over
three decades of variability in discharge and calving front position for the first time, we find that
glacier retreat can account for nearly all of the increase in glacier discharge, with a remarkably
consistent speedup of 4-5% per km of retreat across the ice sheet. We show that widespread retreat
between 2000 and 2005 resulted in a step-increase in discharge and a switch to a new dynamic

state of sustained mass loss that would persist even under a decline in surface melt.

Introduction

The Greenland Ice Sheet (GrIS) has been losing mass for several decades (e.g. Shepherd et al.,

2019) due to both increased surface meltwater runoff and ablation of marine-terminating outlet

" Corresponding author | email: michaleaking@gmail.com
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glaciers via calving and submarine melting, termed the ice discharge. Total GrIS mass loss
accelerated after 2000 due to increased contributions of both terms, but with a proportionally
greater contribution from increase melt runoff (van den Broeke et al., 201¢,..ing et al., 2018;
Mouginot et al., 2019). Estimates of ice sheet discharge over multiple decades and at : i1 ual or
finer resolution provide insight into the ice sheet’s response to long-term climate forcing and
ongoing change (e.g. Mouginot et al., 2019, Mankoff et al., 2019). Seasonal and interannual
variability in ice sheet dynamics are challenging to resolve prior to the year 2000 due to temporal
and spatial data gaps. Here, we apply the rigorous methodology of King et al. (2018) to gain
improved constraints on estimates of ice sheet discharge over three decades, including the period
leading up to the onset of rapid glacier retreat and acceleration. Combining these data with high-
resolution observations of time-varying calving front position changes, we perform the first GrIS-
wide analysis of how these two variables relate on individual, regional, and ice sheet-wide spatial
scales over the multi-decadal record. We discuss the timing of changes in retreat, thinning, and
acceleration across the ice sheet, quantify the sensitivity of ice discharge to retreat, and describe
the roles of both long term changes in ice dynamics and surface mass balance in preconditioning

regions of the ice sheet for rapid retreat, thinning, and accelerated discharge.

Data & Methods

We have extended the ice discharge estimates of King et al. (2018) by two decades by integrating
historical velocity data (LANDSAT 4 and 5), derived using the MIMC2 feature tracking algorithm
(Jeong et al., 2017), with the AeroDEM digital elevation model (Korsgaard et al., 2016). We also
append the extended time series, now covering an approximately 34-year period from 1985-2018,

with annually resolved SAR (Synthetic Aperture Radar) velocity mosaics from Mouginot et al.

II
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(2019) between 1990-1999, which ar: computed mostly from wintertime observations. We use
this series to assess decadal trends in ice discharge from the GrIS 2 1d where possible, resolve the
seasonal amplitude through time. We combine the dynamic ice loss component with 1-km
downscaled estimates of surface mass balance (SMB) from RACMO2.3p2 over the full time
period (Noél et al., 2019). We sum the two terms to derive nearly four dec< :s of total ice mass
balance that is independent of the total ice sheet mass balance derived from elevation change and

gravimetry methods.

We derive ice thicknesses every 250 m along the flux gates by differencing time-varying surface
elevation data, beginning with the earliest AeroDEM data through ArcticDEM (Porter et al., 2018),
generated by SETSM (Surface Extraction with TIN-based Search-space Minimization) algorithm
(Noh and Howat, 2017) with bed topography from BedMachine v3 (Morlighem et al., 2017). We
replace BedMachine v3 data with gravity inversion solutions from Millan et al. (2018) at select
regions along the southeast mar; 111 Following Mankoft et al. (2019), we apply a correction based
on typical velocity-thickness relationships to a subset of 39 glaciers with ice thicknesses that are
too small for flowing ice, located mostly within the southeast and central east regions of the ice
sheet. Using the remaining thickness data, we derive unique solutions from the best linear fit
between centerline velocity and flux gate thickness. We find that thickness increases more
gradually with increasing velocity at wider flux gates. Therefore, we discretize glaciers into
subgroups based on glacier width along the flux gate (Figure S2) rather than using a single linear
fit for all glaciers and apply an adjusted ice thickness term based on the discretized solutions. This
binning method improves our baseline thickness adjustments at the individual glacier scale and

increases net ice sheet discharge by a time series average of 13 +1 Gt yr'.

III
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We extend the 2000-2018 velocity record back in time to 1985 using LANDSAT 4 and 5, obtaining
measurements for 133 of the 234 gates for the full record. These glaciers accounted for 78% of the
net GrIS discharge between 2000 and 2018. Rather than assume constant flow and extrapolate the
earliest available velocity data backward in time to account for incomplete coverage (Mouginot et
al., 2019), we account for the post-2000 acceleration of many glaciers by scaling the observed total
annual D by the proportion of the mean net D accounted for by glaciers with observations before
2000. The mean contributions of individual glaciers to total D are calculated from their 2000-2005
period values, although results are closely similar if a 2000-2018 average is used instead. We fill
missing monthly velocities using the procedure of King et al. (2018), where a Kalman filter is
applied to each glacier time series using the glaciers’ typical seasonal variation. Missing monthly
data are more prevalent in wintertime months prior to when TerraSAR/TanDEM-X InSAR data
first became available in 2007. We do not apply the Kalman filter for gap filling prior to 1998 due
to multi-year gaps. Therefore, the temporal resolution of estimates in D varies from approximately
monthly in the summers of 1985-1997, when optical data are available (including 1985-1990 and

1994/1995), to continuous monthly estimates after 1998.

