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Abstract. The 79° North Glacier (Nioghalvfjerdsbrae, 79NG) is one of three remaining glaciers with a floating tongue in

Greenland. Although the glacier was considered exceptionally stable in the past, earlier studies indicate that the ice tongue has

thinned in recent decades. By conducting high-resolution ground-based and airborne radar measurements in conjunction with

satellite remote sensing observations, we find significant changes in the geometry of 79NG. In the vicinity of the grounding

line, a 500m high subglacial channel has grown since ∼2010 and caused surface lowering of up to 7.6ma−1. Our results show5

extreme basal melt rates exceeding 150ma−1
::::
over

:
a
::::::
period

::
of

::::
17d

:
within a distance of 5km from the grounding line, where

the ice has thinned by 42%
:::
32%

:
since 1998. We found a heterogeneous distribution of melt rates likely due to variability in

water column thickness and channelization of the ice base. Time series of melt rates show a decrease in basal melting since

2018, indicating an inflow of colder water into the cavity below 79NG. We discuss the processes that have led to the changes in

geometry and conclude that the inflow of warm ocean currents has led to the extensive thinning of 79NG’s floating ice tongue10

near the grounding line in the last two decades. In contrast, we hypothesize that the growth of the channel results from increased

subglacial discharge due to a considerably enlarged area of summer surface melt due to the warming of the atmosphere.

1 Introduction

The mass loss of the Greenland Ice Sheet over the last decades as a result of a warming atmosphere and ocean has accelerated

(Shepherd et al., 2020) and contributed to recent sea-level rise by 1.4mma−1 (Khan et al., 2022a). Half of the mass loss is15

caused by ice-sheet discharge through marine-terminating glaciers (Shepherd et al., 2020), mainly due to the retreat of glacier

fronts (King et al., 2020) as the floating ice tongues restrain the outflow of the grounded ice (Fürst et al., 2016). The largest

of the three remaining floating tongues in Greenland is the one of Nioghalvfjerdsbrae (79NG). Together with its neighboring

Zachariæ Isstrøm (ZI), it is the main outlet glacier of the Northeast Greenland Ice Stream (NEGIS; Fig. 1a), the largest ice

stream of the Greenland Ice Sheet (Fahnestock et al., 2001). After the collapse of ZI’s floating tongue in 2002, the glacier20

itself (Khan et al., 2014; Mouginot et al., 2015), as well as NEGIS, have shown an extensive speed-up (Khan et al., 2022b). In

contrast, only minor acceleration rates have been observed at 79NG (Mouginot et al., 2015; Vijay et al., 2019).
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Ice sheet simulations indicate that 79NG remains stable within this century and will experience only a minor grounding line

retreat as bedrock rises inland (Choi et al., 2017). Its stability is attributed to pinning points at the calving front (Thomsen et al.,

1997), lateral resistance from shear margins (Mayer et al., 2000; Rathmann et al., 2017; Mayer et al., 2018) and con�nement25

of the glacier leading to lateral compression. However, thinning has occurred during the last two decades (Helm et al., 2014;

Kjeldsen et al., 2015; Mouginot et al., 2015; Mayer et al., 2018) and cracks have formed at the calving front that might be a

precursor of disintegration(?)
::::::::::::::::::
(Humbert et al., 2023).

Observations and modeling show that the in�ow of warm Atlantic Intermediate Water (AIW, temperatures exceeding1 � C)

into the cavity below 79NG (Straneo et al., 2012; Wilson and Straneo, 2015; Lindeman et al., 2020; Schaffer et al., 2020)30

and its variability are connected to the ocean currents in Fram Strait (Münchow et al., 2020; von Albedyll et al., 2021).

Bentley et al. (2023)givesevidence
:::::
Based

::
on

::::::::::
temperature

::::
and

::::::
salinity

::::::::::::
measurements

::
in

::
an

:::::::
epishelf

::::
lake,

::::::::::::::::::
Bentley et al. (2023)

::::
show

:
that the AIW reaches the grounding line area of 79NG a few months afterthein�ow into the

:::::::
entering

:::
the cavity.

The observed oceanic heat transport into the sub-ice cavity (Schaffer et al., 2020) has been suggested to maintain intense

basal melting(Mayer et al., 2018; Lindeman et al., 2020; Schaffer et al., 2020)
:::::::::::::::::::::::::::::::::::::::::::::::::::
(Mayer et al., 2018; Lindeman et al., 2020; Schaffer et al., 2020)35

. Similar processes might have led to the disintegration and retreat of the �oating ice tongues of Jakobshavn Isbræ (Motyka

et al., 2011).
:
In

:::
the

::::::
future,

:::::
basal

::::
melt

::::
rates

:::
are

::::::::
expected

::
to

:::::::
increase

:::::
most

:::::::::::
pronouncedly

::
in

:::
the

:::::::::::
northeastern

::::
part

::
of

:::::::::
Greenland

::::::
towards

:::
the

::::
end

::
of

:::
the

::::
21st

::::::
century

::::::::::::::::
(Slater et al., 2020).

:

However, the supply of fresh water fromglaciersurfacemeltingwas
:::::
glacial

:::::::
surface

::::::
melting

::::
has

::::
been

:
found to alter circu-

lation in fjords and basal melting of glaciers(Straneo et al., 2016)
::
by

:::::::::
increasing

::::::::::::::
buoyancy-driven

:::::::::
circulation

::::
and

:::::::::
decreasing40

::::::::::
shelf-forced

:::::::::
circulation

:::::::::::::::::
(Straneo et al., 2016)

:
.

:::::::::
Subglacial

::::
water

:::::::::
discharge

::::
from

:::::::
beneath

:::
the

::::::::
grounded

:::
ice

::
is

::::
often

::::::
linked

::
to

:::
the

::::::
location

:::
of

::::
basal

::::::::
channels

::
in

::
the

:::::::
�oating

:::
ice

::::::
shelves

::::::
caused

::
by

::::::
locally

::::::::
enhanced

:::::::
melting

::::::::::::::::::
(Le Brocq et al., 2013)

:
.
::::
Such

::::::::
channels

:::
can

::
be

:::
up

::
to

:
a

::::
few

::::::::
kilometers

:::
in

:::::
width

:::
and

::
up

:::
to

:
a

:::
few

:::::::
hundred

::::::
meters

::
in

::::::
height

::::::::::::::::::::::
(Rignot and Steffen, 2008).

:

:::
The

::::::
spatial

::::::::::
distribution

::
of

::::
basal

::::
melt

:::::
rates

:::
can

::
be

:::::::::::
investigated

::::
using

::::::::
repeated

::::::::::::
measurements

::::
with

:::
the

::::::::::::
phase-sensitive

::::::
Radio

::::
Echo

:::::::
Sounder

:::::::
(pRES).

::::
The

::::
same

::::::
device

:::
can

::
be

:::::::
operated

::
in

::
an

:::::::::::
autonomous

::::
mode

::::::::::
(henceforth

:::::::
ApRES)

::
to

:::::::
perform

::::::::::::
measurements45

:::
over

::
a

::::::
longer

::::::
period

::
of

::::
time

:::::
with

:
a

:::::::
de�ned

:::::::
interval.

::::::::
Previous

::::::
studies

::::
used

::::::
pRES

:::
and

:::::::
ApRES

::::::::::::
measurements

::
to

::::::::::
investigate

::
the

::::::
spatial

::::::::::
distribution

::::
and

::::::::
temporal

:::::::::
variability

::
of

:::::
basal

:::::::
melting

::::::
inside

::::
basal

:::::::::
channels:

:::
At

:::
the

::::
Ross

::::
Ice

:::::
Shelf,

::::::::::
Antarctica,

::::::::::::::::
Marsh et al. (2016)

::::
found

::::::::
enhanced

:::::::
melting

:::::
inside

:
a
:::::::
channel

::::
near

:::
the

::::::::
grounding

::::
line

:::::
which

:::::::
reduced

:
in

:::
the

::::::::::
downstream

::::::::
direction.

::::::::::::::::::
Humbert et al. (2022)

:::::::
revealed

::
for

::
a

::::::
channel

::
at

::::::::
Filchner

:::
Ice

:::::
Shelf,

:::::::::
Antarctica

:::
that

::::
melt

::::
rates

::::::
inside

:::
the

::::::
channel

::::::::
decrease

::
in

:::
the

:::::::
direction

::
of

:::
ice

:::::
�ow

:::
and

:::
fall

::::::
below

:::::
those

::::::
outside

:::
the

::::::::
channel,

::::::
causing

:::
the

:::::::
channel

::::::
height

::
to

::::::::
decrease.

::::::
While

::::
they

:::::
found

:::
no50

:::::::::
pronounced

::::::::::
seasonality

::
of

:::::::
melting

:::::
inside

:::
the

:::::::
channel,

::::::::::::::::::
Washam et al. (2019)

:::::::
detected

:
a
:::::::::
signi�cant

:::::::
increase

::
in

:::::::
melting

:::::
inside

::
a

::::::
channel

::
at

:::::::::
Petermann

:::::::
Glacier,

:::::::::
Greenland,

::::::
during

::
the

::::::
surface

::::
melt

::::::
period

::
in

:::::::
summer.

:::::
They

:::::
linked

:::
the

:::::::::
seasonality

::
to

:::
the

::::::::
increased

::::::::
subglacial

::::::::
discharge

:::
that

::::::::
enhanced

:::
the

::::::
in�ow

::
of

::::::
warmer

:::::
ocean

:::::::
currents

::::
into

::
the

::::::
cavity

::::::::::::::::::::::::::::::::::
(Shroyer et al., 2017; Washam et al., 2019)

:
.

