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Abstract In recent decades, tidewater glaciers in Northwest Greenland contributed significantly to sea
level rise but exhibited a complex spatial pattern of retreat. Here we use novel observations of bathymetry
and water temperature from NASA’s Ocean Melting Greenland mission to quantify the role of warm, salty
Atlantic Water in controlling the evolution of 37 glaciers. Modeled ocean-induced undercutting of calving
margins compared with ice advection and ice front retreat observed by satellites from 1985 to 2015 indicate
that 35 glaciers retreated when cumulative anomalies in ocean-induced undercutting rose above the range
of seasonal variability of calving-front positions, while two glaciers standing on shallow sills and colder
water did not retreat. Deviations in the observed timing of retreat are explained by residual uncertainties

in bathymetry, inefficient mixing of waters in shallow fjords, and the presence of small floating sections.
Overall, warmer ocean temperature triggered the retreat, but calving processes dominate ablation (71%).

Plain Language Summary In recent decades, tidewater glaciers in Northwest Greenland have
contributed significantly to sea level rise but also exhibited a complex spatial pattern of retreat that
remained unexplained. Here we use NASA’s Oceans Melting Greenland (OMG) data in combination with
the Estimating the Circulation and Climate of the Ocean (ECCO) ocean model outputs to assess the role of
the ocean in triggering the retreat of these glaciers. We find that the timing of glacier retreat coincides with
the timing of increased ocean-induced melting of the ice faces above average, which is driven by increases
in ocean temperature and surface melt. While glacier retreat is initiated by the ocean, the calving of
icebergs remains the dominant process of mass loss at the ice fronts (71%). The speed of retreat varies
strongly with the slope of the glacier bed: fast retreats occur in deep fjords exposed to warm water and slow
retreats in shallow fjords with cold water. These results vastly improve our understanding of the dominant
role of ice-ocean interactions on the mass balance of the Greenland ice sheet.

1. Introduction

From 1991 to 2015, the mass loss from the Greenland Ice Sheet averaged 171 Gt/year or 0.47 mm/year sea level
rise equivalent (Van den Broeke et al,, 2016). Estimates from the Gravity Recovery and Climate Experiment
reveal that nearly one third of the mass loss from 2003 to 2013 is from the northwest, principally from dynamic
changes in marine-terminating glaciers (Velicogna et al., 2014). Coincident with this mass loss, oceanic (Rignot
et al., 2012) and atmospheric (Hanna et al., 2012) temperatures have increased markedly in the northwest
and many glacier fronts have retreated, some abruptly (Carr et al., 2013; Moon & Joughin, 2008; Moon et al.,
2015; Murray et al., 2015). While oceanic and atmospheric forcings vary slowly with latitude along the coast
(Figure 1), the pattern of retreat varied dramatically from one glacier to the next (Murray, Scharrer, et al., 2015).

Several hypotheses have been proposed to explain the variability in glacier response to climate warming,
including differences in glacier/fjord geometry (Felikson et al., 2017; Kehrl et al., 2017; Meier & Post, 1987;
Porter et al.,, 2014), atmospheric warming (Moon & Joughin, 2008), subglacial discharge (Bartholomaus et al.,
2016; Motyka et al.,, 2013; Xu et al.,, 2013), and ocean-induced melting (Larsen et al., 2016; Rignot et al.,
2010, 2016). These analyses suggest a complex interplay between bed topography, enhanced runoff due to
atmospheric warming, enhanced ocean-induced ice melt due to ocean warming, and the supply of ice from
upstream. Until recently, however, the glaciers in northwest Greenland had only been sparsely surveyed, lit-
tle was known about the depth of the ice margin and glacial fiords, and ocean temperature in and out of the
fjords.
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Figure 1. (a) Surface speed on grounded ice and bathymetry off shore, Northwest Greenland. Areas 1-4 indicate sample boxes used to extract ocean thermal
forcing from the ECCO models. Glacier drainage basins are black lines. (b) Retreat distance (circle area) of 37 glaciers. Yellow names indicate glaciers discussed in
Figure 2. Increase in annual runoff from the 1992-1994 mean to the 2009-2011 mean is color coded on grounded ice for each basin. Increase in ocean
temperature below 200-m depth from the 1992-1994 mean to the 2009-2011 mean derived from ECCO models is color coded in red off shore; white areas have
water depths less than 200 m. ECCO = Estimating the Circulation and Climate of the Ocean.