Surface elevation observations, required for estimating ice thickness, are limited before 2000. The
nominal dates of AeroDEM data vary spatially between 1978 and 1987, with a nominal date of
1983 (Kjeldsen et al., 2015) and, therefore, temporal gaps range from 15 to 22 years between
AeroDEM and available Advanced Spaceborne Thermal Emission and Reflection radiometer
(ASTER) DEM data. To account for the uncertainty in D due to this temporal gap in ice thickness
observations, we estimate D assuming the end member-cases of (1) all thickness change occurring
in the first year, which maximizes the impact of thinning at the start of the period, and (2) all

thinning occurring in the last year, which minimizes the impact until ~2000. This range in the
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timing of thinning yields an average uncertainty in D of 13 Gt yr! during the 1985-1999 period

(Figure 1).

We also combine velocity and ice thickness data with an extended time series of changes in calving
front position at all 234 glaciers. Centerline front position data are manually digitized using optical
imagery from ASTER and LANDSAT 4-8 following methods described in Walsh et al. (2012),
and filtered and weighted by glacier flux, when applicable, as described in King et al. (2018).
Lastly, we compute net annual surface mass balance (SMB) and reference period GrIS-wide SMB
using RACMO2.3p2 (Noél et al., 2019), and combine this term with D to derive net ice sheet mass

balance for 1985-2018.

Results

1. Long-term changes in ice discharge and comparison with other studies

We find a step-increase in decadal-scale ice discharge (Figure 1a), with a ~60 Gt yr'!, or 14%,
increase betweer [185-1999 and 2007-2018 means. After reaching a loci | 1haximum in 2005,
annual D then temporarily decreased before accelerating at a slower pace of 2 Gt yr? during 2008-
2018 and reaching a peak annual value of 502+6 Gt yr!' in 2017 and 2018, or 17% above the
1980’s average. Increase in mean annual D since 2008 has been mostly due to a steady increase in
seasonal minimum values increasing with a trend of 3 Gt yr? since 2007, indicating greater
wintertime velocities relative to summertime maxin . nost evident in the northwest (Figure S3)

and in the most recent 3 years of the central west. The seasonal amplitude in D has also changed,
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increasing by nearly 50%, from a 1985-1990 average of 1746 Gt yr'! to 25+6 Gt yr!' for 2000-

2018.

Discharge has increased in every region (defined in Fig. S1) of the ice sheet since the 1980’s, but
with contrasting temporal variability. In the west, discharge slightly declined from 1985 to the late
1990’s prior to larger increases after 2000. In the central west (CW; Fig. S3c¢), which is dominated
by Jakobshavn Isbra accounting for, on average, 30% of the regional discharge, discharge began
steadily increasing following an initial retreat and acceleration of that glacier in 1999 (Joughin et
al., 2004), climbing 27% to a peak in 2014 before declining 10% through 2018 due to Jakobshavn’s
slowdown (Khazendar et al., 2019). In the northwest (NW; Fig. S3a), gradual increases in
discharge began in the early 2000’s and have since accelerated, climbing 36% by “( 18. In the east,
discharge was relatively stable during the 1980°s and 1990’s, with increases beginning in the
southeast (SE; Fig. S3d) in 2000 with the synchronous retreat and acceleration of multiple glaciers,
including Helheim (Howat et al., 2005; 2008). After increasing approximately 18% between 2000
and 2005, discharge in the SE then suddenly declined to within 5% percent above its initial values.
varying by 10% over the next decade with no clear trend. Pronounced acceleration did not begin
in the central east (CE; Fig. S3b) until the 2004 retreat and acceleration of its largest glacier,
Kangerdlugssuaq, that caused a nearly 20% increase in annual D between 2003 and 2005.
Following a decline and relative stability, another large retreat event at Kangerdlugssuaq in 2016
(Brough et al., 2019) caused D to again rise near its 2005 maximum. We exclude discussion of
regional patterns observed in the northern and southwestern regions due to small glacier sample
size, but include regional discharge totals (with each of the two regions contributing, on average,

~10 Gt yr'") in Fig. S3e and Fig. S3f.

VI
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Figure 1: (a) Total GrIS discharge (black curve) with early (blue) and late-thinning (red dashes) scenarios bef 11985 and 1999,
and discharge estimates derived from wintertime InSAR velocities from Mouginot et al. (2019) in green. Gray shading is 2-o
uncertainty. (b): Left axis: Net annual mass balance (B,, black curve), annual Surface Mass Balance (SMB,, dashes with circles)
and total annual discharge (D,, dashes with crosses). Right axis: Total shading shows the cumulative mass anomaly of B, since

1985 broken into cumulative contributions from discharge (D,, red) and surface mass balance (SMB, blue).

Our results closely agree with those of Mankoft et al. (2019 1/ith a mean difference less than 4
Gt yr'! (~1%) and absolute biases of less than 8 Gt yr!' (Fig. S4), and summertime estimates within
2 Gt yr'!. Larger wintertime differences are within the uncertainty expected from differences in
interpolation methods (i.e. Kalman filter model used in this study and linear interpolation done in
Mankoff et al. 2019). While GrIS-wide biases are reduced by regionally compensating errors, we
find that the two studies still closely agree on the regional scale, with mean temporal biases of <
10% for all major drainage basins. This level of agreement is noteworthy given that the two studies

use independently positioned flux gates and different velocity and elevation datasets. Our annual

VII
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D estimates are also in general agreement with those from Mouginot et al. (2019) prior to 2002,
but later diverge, with the Mouginot et al. (2019) estimates exceeding ours, and Mankoff et al.
(2019), by > 40 Gt yr!' (8%) in 2018, excluding peripheral glaciers and ice caps (Fig. S4). We
attribute this difference to the treatment of glaciers missing bed topography data and how ice

velocity is sampled, as described in the SI.