:::::::
Whether

:::::
basal

::::::::
channels

:::::::
stabilize

:::
or

:::::::
weaken

::::
shelf

::::
ice

::
is

:::
not

:::::
fully

:::::::::
understood

:::
yet

::::::::::::::::
(Alley et al., 2016)

:
.
:::::::::
Numerical

:::::::
models

::::::
indicate

::::
that

:::
the

::::::::
existence

:::
of

::::::::
channels

:::
can

::::::::
decrease

:::
the

:::::
mean

:::::
basal

::::
melt

::::
rate

::::::::::::::::::
(Millgate et al., 2013)

:
,

::
at

:::
the

:::::
same

:::::
time,

:::
the55

:::::::
channels

::::
can

:::::::::
structurally

:::::::
weaken

::::
the

:::
ice

::::
shelf

:::::::::::::::::::
(Vaughan et al., 2012).In the future, submarinemelt ratesare expectedto

increasemostpronouncedlyin thenortheasternpartof Greenlandtowardstheendof the21stcentury(Slater et al., 2020).
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Observations of basal melt rates and their in�uence on the ice thickness arethus considered key to understanding the

dynamics of the system. Basal melt rates of 79NG have been estimated based on indirect satellite remote sensing retrievals

(Wilson et al., 2017), which are accompanied by considerable uncertaintiesandlimited to freely �oating parts.Especiallyin60

the.
::::::::::
Particularly

::::::
within

:
a

:::
few

:::::::::
kilometers

:::::
from

:::
the

::::::::
grounding

::::
line

:::
and

:::::
above

:::::
basal

::::::::
channels,

:::
the

::
ice

::
is

::
in

::::::::::
hydrostatic

:::::::::
imbalance,

::::::
limiting

:::
the

::::::::
analysis

::
of

::::
melt

::::
rates

::::::
based

::
on

:::::::
changes

:::
in

::::::
surface

::::::::
elevation

::::::::::::::::::::::::
(Chartrand and Howat, 2023).

::::::
Thus,

::::
other

::::::::
methods

::::
must

::
be

:::::
used

::
to

:::::::
monitor

:::::::
changes

::
in

:::
ice

:::::::::
thickness

:::
and

::
to

::::::::::
understand

:::
the

:::::::::
underlying

:::::::::
processes,

:::::::::
especially

::
in

:::
the

:
area of the

grounding line of 79NG where higher basal melt rates are expected due to thick (reduced melting temperature) ice getting

into contact with warm ocean waters, othermethodsmustbeusedto monitorchangesin ice thicknessandto understandthe65

underlyingprocesses.

In this study, we investigate the recent changes in ice thickness of the 79NG from in-situ and airborne as well as satellite

remote sensing observations. We analyze a spatial distribution of thinning and basal melt rates focusing on the vicinity of the

grounding line of 79NG. Finally, we discuss the processes that explain the observations and how these have changed in the

past decades.70

2 Data

In order to obtain a time series of surface elevations of the 79NG grounding line area we generated 96 Digital Elevation Models

(DEMs)
::::
from

::::::
bistatic

::::::::::
TanDEM-X

:::::
SAR

::::::::::::
interferometry, which span the period December 2010 to April 2021. Additionally, we

acquired airborne and ground-based radar measurements at the 79NG under the framework of theGreenland Ice Sheet – Ocean

Interaction(GROCE,
:
https://www.groce.de) project. The airborne radar measurements were performed in April 2018 and July75

2021 withthe
::::::
AWI's ultra-wideband (UWB;

::::::
Alfred

::::::::
Wegener

:::::::
Institute

:::::::::
Helmholtz

:::::
Centre

:::
for

:::::
Polar

:::
and

::::::
Marine

:::::::::
Research,

::::
AWI)

radar in order to determine the basal geometry of the 79NG. We obtained a spatial distribution of Lagrangian thinning rates

from a repeat survey ofground-basedphase-sensitiveradar(pRES)
:::::
pRES

:
measurements in July 2017 and 2018. In July

2017, we marked the measurement location on the surfaceby
::::
with 4m long bamboo stakes drilled into the ice in order to be

able to repeat the measurement in 2018 at exactly the same location in the Lagrangian frame. The majority of the measurement80

locations were distributed within8km distance from the grounding line (Fig. 1b). Here, we operatedautonomouspRES
::::::
ApRES

stations at three locations (ApRES1-3) untilJune2022
:::::::::
September

::::
2023 that move with the ice to derive year-round time series

of basal melt rates in a Lagrangian reference frame. In Summer 2018, we relocated ApRES2 to its starting position from 2016

in order to repeat the measurements on the same �owline. These stations are labeled as ApRES2a (2016–2018) and ApRES2b

(2018–2019).85
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3 Methods

3.1 Time series of surface elevations from TanDEM-X SAR interferometry

DEMs were generated from bistatic TanDEM-X SAR interferometry closely following the methods described by Neckel et al.

(2013). Interferograms were formed from co-registered Single-look Slant range Complex (CoSSC) data employing a 4� 4

multi-looking step. Prior to phase unwrapping we subtracted a simulated phase from the global TanDEM-X DEM at30 m90

::::
30mresolution (Wessel et al., 2016). The latter was done to reduce unwrapping errors and the simulated phase was added back

afterwards. The �nal DEMs were geocoded and spatially adjusted to the global TanDEM-X DEMoverstablebedrockfollowing

the methodsdescribedby Nuth and Kääb (2011).
::
by

:::::::::
calculating

:::
the

::::::::
standard

::::::::
deviation

:::
and

:::
the

::::::::::
normalized

::::::
median

::::::::
absolute

:::::::
deviation

:::::::::
(NMAD)

:::
for

::
all

::::::
DEMs

::::
over

::::::
stable

::::::
ground

:::::::::::::::::::::::::::::::::::
(Nuth and Kääb, 2011; Wessel et al., 2016)

:
.

::::
The

::::::
NMAD

::
is

::::::::::
considered

::
to

::
be

:::::
more

::::::
robust

::
to

::::::
outliers

:::::
than

:::
the

:::::::
standard

::::::::
deviation

:::::::::::::::::::::
(Höhle and Höhle, 2009).

::::
For

:::
the

:::::
entire

:::::
stack

::
of

::::::
DEMs

:::
we

::::::
obtain95

:
a

:::::::
standard

::::::::
deviation

:::
of

::::::
0:96m

:::
and

:::
an

:::::::
NMAD

::
of

::::::
0:55m

::::::
which

::
is

::
in

:::::::::
agreement

::::
with

::::
the

::::::::::
TanDEM-X

:::::::
mission

:::::::::::
requirements

::::::::::::::::
(Wessel et al., 2018)

:
. Surface elevation changes between 2010 and 2021 were estimated by �tting a linear trend to every pixel

of the co-registered stack of 96 DEMs (e.g. Berthier et al., 2016).

3.2 Ultra-wideband (UWB) airborne radar

The UWB is a multichannel coherent airborne radar that consists of an eight-element antenna array with a total transmit power100

of 6kW (Hale et al., 2016). The antennas operate in the frequency band of150– 520MHz, with a pulse repetition frequency

of 10kHz and a sampling frequency of1:6GHz. The characteristics of the transmitted waveform and the recording settings

can be manually adjusted. We used alternating sequences of different transmission/recording settings (waveforms) to increase

the dynamic range: short pulses (1� s) and low receiver gain (11 – 13dB) to image the glacier surface, and longer pulses (3 –

10� s) with higher receiver gain (48dB) to image internal features and the ice base. The waveforms were de�ned with regard to105

the glacier thickness. Additionally, we used two different frequency bands in the survey:180– 210MHz and150– 520MHz.

The theoretical range resolution in ice afterpulse-compression
::::
pulse

:::::::::::
compression

:
for the two bandwidths is about2:8m and

0:23m, respectively. Recorded traces werepresumed
:::::::::
pre-stacked

:
in the hardware by a factor between 2 and 16, depending

on the pulse length. In order to reduce range side lobes, the transmitted and the received signals were tapered using a Tukey

window and the received signal spectrum was �ltered with a Hanning window (The MathWorks Inc., 2022). We recorded the110

position of the aircraft with four NovAtel GPS receivers, which were mounted on the wings and the fuselage.

Post-�ight processing included pulse compression in the range direction, synthetic aperture radar
:::::
(SAR) focusing in the along-

track direction, and array processingin thecross-trackdirectionto
:
to

:::::::
increase

:::::::::::::
signal-to-noise

::::
ratio

:::
and

:::
to suppress off-nadir

echoes.
::::
The

::::
SAR

:::::
focus

::
is

::
set

::
to

:::::::
achieve

:
a
::::::
ground

:::::::::
resolution

::
of

:::::
10m

::
in

:::
the

:::::::::
along-track

::::::::
direction.

