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Abstract This study assesses the response on ice dynamics of Petermann Glacier, a major outlet glacier
in northern Greenland, to the 2012 and a possible future calving event. So far Petermann Glacier has been
believed to be dynamically stable as another large calving event in 2010 had no significant impact on flow
velocity or grounding line retreat. By analyzing a time series of remotely sensed surface velocities, we find
an average acceleration of 10% between winter 2011/2012 and winter 2016/2017. This increase in surface
velocity is not linear but can be separated into two parts, starting in 2012 and 2016 respectively. By
conducting modeling experiments, we show that the first speedup can be directly connected to the 2012
calving event, while the second speedup is not captured. However, on recent remote sensing imagery
newly developing fractures are clearly visible ~12 km upstream from the terminus, propagating from the
eastern fjord wall to the center of the ice tongue, indicating a possible future calving event. By including
these fracture zones as a new terminus position in the modeling domain, we are able to reproduce the
second speedup, suggesting that surface velocities remain on the 2016/2017 level after the anticipated
calving event. This indicates that, from a dynamical point of view, the terminus region has already detached
from the main ice tongue.

1. Introduction

Draining ~4% of the Greenland ice sheet (Miinchow et al., 2014), Petermann Glacier (PG) is one of the
major outlet glaciers in northern Greenland. Being the second largest floating ice tongue in Greenland, it
loses ice primary through bottom melting (80%) and secondary to surface losses and calving events (Falkner
et al., 2011; Johnson et al., 2011; Rignot & Steffen, 2008). Several large calving events occurred in the past,
but Petermann's terminus position was considered to be stationary between 1876 and 2010, that is, glacial
readvance rates roughly equaled calving .on decadal time scales (Falkner et al., 2011). An outstanding calv-
ing event in August 2010 produced a large tabular iceberg with an area of 253 km? (Falkner et al., 2011),
corresponding to 20% of the floating ice tongue as measured in January/February 2009 (Joughin & Moon,
2015). After 2 years of glacial readvance a second major calving event occurred in July 2012. Here another
147 km? was removed from the floating ice tongue, of which 124 km? started to drift as large tabular ice-
berg. By then, the remaining area of the floating ice tongue covered only 69% of the January/February 2009
extent. This terminus position marks the largest retreat since first measured in 1876 (Miinchow et al., 2014).
Since the 2012 calving event, PG has been steadily readvancing, but a newly developing fracture, from the
eastern margin to the center of the ice tongue, marks a forthcoming calving event.

Itis expected that these major calving events affect ice dynamics and hence ice discharge. As the fast-flowing
floating tongue of PG is bounded by the lateral fjord sidewalls that exert a back stress on the glacier, a
reduction in resistance or even a disintegration of the floating tongue could cause the glacier to speed
up. A correlation between acceleration and calving has been observed at Jakobshavn Isbra, the fastest
marine-terminating outlet glacier of the Greenland ice sheet (Joughin et al., 2014). Although the mechanism
that sustains glacier acceleration is not completely understood, the reduction of back stress is proposed to
be the trigger of the observed speedup at Jakobshavn Isbre (e.g., Bondzio et al., 2017).

The dynamic response of PG to the major calving event in August 2010 was investigated in detail by Nick
et al. (2012). Based on remotely sensed surface velocities and 2-D flowline modeling, Nick et al. (2012)
concluded that the 2010 calving event had no significant ice dynamical effect on PG. This is in line with
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Figure 1. Surface velocities of Petermann Glacier for January 2013 are overlaid on a TerraSAR-X scene acquired on 20 July 2012. The 2012 iceberg is outlined in
red (a). Terminus positions for the time period investigated in this study are shown on top of the 2012/2013 basal melt rates in a Lagrangian framework.
Grounding line fluctuations from ERS-1/2 and Sentinel-1A/B Synthetic Aperture Radar interferometry are overlaid on top of a Sentinel-1B imagery acquired on

30 May 2017 (b).

the results from Hogg et al. (2016), who found no evidence of dynamic changes by observing ground-
ing line positions between 1992 and 2011. Such a stability in ice dynamics contrasts with several other
marine-terminating outlet glaciers in Greenland, for example, Helheim Glacier, Jakobshavn Isbrae, and
Zachariz Isstrom, which showed significant acceleration after terminus retreat (Howat et al., 2005; Joughin
et al., 2014; Mouginot et al., 2015). For PG, it has been suggested that its dynamic stability might be due to
minor resistive forces in the 2010 terminus region (Nick et al., 2012). However, Nick et al. (2012) performed
a subsequent retreat experiment where the calving front reaches deeper into the fjord, resulting in a larger
velocity increase compared to their 2010 calving experiment. This might be a hint that the stability of the
floating ice tongue is sensitive to the calving front position and accelerated terminus retreat.