2. Decadal Variability in Components of Ice Sheet Mass Balance

Combining our estimates of D with SMB from RACMO2.3p2 (Noél et al. 2019), including the
peripheral glaciers and ice caps, gives a cumulative net loss of 4200 Gt between 1985 and 2018
(Figure 1b). The average loss rate of -239 Gt yr'! between 2003 and 2016 is close to the -244 Gt
yr'! estimated from GRACE for the same period (update of Wouters et al., 2013). From 1985 to
1999, annual D consistently exceeded the mean 1961-1990 GrIS-wide SMB, typically assumed
near equilibrium (Sasgen et al., 2012; van den Broeke et al., 2017), both with (424 Gt yr'!") and
without (409 Gt yr'!) the inclusion of peripheral glaciers and ice caps. During this period SMB
fluctuated around equilibrium, so that discharge contributed ~70% to the cumulative ice sheet mass
loss of ~400 Gt prior to 2000 (Figure 1b). After 1997, however, SMB anomalies became
increasingly negative at a rate of nearly -20 Gt yr? for the next 15 years, reaching approximately
-300 Gt yr'! in 2012. This resulted in discharge contributing only approximately one third of net
mass losses between 2000 and 2012. Discharge has contributed to > 50% of cumulative mass

losses since 2013, however, as SMB anomalies have been less negative

For the ice sheet to gain mass, the total annual SMB must exceed the total D. Assuming the mean
1985-2000 D of 426+6 Gt yr'!, the mass gain from SMB more than offset the loss due to D,
resulting in ice sheet growth, nearly 40% of the years between 1958 and 1999. Increasing D to the

VIII
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current, post-retreat average of ~495 Gt yr! cuts the percentage of years of net gain to one in five,
demonstrating that the increase in discharge alone was sufficient to transition the ice sheet to a
new state of persistent negative mass balance. However, SMB has also markedly declined and,
assuming the post-2000 average SMB, the annual probability of net ice sheet mass gain is now
only ~1%. Thus, the combined climate and dynamic states of the ice sheet are such that even a

single year of mass gain is highly unlikely.

3. Long term relationships between retreat and ice discharge

20 T T
390 ® '00
151 1
[ X
380 Gt
= < 10
—_370 v
5, =
6} S
3,360 % 5
© b =
< [$]
3 2
& 350 =i
€ 340 <
< 3 5
330} LY 2 1
s 1'} 98 -10
.9§'99
320" @g%g7 d
L L 1 1 1 L -15 1 1
-1 -2 -3 -4 -5 -6 500 0 -500 -1000
Weighted average of cumulative front change (km) Weighted average of annual front change (m)

Figure 2: Panel (a): Annual total D versus net front position change for the 128 glaciers with continuous measurements between
1985 and 2008, with the color scale and label corresponding to the measurement year. The black line is the least-squares best fit
with a slope of 14 Gt yr'! per km of retreat and intercept of 312 Gt yr''. Negative front change indicates net retreat from the
glacier fronts’ initial position over the calendar year. Note the reversed x-axis to highlight the inverse relationship. Panel (b):
Annual changes in D and front position with labels indicating the first year (e.g. ‘00 is the change from 1999 to 2000). The (black

line) least squares fit has a slope of 14 Gt yr'! per km of annual retreat and intercept of -0.7 Gt yr!
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King et al. (2018) found interannual variability in D after 2000 to be primarily associated with
changes in ice front position, likely due to acceleration caused by the perturbation to the glacier
stress regime during retreat (e.g. Nick et al., 2009). Here we assess changes in front position and
discharge since 1985, capturing the period prior to widespread retreat and acceleration. In order to
compare ice front retreat and discharge, we use a subset of glaciers (n =128) that have continuous
records of discharge and front position change. In order to assess the impact of mean front position
change on the regional and ice sheet discharge, we weight the front position of each glacier by its
discharge in order to minimize the impact of small glaciers, and denote the weighted mean front
position change as F. Figure 2a shows that GrIS D increased at an average rate of 14 +1 Gt yr!
per km of cumulative retreat over the 1985-2018 period, with the cumulative change in front
position explaining over 93% of the change in D. This plot reveals two distinct clusters of values,
before the year 2000 and after the year 2009, separated by roughly 4 km of retreat and 50 Gt yr''.
D increased most rapidly during widespread acceleration and retreat between 2001 and 2005, as
glaciers in the SE rapidly retreated off bathymetric highs (Howat et al., 2008), at a consistent rate
of 16 Gt yr'! per km of cumulative retreat. D increased at a significantly lower rate of 8 Gt yr'! per
km of retreat following the readvance in 2006 and 2007. Since 2014, there has been little additional
change in F,, or D for the ice sheet as a whole. Examining year-to-year changes in the F), and D
in Figure 2b, we find a remarkably consistent relationship with annual changes in discharge and
front position, averaging 14 + 6 Gt yr'!, or ~4%, per km of retreat, with annual variability in the
front accounting for 41% of the annual variability in D. Further, we find that the change in D per
km of F, is also consistently 4%-5% from region to region (Fig. S7), indicating a similar overall

sensitivity of discharge to retreat.
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Since changes in discharge are dependent on changes in both ice flow speed and thickness, we
would expect that, following front retreat, discharge would (i) initially increase with acceleration
and then decrease due to dynamic thinning if the front restabilizes or (ii) become less sensitive to
front position change if retreat continues up a prograde bed slope. While such a response is not
clearly apparent for the GrIS-wide results (Fig. 2), regionally we find temporary declines in D
following retreat. This is particularly evident in the SE and CE regions, where D has declined and
stabilized during the recent period of relative front stability (Fig. S7). In the NW, we find an
increasing sensitivity of discharge to retreat (Fig. S7), likely due to several of the actively retreating
glaciers doing so on increasingly retrograde slopes, resulting in a greater increase in ice flux with

retreat (e.g. Catania et al., 2018; Bunce et al., 2018; Wood et al., 2018; Beckmann et al., 2019).