In the summer of 2015, NASA launched the Earth Suborbital Venture 2 (EVS-2) mission ‘Oceans Melting
Greenland (OMG) to measure bathymetry, surface topography, and ocean physical properties (temperature,
salinity) along the ice sheet periphery (Fenty et al., 2016). OMG collected bathymetry data in many fjords
that had never been surveyed before. The OMG bathymetric data have been combined with other data into
BedMachine Version 3 (BM3), which is a comprehensive bed elevation map of the ice sheet and surrounding
ocean (Morlighem et al,, 2017).

Here we use OMG data, in combination with reconstructions of ice sheet runoff from the regional atmospheric
climate model (RACMO2.3; Noél et al., 2016), ocean temperature and salinity from two Estimating the Circula-
tion and Climate of the Ocean (ECCO) models (Forget et al., 2015; Menemenlis et al., 2008), ocean temperature
from OMG in year 2015 (Fenty et al., 2016), and a parameterization of the rate of ice front undercutting by
ocean waters based on high-resolution, MITgcm ocean model simulations (Rignot et al., 2016). We extend this
approach evaluated for five glaciers in central West Greenland (Rignot et al., 2016) to 37 glaciers controlling
the majority of the ice discharge in Northwest Greenland. We compare the results with the history of glacier
fronts and ice front velocity from the mid-1980s to draw conclusions regarding the influence of ice-ocean
interactions on the evolution of marine-terminating glaciers.

2. Methods and Data

In this study, we apply mass conservation across entire glacier fronts, that is, we consider mass fluxes per unit
area, expressed in meters per day, which represent values averaged over the glacier width. The retreat rate,
qg,, of a glacier front averaged over its width is the result of three competing processes: (1) the advection of ice
from upstream, gy, (2) ice front ocean-induced undercutting, g,,, and (3) dry calving, g., thatis, g, = §,,+4.— @
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(Rignot et al., 2016). We neglect the influence of surface melt. Surface melt does not impact ice front retreat
when the glaciers are grounded, which is the case here for the vast majority of the glaciers (Table S1 in the
supporting information). For glaciers developing a small floating section, the impact of surface thinning is
discussed later on.

We denote by g, the cumulative retreat of the glacier front, that is, the integration of g, over time, and g57°™ the
cumulative anomaly in ocean-induced undercutting above a reference state. If g, is greater (less) than the sum
of g,, and g, the glacier will advance (retreat). The g, values are positive in the upstream direction, that is, g,
is negative when the glacier advances. We calculate g, by digitizing ice front positions over time and g,,, using
a parameterized model of ice-ocean undercutting based on simulations by the MITgcm ocean model (Rignot
etal,, 2016; Xu et al., 2013). The parameterized model is constrained by reconstructions of ocean temperature
from the ECCO2 (Menemenlis et al., 2008) and LLC270 (Forget et al., 2015) simulations, water depth from OMG
bathymetry data, and subglacial discharge from RACMO2.3 and ISSM. We measure g, annually from satellite
data. The g, is calculated as a residual from the mass conservation equation.

Ice front position, q,, is digitized from Level 1 Landsat products spanning from the mid-1980s to 2016, in
addition to those from Murray, Scharrer, et al. (2015) for 2000-2010 and Moon and Joughin (2008) for 2000,
2005-2017.To calculate glacier retreat, we employ the box method (Moon & Joughin, 2008); that is, we calcu-
late the total change in glacier surface area, divide it by the average fjord width, and deduce a retreat distance,
similar to Moon and Joughin (2008) and Howat and Eddy (2011), to obtain a time series of g,. Uncertainty in
ice front position varies from 30 m for Landsat 5/7 to 15 m for Landsat 8.