In this study, we investigate the dynamic response of PG to the 2012 calving event. We based our analysis on
remotely sensed surface velocities from TerraSAR-X and use ice flow modeling to investigate the causes of
change. Observed velocity fields spanning from January 2012 to December 2016 are compared to simulated
velocity fields for the same time period. We further extend the existing records of grounding line positions
(e.g., Hogg et al., 2016) using Sentinel-1 Synthetic Aperture Radar (SAR) interferometry and update basal
melt rates (e.g., Rignot & Steffen, 2008; Wilson et al., 2017) of PG in a Lagrangian framework by employing
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Figure 2. Time series of surface velocities along the central flowline shown in Figure 1a. Time series of surface
velocities at 5 points shown in Figure 1. Point FLT is located on the floating tongue, point GRD is located on grounded
ice, and points FAST I to FAST III are located in regions of high velocities. Next to surface velocities, terminus changes
are shown relative to the winter 2008/2009 terminus position (b). The winter 2009/2010 (approximately 26 Decmeber
2009) surface velocity and the winter 2008/2009 (approximately 23 January 2009) terminus position are taken from the
MEaSUREs data set (Joughin et al., 2010; 2015; Joughin & Moon, 2015).

high-resolution TanDEM-X surface elevations and surface mass balance estimates. In anticipation of a
forthcoming calving event, we also estimate its potential impact on the ice dynamics of PG.

2. Observations

2.1. Surface Velocities

As PGisa TanDEM-X Super Test Site, several experimental TanDEM-X acquisitions are available. We selected
an ascending satellite path covering the floating ice tongue within two satellite frames (Figure 1). Utilizing
11-day repeat pass acquisitions in December/January/February for the 2012-2016 time period, we calculated
atleast one velocity field for each winter with intensity offset tracking, employing 26 TanDEM-X acquisitions
in total (Table S1 in the supporting information). In a first step, Single-Look Slant Range Complex data
separated by 11 days were coregistered based on satellite orbit information and the Greenland Mapping
Project digital elevation model (DEM; Howat et al., 2014). For each coregistered image pair, offsets in range
and azimuth directions were calculated by cross correlating the backscatter intensity in predefined moving
search windows (e.g., Strozzi et al., 2002). In this study, we chose a window size of 250 m in both range
and azimuth direction, separated by a step size of 50 m. Range and azimuth offsets were translated into
metric surface displacements and projected into a polar stereographic coordinate system with its origin at
90°N, 45°W and a standard parallel of 70°N. Velocity fields of each satellite frame were mosaiced by the
corresponding satellite path and subsequently filtered following Liittig et al. (2017).

Our error estimate for the TerraSAR-X surface velocities is based on the assumption that any surface move-
ment on stable ground, that is, on exposed bedrock is erroneous. Therefore, we collected data points in these
stable areas next to PG from each velocity field and estimated errors following Seehaus et al. (2015). When
applying offset intensity tracking on high-resolution SAR data, not only horizontal motion can be observed
but also the vertical movement in slant range between successive data acquisitions is measured (Joughin,
Shean, Smith, & Dutrieux, 2016; Marsh et al., 2013). However, due to the lack of precise tidal measurements
during the time of data acquisitions, we did not correct the velocities for tidal effects but assumed that the
tidal-induced velocity error is only minor as the main flow direction of PG is in azimuth direction of the
corresponding satellite path (Figures 1 and S1).

Figure 2a gives an overview of the time series of surface velocities along the central flow line shown in
Figure la. In order to compare these estimates, we calculated average velocities along the profile. The
velocities reach a maximum value of 1,135 + 18 m a~! in December 2016 and a minimum value of
1,031 + 31 m a~! in winter 2009/2010 (Joughin et al., 2010, 2015). The latter is very similar to our esti-
mate of 1,037 + 21 m a~! in January/February 2012. This implies an average speedup of 10% between
January/February 2012 and Dec 2016. As evident from Figure 2a the observed speedup is not advancing
gradually but rather stepwise. From the profiles shown in Figure 2a we found an average acceleration of 49
and 40 m a™! for the periods winter January/February 2012 to January 2013 and February 2016 to December
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2016, respectively. Between January 2013 and February 2016 the observed variations in surface velocity did
not exceed 12 ma~'.

A similar pattern is observed when comparing individual locations in the velocity fields. For this we used
the average value within a 1-km buffer around each point shown in Figure 1a. Maximum winter velocities
are observed at location FAST II, reaching up to 1,285 + 18 m a~! in December 2016 (Figure 2b). At the
same location surface velocities reach just 1,131 + 21 m a~! in January/February 2012, which is comparable
to 1,136 + 34 m a~! as measured in winter 2009/2010, indicating an overall speedup of 14% between Jan-
uary/February 2012 and December 2016. From Figure 2b it becomes evident that, at this location, the first
half of the observed speedup occurred between January/February 2012 and January 2013, while the second
half occurred between February 2016 and December 2016. A similar behavior is found for locations FAST
I and FAST 111, but the overall speedup is less pronounced for location FAST 1. Also at location GRD first
signs of acceleration are found for the time period January/February 2012 to January 2013. A slightly dif-
ferent pattern is found for location FLT which already showed an acceleration of 20 m a~! between winter
2009/2010 and January/February 2012.