:

To transform two-way travel time to depth, we used a propagation velocity for the electromagnetic wave of168:914m� s� 1115

that
::::
which

:
refers to a relative permittivity of" r = 3 :15 for pure ice. No �rn correction was applied since the predominant part

of the glacier is located in the ablation zone. We concatenated the echograms of the alternating waveforms to obtain the �nal

echograms covering the glacier from the surface to the base with a high dynamic range. Finally, the surface return of the radar

4



echo was aligned with a high-resolution elevation modelcreated
:::
with

::
a

::::::
vertical

:::::::
accuracy

:::
of

:::::
0:1m,

:::::
which

::::
was

:::::::::
determined

:
from

simultaneously acquired laser scanner data.120

3.3 Phase-sensitive Radio Echo Sounder (pRES)

3.3.1 Technical Background

Thephase-sensitiveradioechosounder(pRES)
:::::
pRES is a ground-penetrating frequency-modulated continuous-wave (FMCW)

radar, transmitting chirps with a frequency bandwidth of200MHzand a center frequency of300MHz(Brennan et al., 2014; Nicholls et al., 2015)

. Thesamedevicecanbeoperatedin anautonomousmode(henceforthApRES) to performmeasurementsovera longerperiod125

of timewith ade�ned interval.
:::::::::::::::::::::::::::::::::::
(Brennan et al., 2014; Nicholls et al., 2015). While the repeat pRES survey was performed with

100 chirps and two skeleton slot antennas, the ApRES stationsconsist
:::::::
consisted

:
of two bow-tie antennas and recorded 20

chirps with a measuring interval between one and six hours. For processing the raw data, we calculated pairwise correlation

coef�cients of all chirps, rejected chirps with low correlation coef�cients, and stacked the remaining ones. We followed Bren-

nan et al. (2014) for processing to get amplitude- and phase-depth pro�les. We assumed a relative permittivity of" r = 3 :15 in130

ice for the time-to-depth conversion.

3.3.2 Thinning rates from single-repeated pRES measurements

The estimation of the Lagrangian thinning rate is based on the change in ice thickness along the �ow of the same ice particles.

The ice base is assumed to be responsible for strong peaks in the radar signal due to the high contrast in relative permittivity

between ice and seawater. In the case of a �at ice base, the nadir re�ection has the shortest two-way travel time of all basal135

re�ections in a radius de�ned by the antenna beamwidth. However, steep basal gradients such as those of basal channels can

cause off-nadir re�ections which might appear before the nadir basal return.
:::
The

::::::
steeper

:::
the

:::::
basal

:::::::
gradient

:::::::
between

:::
the

:::::
nadir

::
ice

::::
base

::::
and

:::
the

:::::::
location

::
of

:::
the

:::::::
off-nadir

:::::::::
re�ection

:::::::
increases

:::
on

:::::::
average,

:::
the

::::::
earlier

:::
the

:::::::
off-nadir

::::::::
re�ection

:::::::
occurs.

:::::
Thus,

:
if

:::
an

:::::::
off-nadir

::::::::
re�ection

:::::::
appears

:::::
before

:::
the

:::::
nadir

::::
basal

:::::
return

:::::::
depends

:::
on

:::
the

::::::
location

::
of

:::
the

:::::::::::
measurement

:::::::
relative

::
to

:::
the

::::::::::
surrounding

::::
basal

::::::
slopes

:::
and

::::
their

::::::::
gradients.

:
140

In order to identify nadir and off-nadir returns, we used theicebase– icesurface– icebasemultiplewhichweassumeto be

the
:::
�rst

:::::::
multiple

:::::::::
re�ections

::::
from

:::
the

:::
ice

::::
base,

::::::
which

::::
were

:::::::::::
characterized

:::
by

::::
twice

:::
the

::::::::
two-way

:::::
travel

::::
time

::::
since

::::
they

:::::::::
originated

::::
from

:::
the

:::::::::
re�ections

::
at

:::
the

:::
ice

:::::
base,

:::
the

:::
ice

:::::::
surface,

:::
and

:::::
again

::
at

:::
the

:::
ice

:::::
base.

::::
Here

:::
we

:::::::
assume

::::
that

:::
the

:::::::
multiple

::
is

:
strongest

for the nadirre�ections.The
::::::::
re�ection

:::::
since,

::
in

:::
the

::::
case

::
of

::
a

:::
�at

:::
ice

:::::::
surface,

::::
most

::
of

:::
the

:
re�ected energy from a far-off-nadir

re�ection will bemostly
:
is

:
re�ected in the opposite directionin thecaseof a �at icesurface..

:
145

Therefore, multiples from off-nadir re�ections will be weaker compared to nadir re�ections. Additionally, we used the

ice thickness distribution derived from UWB echogramsnearby
:::
near

:
the location of the pRES observations that can reveal

the ice thickness and, furthermore, give a hint for the origin of the recorded off-nadir re�ection. At pRES location g4_p02,

UWB echograms from 2018 show a growing subglacial channel in the immediate vicinity of both the �rst and repeated pRES

measurement (Figs. 1c, 2). Based on these UWB echograms, we link the origin of the off-nadir re�ection to the basal channel.150
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In Appendix A, we give further examples of amplitude pro�les from repeated pRES measurements where the �rst basal return

was identi�ed to be an off-nadir return. The distinction between nadir and off-nadir returns is important as the precise local

change in ice thickness can only be revealed from nadir returns. Following Stewart et al. (2019), we applied a cross-correlation

of the amplitude and the phase of their basal segments ranging from� 9 to +1m around the identi�ed return. The uncertainty

in this case is below0:01m.155

Even if no distinction between nadir and off-nadir re�ection can be made, the ice thickness change can be estimated with

the following approach: Using the �rst basal return in both measurements would always result in an underestimation of the

change in ice thickness at least at one of both locations where the (off-nadir) �rst basal re�ections occurred (Appendix A).

This means that a thinning rate exists somewhere in the scattering area that is as large as this amount or even more. Note, this

should not be understood as the minimum rate in the scattered area (marked in Fig. 1 for off-nadir thinning rates), as there160

can also be lower thinning rates at the same time. Thus, at stations where we could not distinguish reliably between a nadir

and an off-nadir re�ection, we used the �rst strong increase in amplitude for the ice thickness calculation and interpret this as

an off-nadir return. The range to the off-nadir basal re�ector differs from the ice thickness above the re�ector, which can be

derived byH � = R cos� , whereR is the range of the basal re�ector andH � the off-nadir ice thickness viewed at an angle� .

The resulting thinning rate� _H � (positive values correspond to thinning) is165

� _H � = �
(R2 � R1) cos�

� t
; (1)

whereR1 is the range to the off-nadir basal re�ector of the �rst andR2 of the second measurement after the time period� t.

Since the off-nadir angle� is often unknown, we assume that it ranges from0° to a maximum of30° (Brennan et al., 2014) and

calculated the average of both angles. The spread in ice thickness difference from both� together with the inaccuracy of the

signal propagation speed in the ice of� 1% (Fujita et al., 2000) is represented in the uncertainty of� _H � . At those stations at170

which we identi�ed nadir and off-nadir re�ections, we determined both thinning rates. We rejected those measurements where

the depth of the �rst basal return was unclear.Sincethe
:::
The estimation of vertical strain was not possible with single-repeated

pRES measurements due to the low correlation of the amplitude pro�les.
:::
We

::::::::
attribute

:::
this

::
to

:::::::::::::
water-saturated

::::::
layers

:::
on

:::
the

::::::
surface

:::::
whose

:::::::::
re�ections

::::
also

::::::
overlap

:::::
those

::
of

::::::
deeper

::::::
layers.

::::
Thus, we could not calculate the basal melt rate.

3.3.3 Basal melt rates from ApRES time series175

The calculation of basal melt rates follows previously described methods (Corr et al., 2002; Jenkins et al., 2006; Stewart et al.,

2019). Several quantities cause changes to the rangeR to the basal re�ector within the time period� t: ablation� Rs, strain

� R" and basal melting� Rb:

� R
� t

=
� Rs

� t
+

� R"

� t
+

� Rb

� t
(2)

With the ApRES time series (
::::::
Fig. 3a,

:
Appendix B), all of these quantities can be estimated in order to obtain the basal melt180

rate. Since the estimation is based on the detection of the vertical displacement of layers, we divided the �rst echogram in6m

long segments with5m overlap starting at a depth of20m. For each segment, we derived displacements from complex cross-
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correlation of the phase of all pairwise time-consecutive measurements (Stewart, 2018).Afterward
:::::::::
Afterwards, we calculated

the daily mean values of the displacements.

In the �rst step, we used the time-mean vertical displacement of internal re�ectors to calculate the vertical strain pro�le.185

:::::::
(Fig. 3b).

:
Here only those segments between20m below the surface and20m above the basal return at the last measurement

were considered. In addition, we only considered measurements between October and May to avoid the in�uence of ablation

on the calculation of the strain. The vertical strain is the depth derivative of the vertical displacementuz

" zz =
@uz
@z

; (3)

which we derived from a linear �t that best matches the vertical displacements. Although one of the ApRES stations was located190

within the hinge zone in which bending might affect the strain distribution (Jenkins et al., 2006), none of the displacement

distributions indicated a deviation from a linear function over depth.