Ice front positions vary seasonally, generally advancing in winter and retreating in summer. To quantify this
variability, we measure the standard deviation of the seasonal migration of each ice front, q;ef, for the years
1992 to 1997 when most glaciers were relatively stable. In the northern part of Melville Bay, where we do
not have sufficient data, we use values for other glaciers similar in speed and fjord geometry (Table S1). We
find a mean seasonal fluctuation of +£195 m, which compares well with +220 m from Moon and Joughin
(2008) and +200 m by (Carr et al., 2013). We assume that any perturbation to the glacier front that keeps it
within this range of variability will not affect the glacier stability. Conversely, a perturbation that migrates the
ice front beyond that range of variability will trigger a glacier adjustment; that is, the glacier will dislodge
from a stabilizing sill or retreat. The goal is to investigate whether an increase in g;'°™ above q:ef triggers a
glacier retreat.

Ice velocity, ¢, is estimated using feature-tracking, speckle-tracking, and radar interferometry on Landsat and
radar observations (Howat, 2016; Joughin et al., 2010; Mouginot et al., 2017; Rignot & Kanagaratnam, 2006;
Rignot & Mouginot, 2012; Rignot et al., 2016) by averaging observations within 1 year weighted by their uncer-
tainty. One year spans from July 1 to June 30 since most radar-derived velocity data are acquired in winter.
Seasonal fluctuations in ice velocity are at the 10% level (Moon et al., 2015), which introduces a bias of less
than 2% on the annual average. Annual speed is extracted over the entire glacier width along a line parallel
to the terminus position and 1 km upstream.

Ocean-induced undercutting, q,,, is calculated using a parametric model as (Ahq;'g + B)TF?, where h is water
depth, dsg subglacial discharge, TF thermal forcing from the ocean, and A, B, @, and g are constants (Rignot
etal, 2016). The upper part (~20% of the water column) of the glacier below the water line is not affected by
the ocean (Fried et al., 2015; Rignot et al., 2015), does not buttress ice upstream, and typically sheds off the ice
face. In effect, this parameterization also encapsulates ice loss which occurs above the undercut region of the
ice face. What is not calved off from undercutting is removed by dry calving, that is, processes including the
propagation of surface (Nick et al., 2010) or bottom cracks (Murray, Selmes, et al., 2015) to sea level, ice face
shedding, and the rotation of ice blocks that detach from the front and produce icebergs. Here g, is not mod-
eled but deduced from the mass balance equation. We calculate the cumulative anomaly in ocean-induced
melt, g2"°™, from a reference state taken as the mean value of g,, for 1992-1997 when most glaciers
were stable.

Water depth, h, is from OMG bathymetry (Oceans Melting Greenland, OMG, 2016a) using multibeam echo
sounding. In Upernavik Isfjord and Alison Gl. fjord, brash ice conditions prevented complete boat surveys, so
we use airborne gravity instead (OMG, 2016b) to yield bathymetry with a precision of 60 m (Millan et al., 2018).

Subglacial discharge, q,,, combines ice sheet surface runoff in the summer months from RACMO2.3 (Noél
et al,, 2016) with basal melting inland year round (Seroussi et al., 2013; Xu et al., 2012). Runoff production
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is calculated over entire drainage basins and assumed to emerge at the ice front base instantaneously
(Xu etal., 2012).