2.2. Terminus Change

Changes in ice front location were estimated using the box measurement method as described by Moon and
Joughin (2008). The size of the box was determined by the glacier margins and covers all terminus positions
from 2009 to 2017. Terminus positions were manually delineated from TerraSAR-X and Sentinel-1B scenes
acquired between 2011 and 2017 (Table S2). All data sets were processed from single-look complex data to
multilooked and geocoded intensity imagery with a spatial resolution of 10 and 20 m for TerraSAR-X and
Sentinel-1B, respectively. Additionally, we delineated a potential future terminus, following a large fracture
reaching from the eastern fjord wall to the center of the floating tongue (Miinchow et al., 2016; Figure S3).
The initial box was split by each terminus position, and the seaward parts were removed. The area changes of
the remaining boxes of two successive dates, divided by the box width, represent the average terminus retreat
between the two dates (Table S2). Digitizing errors of terminus positions were estimated from repeated
delineations of TerraSAR-X and Sentinel-1B scenes (Moon et al., 2015), leading to an average error of 8 m
for TerraSAR-X and 23 m for Sentinel-1B.

Table S2 and Figure 2b give an overview of the terminus changes of PG between January/February 2009
and May 2017. In this time period PG showed its largest extent in January/February 2009, when the floating
tongue measured an average length of 71 km. Between January/February 2009 and July 2011 the terminus
retreated on average by 17.6 km before readvancing by 0.53 km until January 2012. The 2012 calving event
resulted in an average terminus retreat of 8.87 km in the first half of 2012. Since then PG has gradually
readvanced with an average rate of ~1 km a~!

2.3. Grounding Line Location

Grounding lines were located from SAR interferometry following well-established methods (e.g., Hogg et al.,
2016; Rignot et al., 2011). Here we calculated 24 double differential interferograms for the years 1992, 2011,
2016, and 2017 from ERS-1/2 and Sentinel-1A/B data (Table S3). From all interferograms, we manually
delineated the inland limit of tidal flexure, which is referred to as grounding line throughout this manuscript.
For the years 1992 and 2016/2017 several coherent differential interferograms were derived; therefore, we
were able to estimate an average grounding line position for these time periods (Figures 1b and S3). In
order to quantify the variability of grounding line positions, we employed the box measurement method
in a similar way to the terminus changes. The root-mean-square difference between the single grounding
line positions and their respective average position leads to 437 and 362 m for the 1992 and 2016/2017 time
period, respectively. However, in the most eastern part of PG, maximum variations in grounding line posi-
tion can exceed these average values by up to 1 order of magnitude (Hogg et al., 2016; Figure S4). This
implies that the average grounding line retreat, estimated with 1,356 and 1,195 m for 1992-2016/2017 and
2011-2016/2017, respectively, is not necessarily representative.

2.4. Basal Melt Rates
Basal melt rates were calculated using mass conservation in a Lagrangian framework as outlined in Berger
et al. (2017). This method relies on mass conservation and deduces basal melting (M,; negative values for
melting) by

DH
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where M, is the surface mass balance (positive values for accumulation), DH/Dt is the observed Lagrangian
thickness change, H is the local ice thickness, and v, = (u,v) is the horizontal velocity of the ice (see Berger
et al., 2017 for more details). Ice thickness is obtained by hydrostatically inverting two TanDEM-X DEMs
using ice and seawater densities of g; = 910kg m~3 and ¢,, = 1,027 kg m=3, respectively. Ellipsoidal eleva-
tions are converted to freeboard heights using the EGM 2008 geoid and the AOTIMS5 tide model (Padman &
Erofeeva, 2004). To correct for variations in firn and ice densities, firn-air content from RACMO 2.3 is used
(Kuipers Munneke et al., 2015). The TanDEM-X DEMs are produced from single-pass bistatic SAR interfer-
ometry following Neckel et al. (2013). We calibrated and validated these DEMs with Operation IceBridge
laser altimetry on surrounding rocky outcrops (Studinger, 2014) and present an accuracy better than 1 m on
stable ground. Due to penetration of the SAR signal into snow, firn, and ice, these estimates might be biased
on PG. However, considering the acquisition times of the DEMs and their location in the ablation zone of
the Greenland ice sheet, penetration effects are assumed to be low (Wessel et al., 2016). The DEMs acquired
on 20 July 2012 and 29 July 2013 (Table S1) are combined in a Lagrangian frame with a normalized cross
correlation to produce one Lagrangian thickness change (and subsequent basal melting) field. Surface mass
balance is cumulated over the respective time period from the 1 km downscaled RACMO 2.3 data set (Noél
etal., 2016). Ice flow divergence is computed by combining the hydrostatic thickness fields with regularized
TerraSAR-X velocity gradients (section 2.1 and Berger et al., 2017). After removing some noisy patches next
to the fjord walls, the large-scale pattern of basal melt rates averages at 10.6 m a~* and agrees well with previ-
ous estimates (Cai et al., 2017; Wilson et al., 2017). Highest melt rates >50 m a~! are found in the grounding
zone, and melting stays high in several channels which reach up to 20-km downstream (Figure 1b).