The ice sheet-wide and regional sensitivities of discharge to ice front change are consistent on the
scale of individual glaciers. Out of the 128 glaciers with continuous records between 1985 and
2018, nearly 70% display a significant (p <= 0.05) relationship between changes in discharge and
front position. These glaciers account for ~75% of the total D. Only 24 (19%) glaciers, accounting
for 6% of D, exhibit a significant negative correlation (i.e. decreasing D with retreat) between
discharge and front position. These glaciers tend to have more static fronts, varying only ~1 km
between 1985 and 2018, compared to 4 km for those where positive correlations are observed, and
include quiescent phase surge-type glaciers and those that have retreated along prograde bed slopes

(i.e. Upernavik Isstrom) during the observation period.

Retreat-driven acceleration initiates at the ice front within a distance determined by the stress
coupling length (e.g. Howat et al., 2008) and then propagates up-glacier through diffusion.

Therefore, the timing between retreat and changes in D may be sensitive to the location of the flux
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gates with respect to the ice fronts. To test this sensitivity, we repeated the above analysis using a
subset of the 15 largest glaciers with dynamic flux gates positioned 2 km from the changing ice
front and obtained nearly identical results, indicating that our fixed flux gates are close enough to
the ice front to capture nearly instantaneous changes in front-driven dynamics. More detail

regarding this analysis and an example is provided in the SI.

4. Temporal Patterns of thinning and retreat

Retreat occurs through increased calving due to melting at the ice front and/or thinning of the
glacier terminus towards flotation. To assess which mechanism triggered the onset GrIS-wide
retreat of the late 1990°s/early 2000’s, we investigate the timing and magnitudes of regional retreat
and thinning, weighted by discharge, as above, and plotted in Figure 3. Between 1985 and 2000
(i.e. between the AeroDEM and start of the ASTER surface elevation datasets), glaciers thinned
by an average of 2% to 4% in all regions except the central west, where a 6% thinning was
primarily due to the initial acceleration of Jakobshavn Isbra in 1998-1999. During most of this
initial period of thinning, ice fronts slightly advanced in the west and retreated steadily in the east
since the early 1990s. The onset of rapid retreat around the year 2003/2004 was accompanied by
a brief 3-4 fold increase in thinning rates in the east, abruptly ending when fronts temporarily
stabilized. In contrast, thinning rates were more constant in the west, with a doubling in thinning
in the NW and little change in the CW (Fig. 3) after the onset of rapid retreat around the year 2000.
More constant thinning rates along the western margin mirrored long term trends in retreat, which
slightly decelerated after 2005 in both the NW and CW. Regional plots similar to those shown in

Fig. 3 using unweighted means are shown in the SI, Figure S8.
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Figure 3: Net regional trends in (black curves) ice thickness and (colored curves) front position, calculated from discharge-
weighted individual glacier time series in the northwest (a), central east (b), central west (c) and southeast (d), with the colors
corresponding to the locations mapped in the left plane. Negative values on the left y-axis indicate net cumulative retreat over the
study period. Cumulative thickness changes are shown on the right y-axes, and are calculated from the mean of all regional
glaciers and expressed as fractional changes from H,. Lighter, dotted gray lines between the two starred points indicate linear

interpolation between two sparse data points, and the apparent trend during this period should be treated with caution.

Thus, in all regions, substantial thinning occurred prior to the onset of rapid retreat and acceleration
in the early 2000’s. To assess the potential contribution of increased surface melt to thinning, we
examined changes in surface mass balance (SMB) estimated by RACMO?2.3p2 relative to the

1961-1990 baseline average. We estimate thinning due to SMB anomalies along glacier flux gates,
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located in the ablation zone, by assuming a density of 910 kg m=. Since thinning is the sum of
declining SMB and increased dynamic thinning due to ice stretching, we can estimate their relative
contributions to the observed thinning for the same 1961-1990 mean reference mass balance as
used above. Discharge-weighted, regional averages of thickness change due to SMB are plotted in
Figure S9, along with the total observed thickness change and thickness change due to ice

dynamics, estimated as the difference between thickness change due to SMB and the total.

Thickness changes due to SMB between 1985 and 2000 were much smaller than the observed
thickness changes for all regions except the SE, where an average thinning of 8 m due to declining
SMB is very close to the total observed thinning. Conversely, ice dynamics accounted for nearly
all of the rapid thinning, averaging ~20 m, during the episode of retreat and acceleration in the SE
between 2002 and 2005. Since 2008, however, the rates of thinning due to SMB and dynamics

have been nearly equal, each accounting for approximately 1 m yr'.

Thinning due to declining SMB in the other regions began later than in the SE; the decline in SMB
started in the mid-1990°s in the CE, the late 1990’s in the NW and CW. In these regions, the
contribution of SMB to total thinning has increased through time, reaching 30-35% in the CW and
NW by 2018. Less thinning was due to SMB in the CE, accounting for <10% of the total thinning

in that region by 2018.