Ocean thermal forcing, TF, is the depth-integrated difference between the potential temperature of seawater
and its salinity- and pressure-dependent freezing point (Xu et al., 2012). For ocean temperature and salin-
ity, we combine the model output from the ECCO 4-km simulation of the Arctic Ocean for 1992 to 2011
(Rignot et al,, 2012) with the output from ECCO LLC270 for 2000 to 2015. The ECCO 4-km solution captures
the off-the-shelf/on-the-shelf heat transfer but does not employ off-the-shelf data assimilation. This solu-
tion has a —1°C bias (i.e., too cold) at the start of the simulation but agrees with observations in northeast
Baffin Bay at the end in 2011; hence, we remove a bias which decreases linearly from —1°Cin 1992 to 0°Cin
2011. The ECCO LLC270 solution does not have enough resolution to resolve off-the-shelf/on-the-shelf heat
transfer but is constrained by off-the-shelf observations. We adjust the LLC270 solution to match the 2015
conductivity-temperature-depth (CTD) data with a bias of —1.68 + 0.32°C, that is, the LLC270 solution is too
cold. As the ECCO models did not use correct bathymetry in the fiords (Jakobsson et al., 2012), we extract tem-
perature at the fjord entrance and on the continental shelf in four areas (Figure 1). We include samples at least
as deep as the fjords to encapsulate deep troughs not known prior to OMG (OMG, 2016a). We average vertical
profiles horizontally within each domain to define an average vertical profile of waters capable of entering the
fiords. We assume no heat loss between the sample domain and the fjord entrance. We merge the ECCO 4-km
and LLC270 solutions over the 2009-2011 common period using a linear combination to transition smoothly
between solutions.

We compare CTDs within the sample domains with CTDs near the glacier fronts to characterize the trans-
fer function of TF due to sills, fjord constrictions, vertical/horizontal heat transfer, and other impedances that
modify the water properties between the shelf and the fjord. We recognize that these shelf-fiord differences
may vary seasonally and interannually, but we lack time series of CTDs to characterize such changes. We apply
the CTD-derived, glacier-specific, and depth-dependent transfer functions to the model-derived TF on the
shelf to obtain TF at the glacier termini for the time period 1992-2015. The transfer function is depth depen-
dent and varies between fjords, with an average value of —0.41 + 0.23°C for all fjords averaged over depth;
that is, TF is lower in the fjords than on the continental shelf. Finally, we integrate TF across the glacier width.

Uncertainty in g, arises from (1) a 7% error in model parameterization fit (Rignot et al., 2016), (2) a 5% uncer-
tainty in submerged area of the glacier termini (Rignot et al., 2016), (3) a 15% uncertainty in size and location
of subglacial discharge channels (Xu et al., 2013), and (4) uncertainties in h, Gsgr and TF. The uncertainty in h
varies from fjord to fjord (Morlighem et al., 2017) but averages 35% because some fjords are not completely
mapped. The uncertainty in Gsq is 20% (Noél et al.,, 2016). The uncertainty in TF is deduced from the error in
the ECCO 4-km and LLC270 solutions and the transfer functions. We estimate it at 0.32°C based on the stan-
dard deviation between 2015 CTDs and the ECCO solutions. We propagate the uncertainty in h, g5, and TF
quadratically with the other errors to obtain a total error in glacier undercutting, g,,, of 26%, which is then
used to estimate the cumulative error (Figures 2 and S1.X in the supporting information).

3. Results

Ice front migration from the 1992-1997 mean to 2016 ranges from a 110-m advance (Naajarsuit Se.) to a
21.2-km retreat (Alison Gl., which lost its ice shelf). The timing, rate, and magnitude of retreat vary signifi-
cantly along the coastline, with no trend with latitude. Most glaciers, except Kjer Gl., maintained a constant
ice front position from 1992 until about year 2000, with small seasonal and interannual variability. 35 glaciers
underwent a retreat, that is, g, > q;ef, during that period, while two glaciers remained stable.

The mean summertime (July to August) subglacial discharge varied from 7 (Carlos Gl.) to 96 m3/s (Kakiffaat
Se.) for the 37 glaciers. The annual average subglacial discharge increased by 85% on average from 1992 to
2015. Similarly, TF increased by 2.18 + 0.44°C on average from 1992 to 2011 (Figure 1). CTDs taken during
the OMG campaign in 2015 indicate waters 1°C cooler than in 2011. The increases in g, and TF increase
the modeled ¢,,, with peak values for peak TF in 2010. The modeled g,, and observed ablation (g, + §,)
indicate that ice font undercutting accounted for 29% of the total ablation of the 37 glaciers from 1992 to
2015 (Table S2) vs 71% for g., which therefore accounts for the majority of the retreat. Comparing TF and
G4 We find that the change in TF accounts for 98% of g&'°™ on average versus 2% for g, i.e., TF dominates
the long-term increase in g,,. We now discuss 6 representative glaciers, with numbers shown in Figure 2
and Table S2.