3. Numerical Ice Flow Modeling

3.1. Ice Flow Model

We use the Ice Sheet System Model (Larour et al., 2012) to model the ice dynamics and glacier geometry
evolution of PG. The modeling domain covers the whole drainage basin (Zwally et al., 2012) up to the ice
divides of PG (inset of Figure 3a). Model calculations are performed on an unstructured finite element grid
with a high resolution of ;, = 0.2km in fast-flowing regions (approximately >500 m a~!) and along small
scale features such as the calving front; the interior obtaining a coarser resolution of [ ,,, = 20km. In order
to capture fractures on the floating tongue, these regions were refined with a mesh resolution of 0.02 km. In
total, the mesh comprises about 86 000 elements (the mesh is illustrated in Figure S5).

Except in the area of the floating tongue, glacier geometry is taken from the mass conserving bed from Bed-
Machine Greenland (Morlighem et al., 2014). On the floating tongue, the high-resolution pre-2012 calving
ice surface from this study and the bathymetry from Bamber et al. (2013) are nested in the BedMachine
v2 data set. Ice thickness and ice base are simply derived from the ice surface by employing the floating
condition. The bathymetry under the floating tongue is poorly constrained due to lacking data coverage.
However, this is not of crucial importance as the observations do not show large grounding line migra-
tion within the interested time period. When interpolating the geometry data sets to the numerical grid,
the floating-grounded ice mask obtained from the floatation criterion differs from floating-grounded ice
mask in Morlighem et al. (2014) at some locations. Therefore, we manually adjusted the ice thickness and
bathymetry to match the mask in Morlighem et al. (2014). Additionally, we updated the mask in Morlighem
et al. (2014) with the main grounding line and calving front positions of April 2011 and January 2012,
respectively (obtained from this study; see Figure 1).

The ice flow is approximated with the Shelfy-Stream Approximation (SSA; MacAyeal, 1989) within a 2-D
plan view model, which is appropriate for fast-flowing ice streams and ice shelf flow like PG. Basically, the
SSA neglects vertical shearing, so that the flow equation is independent of z and a two-dimensional (2-D)
model with two unknowns (the horizontal velocities u and v)

d ou ov 0 ou v 0z,
9 (amn? 4 2mp Y ) + 2 (Hn? + Hp D) = 00HZS 41, 2
ax< Tox "ay> ax< "9y ”ax> b ox T b @
0 v ou 0 ou ov 0%,
9 (amn® 42072 ) + L (2% s 0y Y ) = 00HZS 41, 3
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RUCKAMP ET AL. 220



~1
AGU

Journal of Geophysical Research: Earth Surface 10.1029/2018JF004775

v(m a'1)

1200
1000 (b)
1000 |
300
= 800}
©
£
100 b
°
%
S 600f
[
>
B 2
{0 3 r?=0.99
® i =1
20 400} .2, [vmod-vobsl_6419 ma
RMS=18.18 ma’'
il 1° r’=0.99
200 |vm0d»v0bsl=2490 ma’
RMS=9.89 ma’'
) 3 1 1 L 1 & 1
0 200 400 600 800 1000 1200

Observed velocities (m a“1)

Figure 3. (a) Modeled surface velocities for the init experiment. Background image is a mosaiced Landsat ETM+ and RADARSAT imagery from the years 1999
to 2002 (Howat et al., 2014). The inset shows the model domain and the zoom area in black and red, respectively. The white dashed line delineates the model
domain in the zoom area. (b) Scatter plot of modeled and observed velocities for the init experiment. The red and blue dots represent velocities from the
grounded and floating regions, respectively. The gray lines define the identity.

where 7 is the ice viscosity, H the local ice thickness, z; the upper surface elevation, and 7, = (7}, 7;,,) the
basal drag. Vertical velocity, w, is recovered from incompressibility
u v, ow _
ox dy 0z
Aswe use the SSA equations and perform perturbations experiments of short timescales, we do not perform
a thermo-mechanical coupling but prescribe the bulk ice rigidity factor, B, in Glen's flow law that enters the
ice viscosity #.