Conclusions

We estimate over three decades of GrIS-wide ice discharge at high temporal resolution and with

well-defined uncertainties, capturing a rapid, step-increase between two distinct states of
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discharge, and reaching an annual maximum of ~500 Gt yr! in 2017 and 2018. This transition
corresponds to widespread retreat of glacier calving fronts at the turn of the 21st century after a
long and relatively stable period of static ice fronts on the west coast and slow retreat in the east,
possibly triggered by substantial ice thinning between 1985 and 2000. In all regions except the SE,
outlet glacier thinning was due, at least in part, to glacier discharge exceeding the long-term
balance flux, indicating dynamic disequilibrium associated with a longer-term retreat. This is
consistent with the retreat of these glaciers earlier in the 20th century (Weideck, 1995). In the SE
region, thinning prior to 2000 can be primarily attributed to increased surface melt, indicating a
shorter-term response to climate forcing. This agrees with the observation that the largest SE
glacier, Helheim, was close to mass balance before and after its rapid retreat and temporary
acceleration (Howat et al., 2011). As a result of the new, semi-static rate of GrIS-wide D, that is >
60 Gt yr'! higher than in 1985, annual SMB greater than two standard deviations above the 19-
year (2000-2018) mean is required for the ice sheet to gain mass and is thus likely in a long-term

state of persistent loss.

The overall increasing trend in ice discharge is the combination of substantially different regional,
and even individual glacier, behavior that is likely the result of differences in ocean and
atmospheric forcing (Sasgen et al., 2012; Porter et al., 2018; Millan et al., 2018 and others). Within
the past three years, this variability ranges from declining D in the CW due to slowing of
Jakobshavn Isbre, to variable but trendless D in the SE, to episodically increasing D in the CE due
largely to Kangerdlugssuaq, to continued acceleration in the NW. Thus, rather than indicating
stabilization, recent changes in GrIS discharge are the result of partially offsetting regional
responses to past and current forcing. Despite this regional variability, changes in discharge and

front position show a remarkably consistent relationship, with every region showing a 4%-5%
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increase in mean discharge per km of weighted mean retreat. This indicates relative uniformity in
the processes that regulate outlet glacier response to changes at the calving front and provides
some constraint on future mass loss. The step-increase in discharge in the early 2000’s was driven
primarily by synchronous, rapid retreat in the SE and secondarily in the CE, where further regional-
scale rapid retreat is unlikely due to shallowing glacier beds. The potential for another such episode
of regional, rapid retreat is in the NW where retreat and discharge continue to accelerate. Finally,
we expect continued episodic retreat of the large glaciers such as Jakobshavn Isbrae and
Kangerdlugssuaq, that currently dominate net GrIS discharge since they are positioned on
retrograde slopes (Millan et al., 2018; Wood et al., 2018; Beckmann et al., 2019). Ultimately,
predictions of future change will require improved understanding of the ice/ocean boundary and

controls on glacier calving.
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478 Figure S1: Region map showing basin delineations for the six major basins as applied in this study, including the
479 four main drainage basins in the analysis: the northwest (NW), central west (CW), central east (CE) and southeast
480 (SE), along with the approximate flux gate locations of individual glaciers. Glaciers with available 1985-2018 data

481 (n =133) are marked in red.
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485 Figure S2: Best fit between centerline velocity and ice thickness calculated from valid glaciers (black o’s) for four subgroups,

486 binned based on terminus width. Invalid ice thicknesses adjusted based on each fit are plotted by red x’s.
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Figure S3: Time series of net ice discharge for 4 major drainage basins (NW (a), CE (b), CW (c), and SE (d). Dguse: (glacier

subset excluding those without data in 1985) is plotted by the solid black line with 1-sigma uncertainty. In the NW and SE, we
also show net D from 2000-2018. Only small, low-contributing glaciers were excluded from D in the CW and CE and thus only

the regional total from subsetted D, being visibly indistinguishable from total D, is plotted. We also include regional totals for the

northern regions (e), and the southwest region (f) although very few glaciers are included in these samples (n < 7). Annual D

calculated using InSAR velocities from Mouginot et al. (2019) are shown in white for all basins during 1990-2000.

XXIV





502
503
504
505
506

507

508

509

510

511

512

513

514

515

516

550 T T T T T T

| | i 1
; | | b4 ,i
S | '- Al
= i
> .y
[ 8 A/
S4s0p | A ' ’ -
e Xl i
AN ~
SRR 240 |} ! ‘ J =—Mouginot2019
-~ Mankoff2019
B Error (2-0)
— D (this study)
400 == InSAR-derived D| -
1 | 1 1 1 1
1985 1990 1995 2000 2005 2010 2015
Time

Figure S4: GrIS discharge estimates from this study (black), compared with those from Mouginot et al., 2019 with ice caps
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et al. (2019) are shown in green.

Multi-study comparison

We attribute this divergence between our and Mankoff et al. (2019) net discharge values with those
in Mouginot et al. (2019) after 2002 (Fig. S4) to the use of reference fluxes in Mouginot et al.
(2019), as well as the treatment of how thinning impacts D through time. Mouginot et al. (2019)
calculates D from glaciers with missing or problematic bed topography by assuming a reference
ice flux equal to the surface mass balance of the basin (i.e., the glacier is assumed in balance at the
beginning of the time series), whereas this study does not make any reference flux assumptions
and calculates D directly using bias-corrected ice thicknesses, where needed. Without integrating
an ice thickness term, discharge calculated from glaciers using SMB-referenced fluxes in

Mouginot et al. (2019), which total ~80 Gt yr!, can therefore only be scaled by changes in velocity
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through time but do not take into account reductions in D from thinning. Assuming this subset of
glaciers thin at similar rates to those with reliable bed topography, we would expect thinning to
impart a 10% decrease in D over the time period, or ~8 Gt by 2017. While this value is small and
within errors of available ice thickness and scaling methods, it explains about 20% of the interstudy

divergence.

