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Key Points:

« Episodic subglacial drainage of water over a ~500 km extent along the Northeast
Greenland Ice Stream is revealed by radar interferometry

e The drainage events cause transient uplift and ice flow speed-up in downstream
regions, and multiple drainage cascades are observed

» Propagation speed of the drainage cascade varies widely along the ice stream, sug-

gesting fundamental differences in basal conditions
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Abstract

Subglacial hydrology can exert an important control on ice flow by affecting drag at the
ice-bedrock interface. Here, we report on a series of subglacial drainage events (outbursts)
along the Northeast Greenland Ice Stream (NEGIS), initiating as far inland as ~500 km
from the margin of Zachariae Isstrgm. The drainage events are associated with local tran-
sient uplift, followed by prolonged subsidence, measured by satellite synthetic aperture
radar interferometry (DInSAR). In downstream regions, drainage events are associated
with a local speed-up in ice flow. The high spatiotemporal resolution of the DInSAR mea-
surements allows for a detailed mapping of the drainage propagation pathway. We show
that multiple drainage cascades have occurred along the same identified pathway over

the years 2020-2022. Finally, the propagation speed of subglacial water flow is found to
vary greatly along NEGIS, suggesting that fundamental differences may exist in the sub-

glacial environment.

Plain Language Summary

The presence of water flowing beneath the Greenland ice sheet impacts the drag
exerted on ice flowing from inland to marginal regions, potentially affecting the rate of
sea level rise. Direct observations of the hydrological system beneath glaciers are, how-
ever, limited due to inaccessibility. Here, we present satellite observations of localized
ice uplift and subsidence, which indicate water propagating below the Northeast Green-
land Ice Stream, from far inland to a major marine-terminating glacier, Zachariae Isstrgm.
In downstream regions, ice flow speeds up as the subglacial water passes. The measure-
ments indicate variations in the local subglacial environment, which provide important

constraints for understanding the flow and stability of the ice stream.

1 Introduction

The Northeast Greenland Ice Stream (NEGIS) is a unique feature of the Green-
land ice sheet, being the only ice stream with enhanced ice flow 600 km inland from the
margin. It is drained by three marine-terminating outlet glaciers: Zachariae Isstrom (ZI),
Nioghalvfjerdsfjorden, and Storstrgmmen, collectively draining an area of more than 16%
of the Greenland ice sheet and holding a 142 cm sea level equivalent (Mouginot et al.,
2019). Frontal changes at ZI occurring in 2012 have resulted in extensive flow acceler-

ation and ice thinning in the downstream regions (Khan et al., 2014; Mouginot et al.,
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2015), and recent results indicate that the NEGIS sector alone will contribute 13.5-15.5
mm to sea level rise by 2100 (Khan et al., 2022). Meanwhile, a widening of the ice stream
has been observed in upstream NEGIS over the past four decades, which was attributed

not to frontal changes but to softening of the shear margins (Grinsted et al., 2022).

Transport of subglacial water has long been observed to occur over large spatial
scales in Antarctica, where pooling of water into subglacial lakes and drainage through
interconnected drainage pathways has been documented (Fricker et al., 2007; Neckel et
al., 2021; Wingham et al., 2006). Analyses based on hydrological potential estimates and
radar-echo sounding surveys suggest that basal water and subglacial lakes are likely preva-
lent under much of the Greenland ice sheet as well, particularly under fast-flowing re-
gions such as NEGIS (Jordan et al., 2018; Livingstone et al., 2013; Oswald et al., 2018).
So far, however, substantially fewer observations have been made of subglacial lake ac-
tivity below the Greenland ice sheet, compared to its Antarctic counterpart (Livingstone
et al., 2022), and no observations have been made of drainages beneath fast-flowing glaciers.
A recent mapping of subglacial lakes under the Greenland ice sheet, using airborne radar-
echo sounding and measurements of surface elevation change, found no indication of lakes
in the NEGIS region, although it was stressed that the prior method may have difficul-
ties in separating subglacial lakes from saturated sediments, which are expected to be
present at the uniformly thawed bed under NEGIS (Bowling et al., 2019; MacGregor et
al., 2022).