For a nadir basal re�ection, the estimation of the range shift due to ice deformation� Rn
" is only affected by the vertical

strain

� Rn
" =

Z

00m::

R " zz dz:; (4)195

::::
from

:::
the

::::::
surface

::
at

:::::::
z = 0m

::
to

:::
the

:::
ice

::::
base

::
at

::::::
z = R. Calculating the displacement of off-nadir re�ectors due to deformation is

more complex because the two horizontal strain components" xx and" yy must also be considered (see Appendix B1). Since

we can only determine the vertical strain component" zz with ApRES measurements, we have to make assumptions to estimate

� R" viewed at an angle� . In Appendix B1, we show that for small off-nadir angles of� � 30°, the absolute value of� R" is

always smaller than or equal to the absolute value of the nadir displacement� Rn
" :200

0 � j � R" j � j � Rn
" j; (5)

At all ApRES sites, we found" zz > 0 (see
:::::::
Figure 3b

:::
and

:
Appendix B2), so that Equation 5 can be simpli�ed further to

0 < � R" � � Rn
" : (6)

Thus, assuming that the re�ection occurred from a nadir re�ector, we cannot underestimate the deformation. The largest

� Rn
" was found to be2:7m for � t = 1 a at ApRES2b, which resultsin an underestimatedmelt rateof � 2:7ma� 1 dueto205

deformation.
:::
In

::::
case

:::
the

::::::
change

::
in

:::
ice

::::::::
thickness

::
is

:::::
based

:::
on

::
an

::::::::
off-nadir

::::
basal

:::::::::
re�ection,

:::
the

:::::::::
correction

::::
with

:::
the

:::::
nadir

:::::
range

::::
shift

:::
due

::
to

:::
ice

::::::::::
deformation

:::::::::::::
underestimates

:::
the

::::
melt

:::
rate

:::
by

::::::::::
� 2:7ma� 1.

Next, we use the displacement time series of the segment centered at a range of50m(u50
z ) to correct for ablation.

:::::::
(Fig. 3c).

Since the ice above is affected by ice deformation, we subtract this contribution from the displacement

� Rn
s = u50

z �
Z

50
0

50m
0m:::

" zz dz: (7)210

Here,� Rn
s is the vertical (nadir)ablation

:::::::::::
displacement

::::::
caused

::
by

:::::::
ablation

::::::::
(negative

:::
for

::::::::
ablation). In order to determine the

contribution of the ablation to the range difference to an off-nadir re�ector,� Rn
s , we need to correct for the angle� :

� Rs =
� Rn

s

cos�
: (8)
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Since� is still unknown, we use the extremes0° and30° and average both values. The difference from the mean is used as

uncertainty, which corresponds up to2ma� 1 in summer and near zero in winter.
:::
We

:::::::
removed

:::::::
outliers

::::::
de�ned

:::
by

:::::::
ablation

::::
rates215

::::::::::
> 0:1md� 1.

:

To �nally derive the basal melt rateab in the vertical direction, we subtract� R" and� Rs from the displacement of a basal

re�ector

ab = �
� Rb

� t
= �

� R � � Rs � � R"

� t
: (9)

Similar to(Va�nková et al., 2021)
:::::::::::::::::
Va�nková et al. (2021), we analyze� R for all segments within a range of50m below the �rst220

basal return to obtain the nadir and off-nadir basal melt rates.
:::::::
(Fig. 3d).

:
This range was chosen since at the ApRES sites, all

strong basal re�ections occurred within50m. To represent the variability within a time series, we calculated the median melt

rate next to the25%, 75%, and95%quantile for each time step.Afterward
:::::::::
Afterwards, a 7-day moving average �lter was used

to smooth the time series.
::::::::
(Fig. 3e).

The largest uncertainty of the melt rate estimate arises from the unknown off-nadir angle� , which affects the ablation and225

strain correction. The sum of both uncertainties is up to8ma� 1 in summer and signi�cantly less in winter. In addition, the

estimate of the melt rate quanti�es the rate at which the ice base has approached the ApRES through melting. This can differ

from the melt rate in the normal or vertical direction at the basal re�ector.A
::
In

:::
the

::::
case

::
of

:
a
:::
�at

:::
ice

:::::
base,

:::
the

::::::::
measured

:::::
nadir

::::
melt

:::
rate

::
is

:::::
equal

::
to

:::
the

::::
melt

::::
rate

::
in

:::
the

::::::
normal

::::
and

::::::
vertical

:::::::::
direction.

:::
For

::
an

:::::::
inclined

:::
ice

:::::
base,

:::
the

::::::::
measured

:::::
nadir

::::
melt

::::
rate

:
is

:::::
equal

:::
to

:::
the

::::
melt

:::
rate

:::
in

:::
the

::::::
vertical

:::::::::
direction,

:::::
which

::
is

::::::::
different

::::
from

::::
that

::
in

:::
the

::::::
normal

:::::::::
direction.

::
A

::::::::
measured

::::::::
off-nadir230

::::
melt

:::
rate

::::
can

:::::
differ

::::
from

::::
both

:::
the

:::::
melt

:::
rate

::
in

:::
the

:::::::
normal

:::
and

::
in

:::
the

:::::::
vertical

::::::::
direction.

::
A

:
further uncertainty arises from the

inaccuracy of the signal propagation speed in the ice, which correspondsto � 1%
:::::::
resulting

::
in

:::
an

:::::::::
inaccuracy of the melt rate

::
of

:::::
� 1%(Fujita et al., 2000).
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Figure 1. (a) Map of northern Greenland with drainage basins (black lines) of 79NG and Zachariæ Isstrøm (ZI) (Krieger et al., 2020) and

surface velocities (Joughin et al., 2018) showing the Northeast Greenland Ice Stream (NEGIS) and Petermann Glacier (PG). (b) Sentinel-2

mosaic of 79NG with thinning rates derived fromin-situ
::::
pRES measurements in 2017 and 2018 (box in (a)). (c) Enlargement of the 79NG

hinge zone (box in (b)) with surface elevation change rates (dh/dt) derived from TanDEM-X satellite data between 2010 and 2021. Dots and

squares
:::::::
scattering

::::
areas showing nadir and off-nadir thinning rates with paths of Lagrangian

:::::
pRES measurement location between July 2017

and July 2018. White stars mark the starting and black stars the ending position of ApRES stations.
:::
The

::::
upper

::::::
�exure

::::
limit

::::::::
(grounding

::::
line)

:::
and

::::
lower

:::::
�exure

::::
limit

:::
are

::::
based

:::
on

:::::::::::
interferometry

:::
and

::::
mark

::
the

::::
area

:::::
where

::
the

:::
ice

:
is

:::::
being

:::
bent

:::
by

::
the

::::
tides.

:
Copernicus Sentinel data from

2018, retrieved from Copernicus SciHub on 16 August 2021.
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Figure 2. Growing basal channel from pRES and UWB echograms. (a,b) UWB echograms from the across-�ow pro�les from 2018. The

center of both is the location of a Lagrangian pRES measurement in 2017 ((a), vertical blue line) and 2018 ((b), vertical red line). Possible

origins of nadir and off-nadir re�ections, discovered in the pRES echograms (c), are represented by dashed lines. The suggested locations

at which the re�ections occurred are marked by circles. (c) pRES echograms from 2017 and 2018 with the identi�ed nadir and off-nadir

re�ections. Location is shown in Fig. 1c.
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Figure 3.
::::::
Analysis

::
of

:::::::
ApRES1

::::
time

:::::
series.

::
(a)

::::::::::::
Time-echogram

::
of

:
a

:::::::::
Lagrangian

::::::::::
measurement

:
at

:::::::
ApRES1

:::::::
recorded

::::::
between

::::::
August

::::
2016

:::
and

:::
June

:::::
2022.

::
In

::::
2016

:::
and

::::
2017,

::::::
several

::::::
ApRES

::::::::::
malfunctions

:::::
caused

::::
data

::::
gaps.

:::
The

::::
black

::::::
outline

:::::
marks

::
the

::::
�rst

::::
50m

:::::
below

::
the

:::::
basal

:::::
return.

::
(b)

:::::
Mean

::::::
vertical

::::::::::
displacement

::
of

:::::::
englacial

:::::::
segments

::::::
(dots).

:::
The

::::
gray

:::::
shaded

::::
area

:::::
marks

:::
the

::::
range

:::::::
between

:::
the

::::
25%

:::
and

::::
75%

:::::::
quantile.

:::::::
Segments

:::::::
between

::::
20m

:::
and

::::
20m

:::::
above

:::
the

:::
�rst

::::
basal

:::::
return

::
at

:::
the

:::
end

::
of

:::
the

::::::::::
measurement

:::::
period

::::
(red

::::
dots)

::::
were

::::
used

::
to

:::::::
calculate

:::
the

:::::
change

::
in

:::
ice

:::::::
thickness

:::
due

::
to

::::::
vertical

::::
strain

::
by

:::::
�tting

::
a

::::
linear

:::::::
function

:::::
(black

::::
line).

::
(c)

:::::
Time

::::
series

::
of

::::::
ablation

::::
rate

:::::::
(negative

::
for

::::::::
ablation).

:::
The

:::
grey

::::::
shaded

:::
area

:::::
marks

:::
the

::::::::
uncertainty

:::
due

::
to

:::
the

::::::
off-nadir

:::::::::
correction.

::
(d)

::::
Time

:::::
series

::
of

::
the

:::::::::
determined

:::
melt

::::
rate

:::::
(color)

:::::
within

:::
the

:::
�rst

::::
50m

::::
below

:::
the

::::
basal

:::::
return,

:::::::::::
corresponding

::
to

::
the

::::
area

::::::
marked

::
by

::::
black

::::
lines

::
in

:::
(a).

::
(e)

::::
Time

:::::
series

::
of

::::
basal

::::
melt

:::
rate.