Mouginot et al. (2019) also use an areally averaged velocity to scale D through time, rather than
directly extracting velocity along discrete flux gate coordinates as done here. At some glacier
basins, this average is computed from over a region fully in front of the gate, and thus may
overestimate proportional changes in velocity, used to scale D, at the inland gate location where
thickness changes are measured. Indeed, at the individual glacier-scale, our results deviate the most
from their estimates at these such sites (an example shown Figure S5 at Upernavik North Glacier).
Methodological differences in estimating glacier thinning and its impact on D through time is
therefore the likely source of discrepancy in both absolute discharge values and long-term trends

between the two studies.
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approximate location of the flux gate used in this study is plotted near the front, in yellow.

We aggregate mean annual front changes and velocity along a flowline for the 15 fastest-flowing
glaciers in our sample. We then derive linear relationships between cumulative front position and
velocity 2 km from the time-dependent front positions. We find significant correlations (p < 0.05)
at 11 of the 15 fastest flowing glaciers, with 9 of the 11 yielding significant positive correlations.
The four glaciers lacking a significant correlation between 2 km velocity and cumulative front
position are either positioned on prograde beds or have a near-static front position (cumulative
change < 1 km). This suggests that the timing and magnitude of front-induced changes in discharge
are insensitive to whether static or fixed-distance velocities are tested because retreat is associated
with nearly instantaneous acceleration well inland of our fixed gates. An example of this is shown

in Figure S5.
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549

550 Figure S6: Top panel: Average annual along-flow velocity at Upernavik North Glacier through time, plotted from the front to a
551 fixed inland up glacier. Black x’s mark the point 2 km inland from the front, and the vertical dotted line marks the static flux gate
552 position. Bottom panel: Annual velocities at the flux gate and 2 km from the front (left axis) vs. cumulative front position change

553 (right axis).
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Figure S7: Same as in Figure 3, but for each of the four major drainage basins. Colored markers correspond to the year of

observation beginning in 1985 (indigo) through 2018 (yellow).

XXIX

weighted average of cumulative front change (km)

140} |6 Gtyr”
(5%) increase
per km of

135} |retreat

ki
w
o

=k
N
(8]

-
N
o

-k
e
(63}

110

-4
weighted average of cumulative front change (km)

-5





o

1
o©
—_

== unweighed front change

R4
’ ——unweighted AH (as fraction of Ho)

-0.12

)
o
mean cumulative AH L(nas fractions of HO)

1985 1990 1995 2000 2005 2010 2015

unweighted average of cumulative front change (km)

o

1-0.05

-‘?985 19.90 19.95 20I00 20.05 20l1 0 20.1 5 ) 19|85 19.90 19‘95 20I00 20.05 20.1 0 20.1 5
563
564 Fig S8: Mean regional trends in (black curves) ice thickness and (colored curves) front position, for the northwest (a) central east
565 (b), central west (c) and southeast (d), with the colors corresponding to the locations mapped in the left plane. Negative values on

566 the left y-axis indicate net cumulative retreat over the study period. Cumulative thickness change is calculated from the mean of

567 all regional glaciers and expressed as fractional changes from H,. Lighter, dotted gray lines between the two starred points
568 indicate linear interpolation between two sparse data points, and the apparent trend during this period should be treated with
569  caution.
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571

572 Figure S9: Changes in weighted cumulative ice thickness anomalies relative to the 1961-1990 reference period for each of the
573 four major basins, with anomalies accruing beginning in 1985. Means are calculated from time series weighted by individual
574 glacier flux and are broken into SMB (blue) and dynamic (red) components.
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Author rebuttal letter: first round

Author Response to Reviewers

Dynamic ice loss from the Greenland Ice Sheet driven by sustained glacier retreat
Michalea D. King, lan M. Howat, Salvatore G. Candela, Myoung J. Noh, Seonsgu Jeong, Brice
P. Y. Noél, Michiel R. van den Broeke, Bert Wouters, Adelaide Negrete

We thank the referees for their careful review, thorough comments, and constructive tone. We
have used their feedback to make improvements to two figure and integrate more thorough
descriptions and context to the discussions and results. We have also adapted the text to reflect
editorial requests regarding declarations of novelty, manuscript organization, and incorporation
of main results into the introduction. These collective changes have improved the original
manuscript.

We have responded to point-by-point comments from Reviewer 1, followed by Reviewer 2,
below. Referee comments are listed first, immediately followed by our response in bold. The
revised manuscript is included as a separate document.

Reviewer #1 (Remarks to the Author):

Review of the manuscript “Dynamic ice loss from the Greenland Ice Sheet driven by sustained
glacier retreat” by Dr. King et al.

This is an interesting paper, which compare three decades of discharge variability and calving
front position, and show that glacier retreat account nearly all of the discharge. The results are
important to understand long-term ice dynamics. Overall, the paper is very well written and well
organized. The figures are all clear, well-described in the text. I suggest publication of this paper
after minor changes.

Abstract:

The abstract is clear and short but with no references. I guess no references are allowed by the
journal? Otherwise, please add references.

The referee is correct in that references cannot be included in the abstract.

Line 16:

“glacier retreat can account for nearly all of the increase in glacier discharge”

Do you mean “discharge due to glacier retreat...?

We have amended the text as suggested along with editorial suggestions, and now reads as:
“Here we compare over three decades of variability in discharge and calving front position
and find that increased glacier discharge was due almost entirely to glacier retreat, with a
remarkably consistent speedup of 4-5% per km of retreat across the ice sheet.”