0. 4

For the dynamic model, we apply water pressure at the calving front of PGs floating tongue and of
marine-terminating glaciers. Observed surface velocities are prescribed at the ice divides. A traction-free
boundary condition is imposed at the ice/air interface. At the ice base sliding is allowed everywhere, and
the basal drag is written using Coulomb friction

1, = —k*Nv,, (5)

where v, = (u,,,Vy,) is the basal velocity vector tangential to the glacier base and k* a scalar field repre-
senting the basal friction coefficient. The effective pressure is defined as N = 9,gH + ¢,,g min(z,,0), where
Zp is the glacier base. Instead of prescribing a boundary condition directly at the lateral margins of the float-
ing tongue (where it is in contact with the side walls), we slightly enlarge the modeling domain toward the
grounded part. At this shifted margin we prescribe a Dirichlet condition that does neither affect the floating
tongue nor the deformation of a shear margin.

We perform time-dependent model runs, which solves the ice dynamic equations independent of time
(equations (2) and (3)), but the simulated ice thickness change consists of the divergence of the volume flux,
plus surface and basal mass balance

%+V~th=Ms+Mb. (6)
The surface mass balance (M,) applied here is a multiyear mean from the downscaled RACMO2.3 data set
between 1979 and 2015 (Noél et al., 2016). The basal mass balance (M,) of the floating tongue is taken from
this study (Figure 1 and section 2.4). As the observations of the grounding line migration exhibit only minor
variations in extent of the floating part, we do not need to extrapolate our basal melt rate field. At the base
of grounded ice no melting is assumed. Other than equation (1), the equation here is defined in an Eulerian

framework.
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The calving front motion is solved by a level set method, which tracks the ice front according to the kinematic
calving front condition (Bondzio et al., 2016; 2017)

W =V, — (¢t +M* )ng, 7

where w is the horizontal calving front velocity vector, ¢! the calving rate in the normal direction, M the
frontal melt rate, and n the unit normal vector at the calving front pointing outward of the ice domain. The
level set function is obtained from a Hamilton Jacobi-type partial differential equation that is discretized in
an area exceeding the ice domain and evaluated for the level set to become ¢+ + M ch (Bondzio et al., 2016).
Here ¢t + Mclf is obtained from remote sensing data (shown above), and hence, we simulate the response of
PG to variations of the ice front motion.

The simulation setups comprise one steady state and several transient simulations. The former is dedicated
to retrieve the initial ice flow in January 2012, prior to the calving event in July 2012, and serves then as
input for the transient runs. Starting from the initial state in January 2012, the transient simulations pass
the calving event and extend until January 2017. Additionally, we investigate the effect of a calving event
that takes place arbitrarily in summer 2018. Before this experiment, we investigate the effect of mechanical
weakening in the observable fractures which likely determine the future terminus outline. Specifically, we
conduct the following simulations:

1. init: initialize and reproduce the flow of PG before the 2012 calving event,

2. ctrl: unforced control run to account for model drift,

3. calv2012: response to the calving event in 2012,

4. fracture: response to newly developed fractures,

5. potential calv: response to an anticipated calving event that occurs arbitrarily in summer 2018.

According to the Courant-Friedrich-Lewy condition, a time step of 0.005 year is required. The very small
time step is due to the high resolution in the fracture zones. Although only one experiment accounts for
these zones, all experiments are run on the same mesh to ensure comparability.

3.2. Results of Modeling Experiments

Before starting our perturbation experiments, we need to find a reasonable initial state that matches the
stress regime of the pre-2012 calving state. For this init experiment, we engage data assimilation techniques
relying on Ice Sheet System Model's inversion capabilities to constrain unknown or poorly constrained
parameters. Specifically, in this study, the inversion approach infers the basal friction coefficient, k%, in the
grounded part and the bulk ice rigidity, B, in the floating part by minimizing a cost function that measures
the misfit between observed and modeled horizontal velocities. The cost function is composed of two terms
which fit the velocities in fast- and slow-moving areas. A third term is a Tikhonov regularization to avoid
oscillations. For the observational data set, we use the precalving ice velocities from January 2012 from this
study nested into the MEaSURESs data set (Joughin et al., 2010; Joughin, Smith, Howat, & Scambos, 2016). A
constant bulk ice rigidity corresponding to —5°C is prescribed for grounded ice. This relatively warm value
compared to the ice surface accounts for shearing in the basal layers that is not intrinsically simulated. The
friction coefficient is zero for floating ice. As the inversions for the friction coefficient and the rheology are
performed in subsequent runs, we iterate over both to ensure a smooth transition in the overlapping area
(the grounding zone). In doing so, we are able to reproduce the pre-2012 calving ice flow of PG with suffi-
cient accuracy in both the grounded and floating parts (Figure 3). When compared to our remote sensing
estimates, we obtained root-mean-square errors of RMSy,gungeq = 9-89 ma~' and RMSp 4, = 18.18 ma™
for the grounded part and the floating part, respectively (Figure 3b). The initial grounding line flux is esti-
mated with 10.55 Gt a~! and is roughly in accordance with the mean value of 9.82 + 0.47 Gt a~! provided by
Wilson et al. (2017) for the period between 2011 and 2015 (We used an ice density of 910 kg m~3 to convert
their value to gigatons per year).