WOOD ET AL.

8337



Ay

fa\ 4% .
100 Geophysical Research Letters 10.1029/2018GL078024
2:) Savissuaq Gl. & 2'62) Docker Smith GI. W 6
S O T 18 O SO SO SO OO |-
iz it
<& JE = 2E
£ 11 = A1
R 1o - =+ 0
2.1¢) 1s 2.6c) s
16 763N 6
Bathymetry (m.b.s.1) § 4 E B:;!hymclry{m.h,s,\ ) § 4 g
r S g = S g =
i RS ls R RS ;
0 200 400 600 800 s ‘() 200 400 600 800 -~
S | - <&

Ice Front Position (year)

-

o s s 05 ‘6

Bathymetry (m.b.s.L)

200 400 600 800

Ice Front Position (year)

75.3°N|

Bathymetry (m.b.s.1)

200 400 600 800

Iee Front Position (year)

h

1985
1990
1995
20004'5” vy
2005 |-
2010 |
1985
1990
1995
2000 | .=
2005
2010 |-
2015 |-

% orNWRUO
(m/d)

[e+] Ol—'Nw-bL‘ﬂG\
(m/d)

oo 16 6
- = S | = £
S 4€ x| Ba sl) 8 4€
Eg (= q Sg =
& 1> [T [ = 2
- 0 200 400 600 800 -
= o <
e 0 Ice Front Position (year) 40
.

[o+] oOrRNWRARULO
(m/d)

(=)

Bathymetry (m.b.s.1)

S
(km)

anom

anom
m

m

N

0200 400 600 800

4 q,
91

Iee Front Position (year) | 7 hoceen s - PR PR

o

1995 |-
2000 |
2005 |

% I

h I i | | L
o w =) n ) o
3 @ 3 S = b3
& o S S S o
a 2 & & & a

1985
s
s

1985

Figure 2. Western branch of Savissuaq Gl., Dacker Smith Gl. W, Nordenskiold Gl., Sverdrup Gl., Steenstrup Gl., and southern branch of Hayes Gl. (a) Bathymetry
from BM3 and historical ice front positions. Stipples indicate interpolated bathymetry. Inset shows the glacier profile along the 10-km white line, with
calving-front positions and the value of q;ef. (b) Rates of undercutting (blue), ice front speed (green), calving rate (brown), and retreat rate (black). (c) Cumulative
anomaly in undercutting (blue) and ice front retreat (black). The envelope of natural variability is grey. The black dotted line indicates g, > qﬁef. The blue dotted
line indicates g37°™ > q;ef. Insets on (c) are expanded views of the timing of retreat.

Savissuaq Gl. (#1), at the western end of Melville Bay (76.3°N, 65.7°W), terminates in a fjord 200-300-m deep.
Until 1999, Savissuaq Gl. was pinned on a sharp and shallow protrusion. From 1999 to 2010, g, and g,
increased by 0.5 m/day to 1 m/day and 1.2 m/day, respectively, and the glacier retreated off the pinning point
by 4 km along a retrograde slope before stabilizing on a shallower, prograde slope. As the front stabilized, the
g, value dropped to 0.5 m/day, respectively. For 1992-2015, q,,, accounts for 46% + 8% of the total ablation.

Dacker Smith Gl., east of Savissuaq Gl., splits into two branches around a nunatak. The western branch, Dacker
Smith GI. W, (#6; 76.3°N, 62.0°W) is 300-400-m deep, with a 500-m-deep fjord at the center. From 1985 to
2002, the terminus underwent small seasonal fluctuations on a shallow (200-300 m) section of the fjord. In
2003-2004, the terminus retreated by 5 km along a retrograde slope, deepening by 100 m. During the retreat,
g, increased by 0.5 m/day, g, tripled, §; accelerated from 2 to 3 m/day, and Dacker Smith GI. W detached from
the main branch. After the retreat, the glacier front restabilized in a fjord constriction, g, decreased, and the
ice velocity remained constant. For 1992-2015, g,,, accounts for 27 + 4% of the total ablation.