Line 34-35:

“we perform the first GrIS wide analysis of how these two variables relate on individual,
regional, and ice sheet-wide spatial”. Before this line, I think it is important to acknowledge
previous studies that analyze e.g. speed vs retreat. (Bevan et al. 2012, the cryosphere) or speed vs
area change (Vijay et al, 2019 in GRL).

We agree that this addition would improve the introduction. We have added this line to the
text as suggested: “Previous work has shown relationships between glacier speed and



retreat (Bevan et al., 2012) or glacier area (Vijay et al., 2019) for smaller subsets of
Greenland glaciers.”

Line 50:
1s 1985 to 2018 “nearly four decades”? I would say “more than three decades”
Changed as suggested.

Line 122 and 123, and Figure S3:

Concerning the decline in discharge around 2015 in panel C of fig S3, is it solely due to
Jakobshavn Isbre slowdown? No other glaciers in the regions show slowdown?

Perhaps you should add a panel to figure S3 that show Jakobshavn Isbra only.

The majority of the slowdown (>75%) in the CW was due to Jakobshavn alone. Only two
other glaciers showed notably deceleration during these years. We have added more
context on this region to the text. Upon publication of this manuscript, individual glacier
time series data will be publicly available to reproduction.

Line 122 and 123, and Figure S3:

Well, according to the text Jakobshavn Isbra is located in the area of Fig. S3c (Central West).
When I look at figure S1, it seems like Jakobshavn Isbrae is Fig. S3f (South West).

Jakobshavn Isbrz does in fact fall within the Central West region. We agree with the
reviewer that the delineation in Supplementary Figure 1 makes this unclear, as the region
outline covers the referenced glacier. We have adapted this figure to not hide Jakobshavn’s
marker.

Line 139:

Please add few lines about how uncertainties are estimated. Do you take into account the
uncertainties of e.g. bed topography from BedMachine v3? uncertainties of surface elevation
etc.?

Yes, we take into account systematic errors from BedMachine v3 and assume random
errors in surface elevation data, estimated at +/- 5 m. We have added the following to the
text in the second paragraph of the methods:

“We combine spatially variable errors in bed topography, treated as systematic errors
derived from the BedMachine v3 product, with an estimated random error of +5 m from
surface elevation data when computing total ice thickness errors.”

Line 161-162:

“...1s close to the -244 Gt 162 yr-1 estimated from GRACE for the same period (update of
Wouters et al., 2013). “Adding the updated GRACE time series to figure 1B could be useful.
Our opinion is that feel adding the monthly GRACE time series to Figure 1b would create
too much clutter and reduce the figure’s effectiveness. Therefore, to accommodate this
suggestion, we have split Figure 1 into three panels, with cumulative mass balances moved
to the third panel, c. We have then added GRACE estimates, smoothed with a 12-month
moving average to be more cohesive with the other annual values plotted, to panel ¢ as
suggested by the referee.



Line 211: Change in D per km of Fw. Fig S7.

Question: Do you have any explanation why NW behave different? It seems like weighted
average front change of up to 2.5 km do not have any significant impact on D.

D starts to increase around 2004.

We attribute some of this lagged sensitivity to the disintegration of floating ice tongues,
which have a muted impact on upstream dynamics compared to the loss of grounded ice.
This is specifically the case at Kong Oscar Glacier in NW Greenland, one of the largest
glaciers by mean discharge in the region and therefore one where front changes are
weighted more heavily, which lost its floating ice tongue prior to 2002. We have added
more text and a reference to explain the NW behavior to the text (Results, part 4):

“We note that in the NW, the disintegration of floating ice tongues at large glaciers, as
observed at Kong Oscar Glacier (Veitch et al., 2012), likely resulted in a delayed dynamic
increase of discharge in response to retreat, as shown in Supplementary Figure 7.”

Line 221-223

.. likely due to several of the actively retreating glaciers doing so on increasingly retrograde
slopes...”.

Well, CE have many such glaciers and do not show this behavior.

Thank you for the comment. While some CE glaciers may be retreating over retrograde
slopes, there is less retreat, on average, in the CE compared to the other major regions
(please see unweighted regional retreats in Supplementary Figure 7). Many glaciers in the
CE region have relatively stable fronts, whereas recent retreat is more ubiquitous in the
NW. We have added “...ubiquitous retreat in the region” to this sentence to further draw
highlight the distinction in the NW.

Line 233: after “i.e. Upernavik Isstrom” add a reference to

Larsen, S. H., S. A. Khan, A. P. Ahlstrem, C. S. Hvidberg, M. J. Willis, and S. B. Andersen
(2016), Increased mass loss and asynchronous behavior of marine-terminating outlet glaciers at
Upernavik Isstrom, NW Greenland, J. Geophys. Res. Earth Surf., 121, 241-256,
do1:10.1002/2015JF003507.

We have added the above reference as suggested.

Line 248-249:

“glaciers thinned by an average of 2% to 4% in all regions except the central west, where a 6%
thinning was primarily due to the initial acceleration of Jakobshavn Isbra in 1998-1999.”

It is unclear to me what you mean by “thinning”. Do you mean the frontal portion of a glacier,
some 5-10 km? or the entire glacier basin drainage area?

We are describing thinning measured across the flux gate of the glacier (used to derive
individual glacier discharge time series). We have added a “across their sampled flux
gates” to this statement for clarity.

Line 448:
Add full reference to the IMBIE paper.
Full reference added.