The retrieved basal friction coefficient, k?, and the bulk ice rigidity, B, are shown in Figure 4. The basal fric-
tion coefficient reveals a distribution that correlates with the flow magnitude: low values in areas of fast
flow and higher values in areas with slow flow. Within the ice stream, the friction coefficient does not vary
substantially. In contrast, the bulk ice rigidity reveals a more complex pattern. This is because the inverse
solution contains information about both the temperature of the ice and any areas of softened or weakened
ice. The inversion for the bulk ice rigidity factor, in particular, produces nonphysically high and low val-
ues in terms of ice shelf bulk temperatures. Generally, low rigidity is found parallel to the fjord sidewalls

RUCKAMP ET AL.

222



100 Journal of Geophysical Research: Earth Surface 10.1029/2018JF004775
K> (s m] Bx10°(Pas™)
180 45
j 60 4
gl 140 {35
g 120 13
4100 iz
Tk {2
190 {15
4| q40 3
20 05

0

Figure 4. Inferred values from the init experiment. (a) Basal friction coefficient k% high values (red) represent high friction and low values (blue) less friction.
(b) Bulk ice rigidity B; high values (blue) represent stiff ice and low values (dark red) soft ice.

(Figure 4b). This weakening or fracturing coincides with the shear margins in that area, and consequently,
the simulated velocity field of PGs floating tongue reveals the continuously high velocities in the central part
and the sharp drop toward the fjord sidewalls. From the inversion, stiff ice is primarily found in the upper
part of the floating tongue, particularly in the grounding zone.

In the first transient model experiment, we investigate the effect of ongoing dynamic and geometric changes
that are related to the initialization. A shortcoming of the performed initialization is that a fixed initial ice
sheet geometry causes a model drift when imposing the ice thickness equation. This is a result from using an
ice sheet that is not in equilibrium with the applied surface and basal mass balance and ice flux divergence.
In an unforced relaxation run the velocities have increased up to 1,200 m a~! in the center of the floating
tongue after 5 years and exceeded the magnitude of the 2012 calving event (RMS,ngeq = 94.18 m a’!
and RMSg, iy, = 77.35ma™"). Therefore, we utilize the local ice thickness imbalance once the ice sheet is
released from its fixed topography from a 1-year unforced relaxation run. The resulting 0H/ 0t is subtracted
as a surface and basal mass balance correction for the further runs (similar as in Goelzer et al., 2013; Price
et al.,, 2011). In doing so, a ctrl run without any perturbation in the forcing fields and with a nonmoving
calving front, that is, w,; = (¢ + M, clf) n in equation (7), exhibits almost no velocity variations over the
5-year simulation period. That is reflected by the RMS errors that remain almost unchanged compared to
the init experiment (RMSy,qngeq = 9-72ma™", RMSpgyp, = 19.10m a~! and see also black dashed line for
the ctrl experiment in Figure 5).

In the next calv2012 experiment, we investigate the response of PG to the calving event that took place
on July 2012. In order to simulate an immediate calving event, we manually prescribe an extremely high
calving rate (¢t + M; clf) up to 50 km a~! at the ice front until the ice front position observed in January 2013 is
reached. Afterward, the calving rate is set to zero. The iceberg break off appears instantaneously within one
time step in the numerical model. In response to the loss in frontal area, the simulated velocity field reveals
the satellite-derived speedup of about 50 m a~! (Figure 5a). The main difference between the observations
and the model output occurs downstream of the grounding zone (distance around 0-20 km), where the
simulation does not fully reproduce the observed speedup. Nevertheless, the flux over the grounding line
is increased by 0.09 Gt a=1. After the calving event, the position of the calving front readvances, while the
simulated velocities remain faster than the pre-2012 calving velocities; over time the velocities decrease
slightly. This is due to the fact that the inferred rheology from the inversion is maintained fixed in space and
time, and the simulation aims to approach the pre-2012 calving state.
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Figure 5. Time series of surface velocities along the central flowline shown in Figure 1 for the calv2012 experiment (a), for the fracture experiment (b), and for
the potential calv experiment in 2018 (c). Dashed and solid lines indicate observed and modeled velocities, respectively.

Most evidently, the speedup observed in winter 2016/2017 is not reproduced by this scenario. So far, no
further breakup has occurred at PG, but newly developing fractures close to the terminus have been observed
in summer 2017 (Figure S3). This features might indicate an onset of decoupling of the frontal part of the
floating tongue and hence a reduced back stress exerted on the floating tongue. Following the approach of
Humbert et al. (2009), we mimic the fractures by reducing the viscosity of about 90% in these areas after
the winter 2016/2017. Figure 5b shows the response of the velocity of PG to this fracture scenario. In this
experiment, the velocity increase after the July 2012 calving event remains unaltered, but velocities at the
front of the ice shelf slightly increase in summer 2017. The speedup of approximately 20 m a~! is smaller
than the observed variations (around 40-80 m a~!). The flux over the grounding line remains constant.