:::
The

::::::
dashed

:::
line

:::::
shows

::
the

::::
95%

:::::::
quantile,

::
the

::::
solid

:::
line

:::
the

::::::
median,

:::
and

:::
the

:::::
shaded

::::
area

:::::
marks

::
the

:::::
range

::::::
between

:::
the

::::
25%

:::
and

::::
75%

::::::
quantile.
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4 Results

4.1 Growing subglacial channel causes local surface lowering235

The DEM time series reveals that the surface elevation of the 79NG has decreased along the grounding line by a rate of

� 2:0 � 1:4ma� 1 (mean value� standard deviation), corresponding to a surface lowering of� 20� 14m between December

2010 and April 2021 (Fig. 4a). The maximum surface-lowering of� 56:9� 0:1m (or � 5:5� 0:1ma� 1) of the same time period

is evident in a graben-like structure in the center of the grounding line (Fig. 4a). This remarkable area of enhanced lowering

is located downstream of a supraglacial lake and extends from4km upstream to4km downstream of the grounding line. Its240

width decreases in �ow direction from a maximum of1km roughly2km upstream from the grounding line
::
to

:::::
500m

::::::
within

::::
5km

::
in

:::
the

:::
ice

::::
�ow

::::::::
direction

:
(Fig. 1c). While a hill was present in the ice surface in the central part near to and upstream

of the grounding line until 2015, this turned into a depression (Fig. 4b,c) due to enhanced surface lowering rates compared

to those rates outside the graben-like structure (Fig. 4e,f). The average elevation change upstream of the grounding line was

� 2:1 � 0:1ma� 1 between December 2010 and April 2015 and has increased to� 6:6 � 0:1ma� 1 until the end of the time245

series in April 2021 (Fig. 4b,e). Outside this area, the surface lowered at a signi�cantly smaller rate of� 1:1 � 0:1ma� 1.

Furtherdownstream
:::
Five

:::::::::
kilometers

:::::::::::
downstream

::
of

:::
the

:::::::::
grounding

:::
line

::::::
behind

:::
the

::::::
lower

::::::
�exure

::::
limit

:
where the ice is freely

�oating
::::::
(Fig. 1d), this sink already existed in 2010 and the lowering rate was smaller (Fig. 4d,g). At both locations downstream

from the grounding line, the (Eulerian) surface elevation change rate suddenly changed in late 2019 and became less strong

(Fig. 4f) and even turned into thickening (Fig. 4g), similar to what we have observed until 2013.250

In order to investigate what causes this drop in surface elevation, we recorded �ight pro�les with the UWB airborne radar.

Near the grounding line, these airborne radargrams reveal the existence of several subglacial channels (Figs
::
Fig. 5 and Appendix

Figs. C1 and C2). The by far largest channel with a height of500mand a width of1km is found in the central �ow line near the

grounding line and extends5km upstream from the grounding line. Above this channel, only190mof ice is left, which is30%

of the surrounding ice thickness. The location of this channel is in good agreement with the lowering of the surface observed255

from TanDEM-X satellite data (Fig. 4). However, upstream from the grounding line, the tip of the basal channel is located up to

400min the northwestern direction from the center of the surface depression. Between 2018 and 2021, the channel has grown
:
,

especially in the upstream area, where the channel height has increased by almost200m(Fig. 5a,b). In contrast, no signi�cant

change in ice thickness or channel height occurred downstream of the grounding line (Fig. 5c).Seismicmeasurements

:::::::
Airborne

:::::
radar

::::
data

:
from 1998 conducted byMayer et al. (2000)showno indicationof a channelexistingat the baseof260

79NG
::::
Niels

:::::
Reeh

:::
and

::::
Erik

:::::
Lintz

::::::::::
Christensen

::::
with

:::
the

:::::
DTU

:::::::::
(Technical

:::::::::
University

:::
of

::::::::
Denmark)

::::::
Space

:::::::
60MHz

:::
ice

:::::::
sounder

::::
show

:::
no

::::::
channel

::::
near

:::
the

::::::::
grounding

::::
line

:::
and

:
a
:::::
small

:::::
120m

::::
high

::::::::
channel,

::::::
located

::::
5km

::::::::::
downstream

:::
the

:::::::::
grounding

:::
line (Fig. 5d).

The ice has also thinned considerably outside the central channel. Along an across ice �ow pro�le600mdownstream from

the grounding line, the average ice thickness in 2021 was38mless than in 2018 (Fig. 5c). Compared to 1998, the ice thickness

5km downstream from the grounding line hasevendecreased by more than230m or 42%, which correspondsto a rateof265

10ma� 1. Themaximumthinningof 80%took placeabovethesubglacialchannel
:::::
162m

::
or

:::::
32%.

:::::
Above

:::
the

:::::
large

:::::::::
subglacial

:::::::
channel,

:::
the

::::::
glacier

::::::
thinned

:::
by

::::
67%.
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Figure 4. Surface elevation above sea level (EGM2008) from TanDEM-X satellite data between 2010 and 2021 (a) in ice �ow direction and

(b–d) across ice �ow direction. The distance in (a) is relative to the grounding line and in (b–d) relative to the pro�le in (a). The location of

all pro�les is shown inFig.
::::
Figure 1 and here marked by dashed lines. (e–f) Time series of surface elevation since 2010 at the three crossings

above (black) and outside (gray) the graben-like structure. The numbers represent the gradient of the linear regression.
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Figure 5. Sketch
::
Ice

:::::::
thickness

::::::::
evolution ofthe 79NG ice thicknessbetween 1998 and 2021 (a) in ice �ow direction and (b–d) across ice

�ow. The sketch
::
bed

:::::::::
topography

:
in (a) and (d) is based on active seismic measurements by(Mayer et al., 2000)

::::::::::::::
Mayer et al. (2000) from

1998andUWB
::::
1998.

:::
The

:::
ice

:::::::
geometry

::
in

::
(a)

::
–

::
(d)

::
is

:::::
based

::
on airborne radar measurements from

:::
1998

::::::
(Reeh),

:
2018

:::::
(UWB)

:
and2021.

::
/or

::::
2021

::::::
(UWB). The

:::::::
IceBridge

:::::::::
BedMachine

:::::::::
Greenland,

::::::
Version

:
5

:::::::::::::::::::::::
(Morlighem et al., 2017, 2022)

::
ice

:::::::
geometry

::
is

:::::
shown

:::
for

::
the

:::
two

:::::
across

:::
ice

:::
�ow

:::::::
sections

::
(c)

:::
and

:::
(d)

::
of

:::
the

::::::
�oating

::::
part.

:::
The distance in (a) is relative to the grounding line and in (b–d) relative to the pro�le in (a).

The locations of all pro�les are shown inFig.
::::
Figure 1 and

::
are

:
here marked by dashed lines.Fig.

:::::
Figure 4 shows the surface elevation change

above these pro�les. Appendix C shows the
::::
UWB

:
data thissketch

::::
�gure

:
is based on.
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4.2 Extreme subglacial melting at the �oating ice tongue

An analysis of the change in ice thickness at a given location (Eulerian perspective), as in the previous section, reveals changes

in the geometry of the glacier. However, because the ice is �owing, considering the Lagrangian perspective
:
in

::::::::
addition

::
to

:::
the270

:::::::
Eulerian is necessary for a full understanding of the process that causes these changes. The repeat UWB pro�le D–D' from

July 2021 is the Lagrangian repeat of the pro�le C–C' from April2018.
::::
2018

:::::::
(Fig. 1c).

:
On average, the ice thickness at pro�le

D–D' in 2021 was reduced by193m, corresponding to a mean annual rate of59ma� 1. Since the surface ablation is typical

< 2ma� 1 (Zeising et al., 2020) and the dynamic thinning due to strain is small(
::
as

:::::
shown

:::
by

::
all

:::::::
ApRES

::::::::::::
measurements

::::::
(Fig. 3,

Appendix B2), most of this thinning is attributed to basal melting.275

In order to investigate the spatial distribution of Lagrangian thinning, we analyzed pRES measurements performed in July

2017 and 2018 at the same surface point. Figure 1b shows the spatial distribution of the thinning rates of all repeated pRES

measurements (colored dots), while these are separated in Figure 1c into nadir (colored dots with a line showing the �ow

path) and off-nadir thinning rates (colored area). The marker shape of the off-nadir thinning rates
:
in

::::::::
Figure 1c

:
corresponds to

the scattering area from where the off-nadir basal re�ections could have occurred. The thinning rates are between1:7 � 0:1280

and134� 21ma� 1 for locations spread over the entire ice tongue of 79NG (Fig. 6). The highest (off-nadir) thinning rates of

126� 20 and134� 21ma� 1 were found at the most downstream bulge of the grounding line, next to the central subglacial

channel where the ice draft is large. However, moderate thinning rates of< 21ma� 1 were observed at a similar distance to the

grounding line and for a similar draft (Fig. 6). Further downstream, but still within the hinge zone, we observed predominantly

high thinning rates (> 50ma� 1) spread across the entire width of the ice tongue. In general, thinning rates are observed to285

be below30ma� 1 several kilometers downstream from the grounding line, declining towards the calving front to between

1:7 � 0:1 and3:2 � 0:1ma� 1 (Figs. 1 and 6).

Variability on small spatial scales is accessible using a combination of nadir and off-nadir returns. At the pRES measurement

location g4_p02 (Fig. 2), where we link the origin of the off-nadir re�ection to a small subglacial channel, we derived two

estimates of thinning rates: One is based on the repeated nadir re�ection outside the channel (6:4 � 0:1ma� 1) while the other290

is based on both �rst basal (off-nadir) re�ections in 2017 and 2018 within the channel (73� 10ma� 1). This comparison

indicates a growth of the subglacial channel by more than66ma� 1.