Reviewer #2 (Remarks to the Author):

Overall this is a really nice paper and I thoroughly enjoyed reading it. It's one of the best papers
I've read in some time, especially for a short format journal. It tackles important questions, is
well written and has a clear argument. The methods and datasets used are all appropriate and
address the questions at hand. I really struggled to find anything to comment on, but have
included a couple of minor points in the attached annotated pdf for the authors to consider.
Thanks for a really strong and important piece of work: it was a pleasure to review.

We thank the referee for their positive feedback and constructive tone throughout their
review.

Individual referee comments pulled from annotated PDF:

Abstract, Page 1 Line 20

Really concise, precise abstract.

We thank the referee for the comment. We note that some minor changes have been made
to the abstract following editorial suggestions.

Page 2, Line 28

Worth noting that the most recent estimate suggests it was roughly 50/50 SMB versus outlet
glaciers for 1992-2018 (Shepherd et al., 2019).

We agree with the reviewer’s suggestion and have edited the text to the following:

“Total GrIS mass loss over the 1992-2018 period was due to approximately equal
contributions from both terms (Shepherd et al., 2020), but with greater contribution from
increased melt runoff after 2000, when mass losses accelerated (van den Broeke et al., 2016;
King et al., 2018; Mouginot et al., 2019).”

Page 2, Line 29
At annual, or finer, temporal resolution
Changes applied.

Page 3, Line 46
Were
“are” changed to “were” as suggested.

Page 3, Line 50

Might be useful to state the total timespan of the assessment in the brackets for clarity.

Or you could state the full period here [Page 3, Line 51] — assuming its 1985-2018 from the
sentence above, but worth restating explicitly.

We added both references to the time period studied, as suggested.

Page 3, Line 61

Why? Are they not (well) covered by BedMachine?

In this region, bathymetry estimated using BedMachine mass conservation relies on radar
surveys far from glacier fronts, and therefore less constrained. We have added the
following text here for additional motivation of supplementing BedMachine v3:




We replace BedMachine v3 data with gravity inversion solutions from Millan et al. (2018)
at select regions along the southeast margin, which improved bathymetry constraints for ten
fjord systems using multibeam echo sounding data combined with airborne gravity data from
Operation IceBridge.

Page 5. Line 104

Methods are very clearly described and sensible. The datasets used are appropriate and generally
accepted within the community.

We thank the referee for their positive comment.

Page 5, Line 107

Not sure what you mean by local here. Local to which region?

Here, the authors meant “local” to describe local in time. We have added “temporal”
before this phrase to improve clarity.

Page 5, Line 110
The
Added as suggested.

Page 5 Lines 108-109

I find this [“decreased before accelerating at a slower pace of 2 Gt/yr during 2008-2018"] —
decreased before accelerating at a slower pace? I know you’re limited on words, but consider
splitting.

We have split the text into two sentences, now reading as “After reaching a temporally
local maximum in 2005, annual D then temporarily decreased for three years. Following
the temporary decline, discharge accelerated again at a slower pace of 2 Gt yr? during
2008-2018...”

Page 5, Line 112

Interesting that this is the winter component

Yes, we agree that this has interesting implications for how we understand evolving glacier
seasonality.

Page 6, Lines 119-123

I find this sentence hard to follow, as there's so much going on. How about e.g.

The central west (CW; Fig. S3¢) is dominated by Jakobshavn Isbrea, which accounted for an
average of 30% of the regional discharge. Within the CW, discharge steadily increased after the
initial retreat and acceleration Jakobshavn in 1999 (Joughin et al., 2004) to a peak in 2014,
before declining 10% by 2018 due to Jakobshavn’s slowdown (Khazendar et al., 2019).

We agree that the suggested text is easier to follow and have edited the manuscript
accordingly.

Page 6, Line 124
Not sure I like the term 'climbing'. I'd prefer increases or accelerates, as it's specific.
We have replaced the word ‘climbing’ with ‘increases’.




Page 6, Line 128
I'd note in brackets the date you mean by initial values (e.g. 1981)
We have added [1980°s mean] to the text to clarify “initial”.

Page 7, Figure 1 caption

Really minor point, but why’s the caption in grey?

We have changed the captions to be in black following the journal’s formatting
requirements.

Page 7, Line 145

Why compare to this paper specifically? Does it do a similar thing? Would be worth briefly
noting the context for this comparison.

We compare these two studies because they are the only two that show ice sheet wide
discharge estimates at sub-annual resolution over a similar time period. We have added
some text on this for context.

Page 7, Line 152
Useful comparison, that lends support to the conclusions of the study.
We thank the referee for the comment.

Page 8. Line 175

Presume this is from your data, so please reference your figures. Also worth noting how this
compares to the partitioning in Shepherd et al., 2019.

We have added a reference to Figure 1a.

While it is difficult to compare directly with estimates from Shepherd et al., 2019, which
began in 1992, we have added the following text for further context:

“Assuming the mean 1985-2000 D of 42616 Gt yr', the mass gain from SMB more than
offset the loss due to D, resulting in ice sheet growth, nearly 40% of the years between 1985

and 1999 (Figure 1a), which is similar to estimated mass gain estimated in one half of the
years during the 1992-1999 period in Shepherd et al., 2019.”

Page 9, Line 182 [Section 3]
Wow this really highlights the bad state of things

Page 9, Figure 2

Might be clearer to have a legend with the colours, rather than label each year on the graph. Or
maybe both. I find the labels a bit hard to read.

We agree with the reviewer’s suggestion. For clarity, we have added a colorbar to the plot
(Figure 2) and have only labelled individual points at S-year intervals on the plot itself.