Nordenskiéld Gl (#12;75.8°N, 59.1°W) in southern Melville Bay terminates in a 200- to 300-m-deep fjord. From
1985 to 1999, the ice front was pinned between two islands. In 2000, g,, increased from 0.5 to 1 m/day,

WOOD ET AL.

8338



AAAAAAAAAAAAAA

Geophysical Research Letters 10.1029/2018GL078024

Retreat and Bathymetry b) Timing of Retreat

14 |{ = Retrograde|.. ... .. / J 8l Il Poor Bathymetry ||
— Prograde : [ Shallow
12 — Sill #26 71 I Anterior Forcing

Il [ce Tongue

10 ; .

q, (km)
N Glaciers

-6 -4 -2 0 2 4 6
Timing Difference (years)

1985Il,
1990 -
1995
2000 -
2005
2010+
2015

Figure 3. (a) History of ice front positions for 37 glaciers. The blue band denotes g™ > q;Ef. Bed slope is magenta for
prograde and teal for retrograde, measured for the mean front position 1992-1997. Glacier numbers from Figure 1:

(1) Savissuagq, (4) Carlos, (6) Dacker Smith W, (12) Nordenskiold, (17) Steenstrup, (19) Kjer, (25) Hayes SS, (26) Alison,
(30) Ussing Braeer, and (33) Naajarsuit glaciers. (b) Histogram of the difference in timing between g3"°™ and q,.

Colors indicate cases identified in the text. Anterior forcing refers to cases where the ice front retreat is influenced

by an adjacent glacier or the glacier was already retreating prior to our time span of investigation.

the ice front detached from one island and retreated. As g, increased between 2000 and 2010 to 1.3 m/day,
g, remained constant at 1.5 m/day, while g, decreased from 1 to 0.8 m/day. In 2010, the ice front separated
from the second island and g, increased to 2 m/day. For 1992 to 2015, g,,, accounts for 37% =+ 5% of the
total ablation.

Sverdrup Gl. (#15; 75.6°N, 58.2°W), south of Nordenskiold Gl., terminates in a narrow fjord 400- to 500-m deep.
From the mid-1980s until the early 2000s, the ice front position fluctuated by +220 m. Since 1991, the velocity
remained constant at 3 m/day until 2002 when the ice front retreated slowly and §g,,,, ., and g increased. At
the end of 2015, ice velocity was 5 m/day, with ongoing retreat. During 1992-2015, g,,, accounts for 18% + 3%
of the total ablation.

Steenstrup Gl. (#17;75.3°N, 58.0°W), south of Sverdrup Gl., is a 12-km-wide glacier terminating in a broad fjord
between a rocky outcrop and a small island. After a 1-km retreat between 1985 and 1990, Steenstrup remained
stable on a shallow (200-300 m) bed. From 1992 to 1999, g,,, increased fourfold from 0.2 to 0.8 m/day and
the glacier retreated 6 km from 1999 to 2015 across a relatively flat bed. g,,, accounts for 23% + 4% of the ice
front loss.

The Hayes Region, 100 km south of Steenstrup Gl., is a large system which splinters into six outlets around pro-
truding rocks and islands. The southernmost branch, Hayes GL. SS, (#25; 74.7°N, 56.5°W) flows into a 5-km-wide
fiord behind large islands. The ice front retreated 4 km from 1985 to 1991 and stabilized in a fjord constric-
tion. After that, g, remained constant, and g, varied within 650 m. Following a few years of enhanced meltin
1997-2000, the ice front retreated until the bed shoaled from 500 to 200 m. g,,, dropped significantly, the ice
velocity decreased, and the ice front stabilized. g,,, accounts for 65% + 8% of the mass ablation (Table S1 and
Figure S2).