The ApRES time series show a strong spatial and temporal variability of basal melt rates without a clear seasonal cycle.

All three ApRES recorded high melt rates between October 2017 and July 2018 of> 50ma� 1 on average, which reduced to

� 30ma� 1 until April 2019 and stayed low until the end of the record in
::::::
January

:::::
2020

::::::::::
(ApRES2b),

:
July 2022 (

:::::::::
ApRES1),295

:::
and

:::::::::
September

:::::
2023

:::::::::
(ApRES4),

:::::::::::
respectively

:
(Fig. 7). This change is particularly pronounced at ApRES1, which is located

on the southeastern side of the glacier. Between April 2018 and April 2019, when ApRES1 was about8 – 9km downstream

from the grounding line, the melt rate dropped from137� 2ma� 1 (95% quantile) to just30� 1ma� 1 (Fig. 7a). After two

periods with higher meltin
::::
rates

::
in

:::
the summer and autumn

:
of

:
2020, the basal melt ratereduces

:::::::
reduced to zero for almost

all of the remaining 18 months. In early 2017, melt rates> 120ma� 1 (95% quantile) were recorded5:5km downstream300

from the grounding line at the north-western side by ApRES2a at the �rst basal return, whereas at the same time, the median
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Figure 6. Distribution of the thinning rate as a function of distance from the grounding line. Color-coded draft of the �oating tongue derived

from pRES measurements and separated for nadir and off-nadir thinning rates. Most uncertainties are too small to visualize.

melt rate was below50ma� 1 (Fig. 7b). After the relocation of ApRES2a (now named ApRES2b) to its starting point in the

summer of 2018, ApRES2b recorded a50mlower ice thickness and a50%lower melt rate (95%quantile) than ApRES2a two

years before. Furthermore, the spatial variability (difference between the median and95%quantile) of ApRES2b was greatly

reduced.305

The highest melt rates of150 – 168� 5ma� 1 lasting17d were recorded at ApRES3 at the beginning of the time series

in July and August 2017. At that time, the ApRES3 was located3km from the grounding line next to the large central basal

channel. After these high melt rates dropped to roughly50ma� 1 after the summer in 2017, the basal melt rate showed, in

general, a steady decrease to� 20ma� 1 until the end of the time series inJuly2022.
::::::::
September

:::::
2023.

:
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Figure 7. Basal melt rate time series of all ApRES measurements: (a) ApRES1, (b) ApRES2a and ApRES2b, (c) ApRES3. The dashed line

shows the95%quantile, the solid line the median, and the shaded area marks the range between the25%and75%quantile. The dotted line

in (b) represents the mean melt rate of ApRES2b shifted in time for a comparison with ApRES2a from an Eulerian perspective.
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5 Discussion310

An analysis of the change in 79NG's geometry between 1998(Mayer et al., 2000)
::::::
(Reeh's

:::::::
airborne

::::::
radar) and 2021 (this study)

reveals a thinning by42%
::::
32%

::
in

::
a

::::::
narrow

::::::
region

::::
5km

:::::
from

:::
the

:::::::::
grounding

:::
line

:
and an ice base that became channelized,

especially in the vicinity of the grounding line (Fig.5d
:
5). Compared to the30%thinning observed by Mouginot et al. (2015)

for the period 1999 to 2014, the thinning has continued without accelerating. The onset of steep basal slopes has been shifted

several kilometers in the upstream direction, especially within the large central channel (Fig. 5a). We associate this shift with315

enhanced basal melt rates that are above those required for a steady-state ice thicknessandthus causing steep basal gradients. A

remarkably similar change in geometry was found for a melt channel at Petermann Glacier between 2002 and 2010 (Münchow

et al., 2014).

For the initialization of ice sheet models, ice geometries such as the one fromBedMachine
::::::::
IceBridge

:::::::::::
BedMachine

:::::::::
Greenland

(Morlighem et al., 2017) are often used, which are based on a compilation of airborne radar measurements. At 79NG, ice thick-320

ness measurements since 1993 have been taken into account inBedMachineV5
:::::::
IceBridge

:::::::::::
BedMachine

::::::::::
Greenland,

::::::
Version

::
5

(Morlighem et al., 2022), also the 2018 UWB data have been included here. The comparison of the 2021 UWB ice thicknesses

with BedMachineV5
:
,
:::::::
Version

:
5
:
at the two across-ice �ow sections C–C' and D–D' shows differences of� 91� 108m and

� 188� 56m, respectively (Fig. 5c,d). This illustrates that the ice thickness is dif�cult to represent of those glaciers which

change signi�cantly in a few years due to the warming of the ocean and atmosphere. The impact of a more accurate, current325

ice thickness distribution on the simulated evolution of �oating ice tongues needs to be explored in regional studies such as the

one from Choi et al. (2017) for 79NG, which is beyond the scope of this study.

At Petermann Glacier, Washam et al. (2019) observed strong seasonal variations of basal melt rates beneath the �oating

tongue with summer melt rates more than four times larger than in winter.They linked the seasonalityto warmerocean

currentsreachingtheice baseof PetermannGlacier(Shroyer et al., 2017; Washam et al., 2019). In contrast to this, we see no330

evidence of seasonality in the melt rate time series for 79NG, despite the increase in melting at ApRES1 in July 2020. The

absence of a summer increase of basal melt rates is consistent with in-situ measurements of ocean temperatures and velocities

between September 2016 and September 2017 (Schaffer et al., 2020), showing persistent in�ow of warm AIW into the cavity

and an overlying out�ow of cold-modi�ed AIW throughout the year without a clear seasonal signal.Also, the calving front

positionof 79NGshowsnopronouncedseasonality(Loebel et al., 2023).335

Combining the �ndings of this study with the observed in�ow (Schaffer et al., 2020) and modeled (Reinert et al., 2023) cur-

rents below the 79NG shapes a full picture of the ice–ocean interaction at 79NG. Warm AIW �ows over the sill into the cavity as

a dense and saline bottom plume. As the keel of thick ice near the grounding line is exposed to this warm water, large amounts

of heat are supplied to the ice base, whichresultsin theobservedhighthinningandmelt rates(seeAppendixD). The meltwater

rises along the basal slope as a positively buoyant plume that may drive turbulent mixing with the warm AIW and thus intensify340

basal melting(Jenkins and Doake, 1991; Jenkins, 2011; Schaffer et al., 2020)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Jenkins and Doake, 1991; Jenkins, 2011; Schaffer et al., 2020; Burchard et al., 2022)

.
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::
To

::::
melt

:::
ice

::
at

::
a

:::
rate

::
of

:::::::::
140ma� 1

:::::::
requires

::
a

::::
heat

:::
�ux

:::::::
between

:::::
1360

:::
and

:::::::::::
1600Wm� 2

::::
(see

:::::::::
Appendix

::
D)

:::::::::
depending

:::
on

:::
the

::::
range

:::
of

:::
the

::::::
glaciers

:::::::::::
temperatures

:::::
which

:::
we

:::::::
assume

::
to

::
be

:::::::
between

::::::
� 0K

:::::::::
(temperate

:::
ice)

:::
and

:::::
30K

:::::
below

:::
the

:::::::
pressure

:::::::
melting

:::::
point.

::::
This

::::
heat

:::
�ux

:::::
must

:::
be

:::::::
provided

:::
by

:::
the

:::::
water

::
in

:::
the

::::::
cavity

:::::
below

::::::
79NG.

:::
We

:::::::
assume

:
a
:::::::

salinity
::
of

::::::::
34:5psu

:::
and

:::
an

:::
ice345

::::
draft

::
of

::::::
320m,

:::::::::
estimated

:::
for

:::
the

:::::::
location

::
of

:::::::::
ApRES2a,

::::::
where

:::
the

:::::::
highest

::::
melt

::::
rates

:::
of

:::::::::
140ma� 1

::::
were

::::::::::
determined

::::::
during

::::::
winter.

:::::::::::::
Measurements

::
of

:::
the

:::::
in�ow

:::::::::::
temperatures

::::::::
exceeded

::::::
1:2 � C

::
at

:::
the

::::::
calving

::::
front

::::::::::::::::::
(Schaffer et al., 2020)

:
,

::::::::::::
corresponding

::
to

::::
2:9K

::::::
above

:::
the

:::::::
pressure

::::::
melting

:::::
point

::
at

:::
the

:::::::
position

::
of

:::
the

::::::::::
observation.

::
In

:::::
order

::
to

:::::::
produce

::
a

:::::::::
suf�ciently

::::
high

::::::::
turbulent

::::
heat

:::
�ux

::::
into

:::
the

::::::::
boundary

:::::
layer

:::
for

:::
this

:::::
given

:::::::::::
temperature,

:::
an

:::::::
ambient

:::::::
velocity

::
of

:::::::::
0:22ms� 1

::
is

::::::::
required

:::
for

::::::::
temperate

:::
ice

::::
and

:::::::::
0:26ms� 1

:::
for

:::
ice

::
of

::::
30K

::::::
below

:::
the

:::::::
pressure

:::::::
melting

:::::
point

:::
(see

:::::::::
Appendix

:::
D).

:::::::::
Previously

:::::::::
simulated

::::::::
velocities

::
of

::
a

:::::::
buoyant350

:::::
plume

:::::
rising

:::::
along

:::
the

:::
ice

::::
base

::
of

:::::
79NG

:::::::
indicate

::::::::
velocities

::
of

:::
up

::
to

:::::::::
0:22ms� 1

:::::::::::::::::
(Reinert et al., 2023)

:
.