In this study, we present a series of episodic subglacial drainage events propagat-
ing ~500 km along the NEGIS over the span of nearly two years. Using interferomet-
ric Synthetic Aperture Radar (SAR) measurements of high spatiotemporal resolution,
we are able to observe subtle, transient vertical displacements as water propagates through
the upstream parts of the ice stream. Furthermore, we show that the drainage events
are associated with an increase in ice flow speed once the downstream faster-flowing re-
gions of NEGIS are reached by the subglacial drainage cascade. Finally, we demonstrate
that similar cascades have occurred multiple times over the past few years, and argue
that interferometric SAR measurements provide a valuable tool for monitoring the dy-
namic ice response to transient changes in the subglacial hydrological environment, thereby

providing potential constraints on basal properties and the subglacial drainage system.
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2 Data and Methods
2.1 Sentinel-1 DInSAR motion measurements

The EU Copernicus Sentinel-1 satellites have recorded an extensive archive of SAR
images over most of the Greenland ice sheet, including NEGIS, since the launch of the
two satellites, STA (launched in April 2014) and S1B (launched in July 2016, offline since
December 2021). The majority of outlet glaciers have been consistently imaged with the
lowest possible repeat-pass period (6-days with both satellites operational), allowing for
frequent acquisitions of ice motion. In this study, we use Differential SAR Interferom-
etry (DInSAR) to retrieve ice motion measurements of high accuracy and resolution. DIn-
SAR measures motion in the radar line-of-sight (LoS) direction between two acquisitions.
As the LoS is slanted towards ground (with incidence angles of 30-45°), DInSAR retrievals
are sensitive to vertical as well as horizontal motion. We produced two DInSAR ice ve-
locity time series consisting of all available Interferometric Wide (IW) image pairs with
a 6-day temporal baseline during 2016-2021 for one ascending track (T074) and one de-
scending track (T112). Interferometric processing is carried out using the approach de-
scribed in (Andersen et al., 2020; Kusk et al., 2022). The output LoS velocity maps are
calibrated using Ground Control Points in slow-moving regions outside the ice stream
(Text S1). In order to reveal transient changes, we subtract a reference LoS velocity field,
taken as the pixel-wise median of the full time series, from the retrievals of each track.
Assuming a constant ice flow direction across the time series extent, the resulting veloc-
ity anomaly maps contain, in principle, both horizontal flow speed change and vertical

motion components (projected onto the radar LoS).

To investigate ice flow in fast-flowing downstream regions (where DInSAR is not
applicable) we use Sentinel-1 amplitude-based velocity mosaics from NASA MEaSUREs
(Joughin, 2021). These mosaics are generated through range and azimuth offset track-
ing of 6- and 12-day image pairs and are scaled to provide 6-day horizontal (2D) veloc-
ity estimates. The estimated standard error of the velocity magnitude is around 10 m/y
for these mosaics (Joughin, 2021), substantially higher than that expected of DInSAR
measurements, but low enough to detect flow speed changes of a few percent in down-

stream NEGIS.
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2.2 Identifying dynamic response of individual drainage events

For a given point on the ice surface, fully decomposing the 3D displacement field
would require three temporally coincident DInSAR, acquisitions with linearly indepen-
dent LoS directions. In the present case, only two different LoS directions can be acquired
(tracks 74 and 112) with a temporal overlap of 3.5 days between 6-day pairs from each
acquisition geometry. This makes an exact quantitative decomposition impractical. How-
ever, since the ground-projections of the ascending and descending LoS vectors differ by
~140°, sensitivity to horizontal motion varies widely between the two tracks, whereas
the similar vertical incidence angles (varying between 30° and 45° in the across-track di-
mension for both tracks) lead to similar sensitivities to vertical motion (Figure S1). As-
suming a constant ice flow direction, the exact sensitivity to a change in horizontal flow
speed and vertical displacement can be computed, respectively, for each satellite track
(Figure S2). In some cases, this allows us to qualitatively distinguish between these two
signals (section 3.2). In other cases, the horizontal component may be assumed negli-

gible (section 3.1).

If a measured LoS velocity anomaly, v g, is assumed to arise purely from verti-
cal displacement (over the 6-day temporal baseline, T'), the vertical displacement is com-

puted as:

ULoS
dyery = -T 1
"7 cos 0; (1)

where 6; is the local incidence angle.

In most of the upstream NEGIS region where subglacial drainage events are ob-
served, we interpret all LoS motion anomalies as vertical displacements (see section 3.1).
For each of the local uplift events observed in this region, we estimate the subglacial wa-

ter volume, Vi1, consistent with such uplift, simply as:

N
Vsub = Z dvert,n dx - dy (2)

where dr = dy = 50 m is the pixel spacing of the DInSAR measurements. The
sum is over all pixels affected by uplift, which are defined as pixels with dye;t > 2.5 cm

(well above the noise floor imposed by calibration errors, which we estimate on the or-
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der of 1 cm through measurements in event-free areas). Although calibration errors and
other noise sources may bias individual volume estimates, the subglacial water volume
time series provides a first order magnitude estimate of the amount of water transported
by the drainage cascade. To add further confidence in this calculation, we explored how
imposed elastic displacements of the subglacial interface transfer to the surface in an ide-
alized finite-element model (linear elastostatic model with canonical isotropic elastic pa-
rameters of ice; not shown). Indeed, when integrating over the displacement field, the
volume of the (imposed) subglacial cavity matches the displaced volume of the surface,

although height and spatial extent of the anomalies differ between bed and surface.