4. Discussion

Ocean-triggered retreats, that is, when ¢37°™ > qff, is detected for 33 glaciers. At that time, g7°™ is large
enough to push the glacier front beyond the natural range of variability and force it to a new state. The rate
of glacier retreat varies with the slope of the bed (Figure 3), which we measure along the center line (Figure 2
and S2). Larger retreat is associated with retrograde slopes (67% of 33 glaciers) and smaller retreat with pro-
grade slopes (33% of 33 glaciers). The mean retreat distance relative to the 1992-1997 position is 5.0 km for
retrograde slopes versus 3.1 km for prograde slopes.
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While our results suggest that ocean undercutting triggers the retreat, we note that the dominant ablation
process is §., which accounts for 71% + 9% of the total ablation on average versus 29% + 4% for g,,, (Table S2).
The g, responds to changes in the stress field caused by the increase in glacier speed, g;. Conversely, if g, did
not change, the impact of the ocean on the glacial retreat would have been much less.

The timing of retreat is not detected better than within 1 year because the process is slow, affected by nat-
ural variability, and dependent on q;ef. For Savissuaq and Steenstrup, the retreat ensued abruptly, while for
Dacker Smith W the retreat started slowly when g2r°™ > q;ef by a few 100 m, and then abruptly increased. For
Nordenski6ld, Sverdrup, and Hayes SS, g3'°™ exceeded qff after 2000 but the ice front retreated later, because
q;ef is underestimated or g3'°™ is overestimated. For Savissuaq, Dacker Smith W and Hayes SS, the retreat
slowed as the ice front reached fjord constrictions and shallower bathymetry. For Nordenskiold, Sverdrup, and
Steenstrup, the retreat was more steady because of a relatively uniform bathymetry.

The mismatch between the timing of retreat and the increase in g57°™ is within uncertainty bounds for all but
six glaciers, which changed sooner: Kjer Gl. N (#18), Kjer Gl (#19), Hayes M (#24), Alison Gl. (#26), Upernavik
Isstrom NW (#34), and Upernavik Isstrem S (#37)) (Figure 3). Several factors contribute to the apparent incon-
sistency. For Upernavik Isstram NW (#34), the glacier merged with Upernavik Isstrem N (#35) prior to 2007. As
Upernavik Isstrem N retreated, Upernavik Isstram NW lost contact along one side margin, retreated, and sped
up, not due to a change in ocean conditions, but due to changes along one shear margin. For Kjer Gl., the
retreat started prior to 1992, so the reference level q;ef is likely overestimated. The glacier was also affected by
the retreat of the adjacent Kjer GI. N, similar to Upernavik Isstram NW. For Alison Gl. (#26), the retreat is asso-
ciated with the collapse of its ice tongue in 2004, similar to Jakobshavn Isbrze (Podlech & Weidick, 2004). Our
parametrization of g, for vertical calving walls may not apply to that geometry, hindering our assessment.
For Upernavik Isstram S (#37) and Hayes M. (#24), the bathymetry is incomplete, the transport of ocean heat
appears to be overestimated from our interpolated bathymetry (Figure 3).

Two glaciers experienced a delayed response. lllullip Se. (#27) has maintained a stable ice front in cold waters
less than 300-m deep, with g, much larger than g,,. CTDs from OMG indicate that the waters in Ryders Fjord
near Cornell Gl. (#28) do not experience vigorous vertical mixing with Atlantic Waters and remain cold (Fenty
et al,, 2016), which implies that our modeled §,,, overestimates undercutting. In these fjords, the Atlantic
Water layer is thinner than in other fjords and our parameterization overestimates the amount of ocean heat
available to undercut the glacier.

Three glaciers—Nansen Gl. S (#14), Naajarsuit Se. (#33), and Ussing Braeer (#30)—displayed minor ice front
perturbations in the last 30 years. Naajarsuit Se. terminates in a fjord constriction, with a bed less than 200-m
deep. We calculate that g;7°™ exceeded qff in the late 1990s, g; declined, yet the glacier remained stable. A
similar behavior is observed for Nansen Gl. S and Ussing Brzeer. In these fjords, the ice fronts are grounded on
shallow, narrow sills. They develop small floating sections that break up and rotate off the ice face. This form
of calving is not affected by undercutting since the ice blocks detach upstream of the line of undercutting
(Murray, Selmes, et al., 2015).