::::
From

:::::
these

::::::::
numbers,

:::
we

:::::::
conclude

::::
that

:::
the

:::::
ocean

:::::::
currents

:::::::::
underneath

:::::
79NG

:::
are

::::
able

::
to

::::::
supply

:
a

::::
heat

:::
�ux

::::
that

::
is

::::
high

::::::
enough

::
to

::::::
explain

:::::
even

::
the

:::::::
highest

:::::::
observed

::::::
annual

:::::
mean

::::
melt

::::
rates

::
if

::::
they

:::
get

::
in

::::::
contact

::::
with

:::
the

:::
ice

::::
base.

:

The spread of thinning rates near the grounding line from near zero to> 100ma� 1 may be related to the water column

thickness distribution. A water column thickness of50 to 140m(Mayer et al., 2000) was found where we observe the highest355

basal melt rates and where the grounding line reaches farthest downstream. We do not have any information on water column

thickness elsewhere. However, the southeastern part of the grounding line is situated on a mountainous landform. We hypoth-

esize that only a shallow water column exists here, which prevents the �ow of warm ocean currents toward the grounding line,

resulting in the observed low thinning rates.

Further downstream, the plume loses heat to the melting of ice and buoyancy by entrainment of ambient water. Thus, it cools360

down and eventually detaches from the ice base, leading to a strong decrease in basal melting for the thinner, more gently sloped

areas of the �oating ice tongue (Reinert et al., 2023). This concept is consistent with the low melt rates and glacially modi�ed

AIW observed at the calving front, where the out�owing water is0:9 � C
:::::
0:9K cooler than the in�owing AIW (Schaffer et al.,

2020).

While this picture accounts for the �rst-order, quasi-twodimensional distribution of melt rates as well as the observed hy-365

drography, it does not explain the existence and growth of basal channels. In previous studies, the existence and location of

basal channels have been linked to subglacial water discharge that rises along the basal slope inside a pre-existing basal channel

and intensi�es basal melting (Le Brocq et al., 2013; Marsh et al., 2016; Washam et al., 2019). We hypothesize that the same

applies to the large basal channel at 79NG, where subglacial discharge might have caused the channel's growth in the upstream

direction due to extreme basal melting.Althoughtherearenomeasurementsof basal370

::::::::::::
Unfortunately,

::
we

:::::
have

::
no

:::::::::::
observations

::
of

:::::
nadir melt rates within

:
a

:::::::
channel

::::
since

:::::::::
meltwater

::
in

:::::::
summer

:::::::::::
accumulated

::
in

:::
the

::::::
surface

:::::::::
depression

::::::
above,

:::::::::
preventing

:::
the

::::::::::
deployment

::
of

:::
an

:::::::
ApRES.

:::
We

::::::::
analyzed

:::
the

:::::::::
hydrostatic

:::::::::
imbalance

::
of

:::
the

:::
ice

::::::
above

::
the

:::::::
channel

::
to

::::::
assess

:::
the

:::::::::
possibility

::
of

::::::::::
determining

::::
melt

:::::
rates

:::::
based

::
on

::::::::::
Lagrangian

:::::::
surface

:::::::
elevation

::::::::
changes.

:::::::::
Therefore,

:::
we

::::::::
calculated

:::
the

:::::
mean

:::::::
vertical

::
ice

:::::::
density

::::
from

:::
the

:::
ice

::::::::
thickness

::::
and

:::
the

::::::
surface

::::::::
elevation,

::::::::
recorded

::::::
during

:::
the

::::
�ight

:::::::::
campaign

::
in

::::
2021

:::::
using

:::
the

:::::
UWB

:::::::
airborne

:::::
radar

::::
and

::::
laser

:::::::
scanner.

::::
The

:::::
result

::::::
showed

:::::::::::
signi�cantly

:::::
lower

:::::::
densities

:::
of

:::
the

::
ice

::::::
above

:::
the375

:::::::
channels,

::::::::::
suggesting

:::
that

:::
the

:::
ice

::
is

:::
not

::
in

:::::::::
hydrostatic

::::::::::
equilibrium,

::::::
which

:::::::
con�rms

:::
the

:::::::
�ndings

::
of

::::::::::::::::::::::::
Chartrand and Howat (2023)

:
.

:::::
Since

:::
this

::::::::
prevents

:::
the

:::::::
analysis

::
of

:::::
melt

::::
rates

:::::
using

:::::::
satellite

::::::
remote

:::::::
sensing

::::
data,

:::
we

::::
can

::::
only

:::::
draw

::::::::::
conclusions

:::::
from the
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channel,wecandrawconclusionsaboutthemby consideringthebasal geometry and itschangesin time.Thus
:::::::
temporal

:::::::
changes

::::
using

::::::
UWB

:::::::
airborne

:::::
radar.

:::::::::::::
High-resolution

::::::::::::
measurements

::
of

:::
the

:::::
basal

::::::::::
topography

::
at

:::::::::
Petermann

:::
and

::::::::
Thwaites

:::::::
glaciers

:::::
using

:::::::::
underwater

:::::::
vehicles

::::
have

:::::::
revealed

::::::::::
steep-sided

::::::
terraces

::::
and

::::::::::::
heterogeneous

::::::
melting

::::::::::::::::::::::::::::::::::::
(Dutrieux et al., 2014; Schmidt et al., 2023)380

:
.

::::
Since

:::
the

:::::
UWB

::::::::
airborne

::::
radar

::::
does

:::
not

:::::
allow

::
us

::
to

::::::
resolve

:::
the

::::
base

::
in

::
a

::::::
similar

:::::::::
resolution,

::
we

::::::::
consider

::::
only

:::
the

::::::
average

:::::
basal

::::
slope

::::
and

:::
thus

::::::::
interpret

:::
the

::::::
average

::::
melt

:::::::
pattern.

::
At

::::::
79NG, the high melt rates occur primarily near the origin of the channel, where the greatest basal slope exists. With

decreasing basal slopes inside the channel, the melt rate also decreases. This results in an upstream shift in the melt pattern

compared to the outside of the channel: (i) Upstream the grounding line
:::
and

:::::::::::
downstream

:::::
where

::
a

:::
low

:::::
water

:::::::
column

:::::
exists,385

higher melt rates occur inside the channel than outsidewheretheice is groundedor wherea low watercolumnexists. (ii) In the

vicinity of the grounding line,lower melt ratesoccurin thechannelthanoutsidewhere the ice is in contact with warm ocean

currents
:
,
:::::
lower

::::
melt

::::
rates

:::::
occur

:::
in

:::
the

::::::
channel

::::
than

:::::::
outside. This pattern is consistent with observations from a basal channel

at the Filchner Ice Shelf, Antarctica (Humbert et al., 2022). In addition, it explains the small-scale variability in melt rates we

observe at some pRES measurement locations (e.g. at g4_p02 in Figs. 1c, 2).390

The steepening of an ice baseis indicating
:::::::
indicates

:
that the melt rates and the ice transport are not in equilibrium, which

seems to be the case at 79NG in the past at the same time when the in�ow of warm AIW was present. However, we found

indications for reduced heat transport into the cavity of 79NG since 2018. In that year, we observed a strong decrease in the

melt rate at all ApRES sites that remained low since. Additionally, the repeat of the ApRES2 measurements after two years

shows that high melt rates between October 2016 and July 2018 have reduced the ice thickness at the starting location of the395

ApRES measurement by50m (Eulerian perspective). Due to the lower melt rates from July 2018 onward, the ice thinned less

than before (Lagrangian perspective). As a result, the ice thickness at the location where the measurement of ApRES2b stopped

in December 2019 was even thicker than two years before.

Besides a warm AIW in�ow into the cavity, the melt rates can also be enhanced by an increase in subglacial discharge.

::::::::
Subglacial

:::::::::
discharge

:::
has

::
a

:::::::
seasonal

::::::::::
component,

::::::::
including

:::::::::::
supraglacial

::::
lake

::::::::
drainage.

::::
The

:::::::
drainage

:::
of

::::::::::
supraglacial

:::::
lakes

::
is400

:::::
taking

:::::
place

::
on

:
a
:::::
short

::::
time

:::::
scale,

::::
even

::::::
within

::::
only

:::
one

:::
day

:::::::::::::::::
(Neckel et al., 2020)

:
.

:::
The

:::
lag

:::::::
between

::::
lake

:::::::
drainage

::::
and

::::::::
discharge

:::::
across

:::
the

:::::::::
grounding

:::
line

::
is

:::
not

::::
well

::::::
known,

:::
but

::
it

::
is

:::::::::
reasonable

::
to

::::::
assume

::::
that

:::
the

::::::::
subglacial

:::::::::::
hydrological

::::::
system

::
is

::::::::
buffering

:::::
water.

::::::::
Drainage

::
of

::::::::::
supraglacial

::::
lakes

::
is

:::
not

::::::::
restricted

::
to

:::
the

:::::::
summer

::::::
period,

::
as

:::
the

:::::
study

::
of

::::::::::::::::::
Schröder et al. (2020)

::::
also

:::::::
detected

:::::
events

::
in

::::::
winter,

::::::
which

::::::
affects

:::
the

::::::
timing

::
of

:::::::::
subglacial

:::::::::
discharge. It is to be expected thatthis

::::::::
subglacial

:::::::::
discharge mainly

affects the melt rates in the basal channels (Le Brocq et al., 2013). This appears to have been the case for 79NG over the past405

decade as the central channel has grown and evolved in the upstream direction. In order to quantify if an increase in subglacial

discharge has occurred, we roughly estimated the upstream extent of the average surface melt area from a simple analysis of

the median summer skin temperatures (July and August) from the Copernicus Arctic Regional Reanalysis (Schyberg et al.,

2020) along the ice �ow line upstream of the large central channel (Figs
::
Fig. 8, E1).