In a series of major calving events that occurred at PG during the last decade, a new calving event could be
expected in the near future. In order to estimate the response of PG to a new calving event, we set a date for
this event arbitrarily to July 2018. The estimated frontal position is shown as a red line in Figure 1b and is
based on the newly developing fractures in the frontal part (Figure S3). We rerun the calv2012 experiment
by using the inversion inferred rheology until the assumed July 2018 frontal position is reached. Under this
next potential calv scenario, PG experiences a further calving front retreat of about 12 km accompanied by
a further speedup (Figure 5¢). Velocities in the frontal part reach 1,240 m a~!, and the speedup between
the post-2012 and the potential calving events is of similar magnitude

0.8 compared to the 2012 breakoff event. Similar to the previous calving
"""" O - -0 ------0G------0-----~ experiment, a small speedup at the grounding zone is simulated but
8075 smaller than the observed magnitude in December 2016. The flux over
% the grounding line additionally increases by 0.13 Gt a=1.
g 0.7 As an estimation of the back stress exerted by the floating tongue, we
= calculate a normalized buttressing parameter, f, following Borstad et al.,
% 0.65} 2013 (2013, equation 18 without the partition of bulk ice rigidity into
% experiments the damage and temperature dependent part). Besides geometric and
Q 06 :::gienﬁal calv rheologic parameters the buttressing parameter is calculated from con-
fracture tributions of lateral and shear strain rates (¢,,, £,, and ¢, ). In the end,
0.55 2 calvE0iZ ! | { avalue of f = 0 corresponds to an un-buttressed ice shelf while a value
(LQ»\‘L qp»\‘b q,()\b( ‘Lg\b Q,Q)\Q) qp»\’\ %0»\‘6 of f = 1 represents a fully buttressed ice shelf. For all experiments, we

calculate the spatial mean buttressing parameter over the floating tongue

Date
(Figure 6). The control run shows a relatively constant level of buttressing

Figure 6. Spatial mean buttressing parameter f according to equation (18)
in Borstad et al. (2013) at certain times for all conducted transient
experiments. A value of f = 1 represent a fully buttressed ice shelf while a
value of f = 0 an unbuttressed ice shelf. Please note that the lines for the
experiments calv2012, fracture and potential calv are similar until 2016.

over the entire time period, while for the calving experiments, the but-
tressing is reduced by the calving events on Jul 2012 and Jul 2018. The
fracture experiment leads to a slight reduction in buttressing. The spatial
distribution of the buttressing parameter is illustrated in Figure 7. After
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Figure 7. Buttressing parameter f according to equation (18) in Borstad et al. (2013) for the init experiment (a), for the calv2012 experiment (b), and for the
potential calv experiment (c). Background image is a mosaiced RADARSAT-1 imagery from the years 2012 to 2013 (Joughin, 2015; Joughin, Smith, Howat,

Moon et al., 2016).

the 2012 calving event the buttressing effect decreases up to ~25 km upstream of the western terminus and
up to ~15 km of the eastern terminus. The subsequent calving event causes further reduction in buttressing
which is most pronounced in the northern half of the remaining floating tongue. The area downstream the
grounding line remains basically unchanged.

4. Discussion

The time series of observed surface velocities highlights the interannual speedup of PG after the major
calving event of July 2012. After a phase of relatively constant velocities, a second speedup of similar mag-
nitude occurred between February 2016 and December 2016. With an average acceleration of 10% between
January/February 2012 and December 2016 the observed speedups are only minor compared to the sea-
sonal acceleration of ~25% in summer (Nick et al., 2012) and to the interannual speedup of several other
marine-terminating outlet glaciers in Greenland (e.g., Howat et al., 2005; Joughin et al., 2014; Mouginot
et al., 2015). Nonetheless, the observed speedups are detectable from the remotely sensed time series and
might reflect the start of dynamic changes at PG. This finding is further supported by variations in ground-
ing line location based on SAR interferometry. However, as already pointed out by Hogg et al. (2016), these
estimates should be handled with care, as the amplitude of variation can exceed the average variation by up
to one order of magnitude, especially in the eastern part of PG.

Our modeling experiments suggest that the July 2012 calving event is a potential trigger for the first speedup.
Also, the more recent speedup could be partly connected to newly developing fractures, which propagate
from the eastern and western fjord walls to the center of the floating ice tongue. Basically, this experiment
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captures the increasing velocity trend, but the actual magnitude of the speedup is still off. One reason for this
difference could be that the effect of mechanical weakening extends beyond the immediate regions around
the active fractures visible in the satellite imagery (Figure S3). Although the 2016 speedup does not directly
correlate with an observed calving event, we show that the developing fractures could already mechanically
decouple the ice from the main floating tongue by reducing the buttressing exerted on the floating tongue.
If this is the case, the detachment of the frontal part downstream the observed fractures will not cause a
further speedup above the winter 2016/2017 level.