Except for glaciers standing in shallow waters, already in a state of retreat, calving on a narrow sills, or with
residual uncertainties in bathymetry, we find a remarkable agreement between the timing of retreat and the
timing of enhanced §,,,. Once the retreat is initiated, the magnitude of the retreat depends on bed slope, con-
sistent with the tidewater glacier cycle (Meier & Post, 1987). Among the glaciers experiencing rapid retreat,
only three did not initiate retreat along a retrograde bed: Sverdrup Gl., Steenstrup Gl., and Upernavik Isstrem
NW. BM3 indicates a shoaling of more than 20% for Sverdrup and Steenstrup, but the bathymetry in that
region is interpolated. The two branches of Upernavik Isstram discussed previously have wide overdeepen-
ings upstream. lllullip Se. and Ussing Braeer N experienced small abrupt retreats because of the presence of
small, deep sections near the ice front.

While our results demonstrate a strong relationship between increased ocean-induced undercutting and
glacier retreat, other factors may be important, including calving enhancement from weaker ice mélange
(Moon et al., 2015) and surface thinning (Csatho et al., 2014). Moon et al. (2015) find that seasonal retreat is
greater during periods of weak mélange or open water fjords, and persistence of such conditions may con-
tribute to ice front retreat due to enhanced calving activity. This process would translate into an increase in
4. The stability of the glaciers may also be affected by surface thinning, which brings ice fronts closer to
floatation. We analyzed the elevation above floatation of all glacier fronts in 1985 (Korsgaard et al., 2016)
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and 2002 (Howat et al., 2014). Nearly all glaciers have small or negligible floating sections in Northwest
Greenland, except six: Docker Smith Gl. W, Rink Gl., Hayes Gl., Hayes Gl. SS, Alison Gl., and Upernavik Isstrem
N. For these glaciers, the rate of retreat associated with a 1-m/year thinning using the relationship between
thinning and grounding line retreat in Thomas and Bentley (1978) is several times smaller than that calculated
for ocean-induced undercutting. One exception is Rink if the glacier would thin by 1T m/year or more, but Rink
has insofar remained stable.

This interpretation of glacier evolution was made possible from new bathymetry and ocean temperature data.
A few fjords remain incompletely mapped: Kong Oscar, Steenstrup, Hayes, and Kakiffaat. We omit Kong Oscar
from our analysis due to large uncertainties in bathymetry. We recommend that bathymetry mapping be
completed around the entire periphery of Greenland. The results will be critical to improve projections of sea
level change from Greenland glaciers.

5. Conclusions

We assess the evolution of the ice fronts of northwest tidewater glaciers versus the rates of ice advec-
tion, ocean-induced melt, and dry calving processes. We calculate the rates of subaqueous undercutting
using model-derived ocean thermal forcing, subglacial discharge, bed geometry, and a parameterized model
of glacier undercutting. The results indicate that ocean warming below 200-m depth has very likely trig-
gered the vast majority of the glacier retreat. Glaciers that did not retreat stand on shallow sills in cold
water. Other exceptions are associated with uncertainties in bathymetry and the presence of small float-
ing sections. This study therefore establishes a strong quantitative link between ocean thermal forcing and
tidewater glacier evolution. Another conclusion is that dry calving remains a dominant process of mass abla-
tion at calving margins, so that it remains critical to improve our understanding of the calving mechanics of
Greenland glaciers.

Notation
The following list of terms, in order of appearance, is provided for clarity.

1. g,, linear rate of ice front retreat (m/day).

2. g,, linear ice front retreat distance (m).

3. qff, mean seasonal fluctuations of the ice front 1992-1997 (m).

4. g, ice front velocity (m/day).

5. §,,, ocean-induced undercutting (m/day).

6.g2"°™, cumulative anomalous melt, that is, the integration of g,,, relative to the 1992-1997 mean.
7. 4,4, subglacial discharge at the glacier terminus.
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