:
).

:
This revealed a substantial increase of

the median temperature by up to1:9°C since the year 2000. The area in which the temperature waspositive
:::::
above

::::
0°C

:::
on410

50%of the days ranged32km upstream until the period 2000–2004, but over70km since 2005–2009. Thus, intense warming

of the atmosphere in the early 2000s increased the area of summer surface melt and most likely increased subglacial discharge.

20



This is consistent with the �nding at Petermann Glacier, where the subglacial water discharge has doubled since 2001 (Ciracì

et al., 2023).

Figure 8. Development of skin temperature from Copernicus Arctic Regional Reanalysis (Schyberg et al., 2020) along the central �ow line

since 1991. The temperature shown is the median skin temperature between 01 July and 31 August (at 15:00 UTC) for the given years. Maps

of the median skin temperature are shown in Appendix E.

6 Conclusions415

By combining geophysical in-situ and remote sensing methods, we revealed changes in the ice geometry of the 79NG: the ice

near the grounding line has become channelized and signi�cantly thinner in the last two decades. Large,500mhigh subglacial

channels originate several kilometers upstream of the grounding line. Here, higher melt rates occur inside the channel than

outside, while downstream of theground
::::::::
grounding

:
line we found evidence of higher melt rates outside the channels. These

high melt rates of> 100ma� 1 are caused by thick ice that is in contact with the warmbottomplumeandresultin steepbasal420

slopesbecausetheyexceedsuchmelt rates, which arenecessary
::::
water

::::::
masses

::
at

:::
the

:::::::
bottom

::
of

:::
the

::::::
cavity.

:::::
Since

:::::
these

::::
melt

::::
rates

:::
are

:::::
above

:::::
those

:::::::
required

:
for a steady-state ice thickness

:
,

:::
this

:::::
leads

::
to

:::
ice

:::::::
thinning

::
in

:::
the

:::::::
Eulerian

::::::::::
perspective

:::
and

::::
thus

::
a

::::::
steeper

::::
base

::::
slope. However, we also found low melt rates and small basal gradients under thick ice, particularly off the center

::
of

:::
the

:::::
glacier, which we attribute to a shallow water column thickness that prevents the �ow of warm ocean currents toward the

grounding line. As the ice thins in the downstream direction, the basal slope and the melt rates drop sharply, resulting in low425

values at the calving front. The temporal variation since September 2016 shows a non-seasonal variability and signi�cantly

decreasing Lagrangian melt rates with increasing distance to the grounding line. Since 2018, these time series show a decrease

in melt rates, suggesting a recent in�ow of colder water into the cavity beneath the glacier. We conclude that warmer ocean

in�ow and increased subglacial discharge have caused the changes in ice geometry in the vicinity of the grounding line by

forcing high basal melt rates.Theconsequencesof thethinningon
::::::::
However,

:::::
based

:::
on

:::
our

:::::::
�ndings

::
of

:::::::
thinning

::::
and

::::::::
upstream430
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:::::::::
progression

:::
of

::::::::
subglacial

:::::::::
channels,

:::
we

::::::
cannot

:::::
assess

::::
their

::::::
impact

:::
on

::::::
future

:::::::
stability.

::
It

::::::
would

::::::
require

::::::::
numerical

:::::::
models,

:::
as

:::
well

:::
as

:::::
longer

::::::::::::
observational

::::
time

:::::
series

::
to

:::::::
evaluate

:
the stability ofthe79NG and the Northeast Greenland Ice Streamshould

beinvestigated
:::::
which

::::::
should

:::
be

::::::::
addressed in further studies.

Data availability. ApRES time-series of basal melt rates, (https://doi.pangaea.de/10.1594/PANGAEA.928903; Zeising et al., 2023b) thin-

ning rates derived from single repeated pRES measurements (https://doi.pangaea.de/10.1594/PANGAEA.928541; Zeising et al., 2023c) and435

ice thickness data from the 2021 UWB survey (https://doi.pangaea.de/10.1594/PANGAEA.963752; Zeising et al., 2023a) are submitted to the

World Data Center PANGAEA. Stake surface ablation/accumulation measurements from 2017 to 2018 (https://doi.org/10.1594/PANGAEA.

922131; Zeising et al., 2020) are available at the World Data Center PANGAEA.
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Appendix A: Occurrence and identi�cation of nadir and off-nadir re�ection

We have identi�ed different cases of how nearby basal channels affect the origin of the �rst recorded basal re�ection in repeated440

pRES echograms (Tab. A1 and Fig. A1). All have in common that the derived range differences of two measurements (� R

derived) underestimate the nadir ice thickness (� H nadir) or the off-nadir ice thickness (� H off-nadir).

Table A1. Possibilities of how basal channels affect the recording of nadir and off-nadir re�ections. Notation:t1 : time of �rst measurement,

t2 : time of repeated measurement,H 1 : ice thickness att1 , H 2 : ice thickness att2 , � H nadir: difference in ice thickness nadir,� H off-nadir:

difference in ice thickness at off-nadir location,� H derived: difference in depth at nadir projection.

Case Figure t1 t2 � H

A Fig. A1a nadir off-nadir � H nadir < � R derived < � H off-nadir
Basal channel did not exist or was too small to be detected att1 . At t2 , the growth of the channel

is signi�cantly larger than the ice thickness reduction nadir of the measurement device.
B Fig. A1b off-nadir off-nadir � R derived < � H off-nadir

Basal channel exists att1 . At t2 , the ice thickness reduction nadir of the measurement device is

not signi�cantly larger than the growth of the channel.
C Fig. A1c off-nadir nadir � H off-nadir < � R derived < � H nadir

Basal channel exists att1 . At t2 , the ice thickness reduction nadir of the measurement device is

signi�cantly larger than the growth of the channel.
D Fig. A1d off-nadir off-nadir � R derived < � H off-nadir

Two basal channel exist att1 . At t2 , the ice thickness reduction nadir of the measurement device

is not signi�cantly larger than the growth of at least one of both channels. This type can not be

distinguished from Case B without known geometry.

Several pRES echograms indicate the occurrence of numerous strong basal re�ections (Fig. A2). For steep basal gradients,

the off-nadir re�ection may occur prior to the nadir re�ection. We interpret the �rst basal re�ection as an off-nadir re�ection,

as long as no further information reveals the true nadir re�ection.Herewith,
::::
The

:::
�rst

::::::::
off-nadir

::::
basal

:::::::::
re�ection

::
in

:::
the

:::
�rst

::::
and445

::
the

::::::::
repeated

:::::::::::
measurement

::::
can

::::
have

::::::::
occurred

::
at

::::
two

:::::::
different

::::::::
locations

:::::::::
(locations

:::
“A”

::::
and

:::::
“B”).

::
If

:::
this

::
is

::::
the

::::
case,

:::
we

::::
can

:::::::
conclude

::::
that

:::
the

::::
melt

:::
rate

::::
has

::::
been

::::::
higher

::
at

:::::::
location

:
B

::::
than

::
at

:::::::
location

::
A

:::
as

:::::::::
otherwise,

:::
the

:::
�rst

:::::
basal

::::::::
re�ection

:::::
would

:::::
have

:::::::
occurred

::
at

:::::::
location

::
A

::
in

::::
both

::::::::::::
measurements.

::::::::
However,

:::::
when

:::
we

:::::::
compare

:::
the

:::::
range

::
to

::
A

:::
and

::
to

::
B,

:::
we

:::::
know

:::
the

::::
true

::::::
change

::
in

::
ice

::::::::
thickness

::
at

::
B

:::
has

:::::
been

::::::
higher.

:::::
Thus,

:::
we

:::::::::::
underestimate

:::
the

::::::::
thinning

:::
and

:::
the

::::
melt

::::
rate.

::
If

:::
the

::::::
second

:::::
basal

:::::
return

::::::::
occurred

:
at

:::
an

:::::::
off-nadir

::::::
angle,

:::
the

::::::::
estimated

::::
melt

:::
rate

::
is

::::::
below

:::
the

::::::
vertical

::::
melt

::::
rate

::
at

:::
that

::::::::
location.

::::
Still, theresultingbasalmeltingin450

thevicinity of themeasurementis alwaysunderestimated,althoughthenadir melt ratemight be lower
::
can

:::
be

::::
even

::::::
lower,

:::
but

::
we

::::::
cannot

:::::::::
determine

:::
this

::::
melt

::::
rate.
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Figure A1. Sketch of off-nadir re�ections and their in�uence on basal melt rates. The solid lines refer to the time of the �rst measurement

(blue),t1 , and the dotted lines refer to the time of the repeat measurement (red),t2 . The yellow triangles mark the measurement positions.

The red and blue straight lines mark the closest distance from the measurement to the ice base. The segments of a circle (up to30� to nadir)

correspond to the possible positions of the re�ector with the shortest distance. The lengths of the bars on the right re�ect the thinning of the

ice betweent1 andt2 for the position of the measurement (� H nadir), for the position of the closest re�ector att2 (� H off-nadir), and for

the range difference of the blue and red lines (� R derived). Note that at least one of� H nadir or� H off-nadir is always larger than� R

derived.
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