Compared to the fracture experiment, the recently observed speedup is better reproduced by an arbitrary
calving event. In general, the conducted calving experiments can reproduce the observed speedup in the
frontal part but fail to fully reproduce the observed speedup until ~ 20 km downstream the grounding line.
We attribute this underestimation of the speedup to the inversion inferred ice rheology of the floating tongue
that reflects the pre-2012 calving state and remains unaltered during the perturbation experiments. The
July 2012 calving event and the associated speedup may have trigger new weak zones further upstream the
calving front. As possible feedback of mechanical weakening or fracturing in the shear zones the floating
tongue could experience a reduction of the lateral drag and hence in further acceleration. This feedback
mechanism is confirmed by the fracture experiment, where we see that manually weakening added at the
observable fractures causes a minor speedup. The numerical model does not capture this positive feedback
as we rely on an inversion-based model approach where the rheology is not able to adjust to the calving
events and still reflect the initial state situation. Another reason for the models failure to capture the speedup
near the grounding line could be that the model is not capturing grounding line migration well. Although
we show that grounding line migration is minimal, a little retreat could affect the flow field.

In contrast to the minor response of PG to the major calving event in Aug 2010, the 2012 calving event
produced a detectable glacier speedup (Figures 2 and S2). By employing a 2-D flowline model, Nick et al.
(2012) investigated the 2010 calving event. They successfully reproduced the pre-2010 velocity field and
geometry by introducing a lateral drag coefficient in the rheology. From this setup, they simulated the 2010
calving event and found that the ice flow reacts insensitive to this calving event. They concluded, that this is
a direct consequence of the very low along-flow resistive stresses for the front part of the ice shelf, resulting
from the limited attachment to the fjord walls (Nick et al., 2012). Subsequently to the 2010 calving event,
Nick et al. (2012) performed an arbitrary calving experiment with a retreat of 20 km after 4 years. This
experiment roughly represents the actual terminus retreat in 2012 and results in a larger velocity increase
and ice discharge than in their 2010 calving experiment. They concluded that the enhanced sensitivity to
calving could be explained by the greater loss of lateral buttressing as the ice shelf is thicker and closer to
the grounding line. Therefore, our results are in line with Nick et al. (2012) and confirm that the trend of ice
flow acceleration is related to the attachment of the ice tongue to the fjord sidewalls. Given the two different
modeling approaches, 2-D flowline model vs 2-D plan view model, the similarity in results is impressive.
Based on both studies, we can infer if major calving events occur more frequently and the calving front
continues to retreat, PG will likely experience enhanced acceleration.

The study by Nick et al. (2012) demonstrates that seasonal speedup at PG is mainly driven by meltwater
lubrication and that sub-shelf ocean melt controls the future stability. Subshelf ocean melt rates, derived
from a Lagrangian thickness change field, showed the highest melt near the grounding zone and along
several basal channels, highlighting a high spatial variability. Our basal melt rates compare well (both in
magnitude and spatial distribution) to previous studies based on remote sensing and in situ measurements
(Cai et al., 2017; Dutrieux et al., 2014; Wilson et al., 2017). Minor changes in basal melt rates are supported
by hydrographic observations in the Petermann Fjord (Heuzé et al., 2017; Johnson et al., 2011). The latter
studies hypothesize that cold and low-salinity Winter Water from Nares Strait protrudes under the floating
ice tongue, limiting enhanced basal melting to water depths of 150 m to >1,000 m. Until now, this could
explain the similar precalving and postcalving melt water concentrations measured in Petermann Fjord
(Heuzé et al., 2017). However, the anticipated next calving event could set larger parts of the ice base in
the new terminus region to deeper water depth, making the entire ice tongue more vulnerable to increased
ocean warming.
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5. Conclusions

In this study, we combine observations and numerical ice flow modeling to investigate how various calving
events impact the dynamics of PG. Contrary to the 2010 calving event, which did not result in a significant
speedup of Petermann Glacier, we show that the combination of both the 2012 and a subsequent calving
event lead to a 10% speedup of ice velocities. Compared to a seasonal acceleration of ~25%, this is only minor,
but if the trend of a retreating calving front continues, PG is likely to further accelerate in the future. We
attribute this to a loss of buttressing caused by the retreat further upstream and a subsequent loss of friction
with the fjords walls. The impact of calving on the simulated ice flow is limited by the treatment of the
floating tongues ice rheology and inclusion of observable fracture zones. The inversion inferred rheology
is treated fixed in time and space, as a consequence whether changing weak/stiff zones nor developing
fractures are considered. However, the observed speedup in 2016 suggests that the ice in the frontal part
is already detached from the stabilizing fjord walls. Provided that the ice breaks in the newly developed
fracture zone, no additional speedup is assumed for the next calving event.
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