3 Results
3.1 Propagation of drainage outbursts

Figure 2a shows vertical displacement anomalies inferred from DInSAR measure-
ments in the upstream parts of the study site, indicated by the blue rectangle in Figure
1. In these upstream regions, observed DInSAR LoS velocity anomalies generally con-
sist of small-scale, contiguous polygons, which are not consistent with a change in hor-
izontal flow speed. This is supported by comparing measurements from the descending
track (112) to measurements from an additional ascending track (89), suggesting that
the observed anomalies are consistent with vertical displacements and not horizontal flow
changes (see Figure S3). For individual events in upstream NEGIS, uplift magnitudes
are mostly on the order of 5-15 cm (over the 6-day temporal baseline), but for events dur-
ing 25th July through 12th August, uplift magnitudes exceeding 30 cm (per 6 days) are
measured. Note that some areas exhibit uplift through multiple 6-day acquisition cycles.
Uplift events are observed to propagate downstream in a bead-and-thread structure, sim-
ilar to that observed in other recent studies of drainage cascades (Maier et al., 2023; Neckel
et al., 2021), with uplift concentrated in polygons with lengths on the order of 5-25 km.
Within most of the identified regions of uplift, subsidence of a relatively low magnitude
is observed during weeks or months following the original uplift signal. From July 25th,
the uplift wave branches out in two components: one propagating further downstream
towards the ZI margin, and one propagating eastward, ultimately ending up in the east-
ern section of the ice stream, also leading to the ZI margin. Polygons in Figure la in-

dicate the extent and timing of uplift events occurring in part of the upstream regions.
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Avg. speed [m/y]l

Figure 1. Overview of the NEGIS study site and results. (a) 2016-2019 average velocity mag-
nitude (Solgaard et al., 2021) with gray quivers indicating direction of flow. Polygons indicate
extent and timing of some of the localized uplift events identified with Sentinel-1 DInSAR, and
the dashed/dotted lines indicate propagation pathways followed by the subglacial outbursts ob-
served in 2020 (sections 2.2 and 3.1). (b) Bed elevation (Morlighem, 2021), plotted as a shaded
relief. Black lines show flow accumulation pathways based on estimated hydro-potential (section

3.3). Blue and red dashed rectangles indicate extent of plots in Figs. 2a and 2b, respectively.
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Figure 2. (a) Vertical displacement anomaly maps, inferred from Sentinel-1 DInSAR LoS
velocity anomaly measurements (all from descending track 112), covering the upstream NEGIS
region (blue rectangle in Figure 1) for different 6-day periods during January to August 2020.

(b) DInSAR LoS velocity anomaly maps from Sentinel-1 track 112 (top row) and ascending track
74 (bottom row) covering the downstream NEGIS region (red rectangle in Figure 1). The top
right corner of each row’s first panel shows the ggound-projected LoS direction and incidence
angle for the given row. The dashed/dotted lines outline the propagation pathway followed by

the observed uplift events (same as white lines in Figure 1).



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

We interpret the observed uplift wave as arising from a cascading transport of wa-
ter through the subglacial environment, where water pressure is locally increased to a
point above ice overburden pressure. Many of the uplift signals are observed far inland
(elevation above ~1800 m) and outside of surface melt season, suggesting that the sub-
glacial water originates from basal melt, likely caused by some combination of geother-
mal and frictional heat. The drainage cascade reaches lower elevations during the sum-
mer of 2020, meaning that surface melt may have infiltrated the hydrological system through
crevasses or supraglacial lake drainages, contributing further to the total subglacial wa-

ter budget and thus, potentially, the observed uplift.

Figure 3 shows an overview of location, timing, and estimated water volume for up-
lift events observed along 220 km of the upstream study site. For events further down-
stream, vertical displacement cannot be quantitatively separated from horizontal flow
acceleration (elaborated on in section 3.2), and for events further upstream, the uplift
signals tend to fall below the selected signal threshold of 2.5 cm (see Figure S5). For the
first ~150 km, uplift events generally show water volumes of a few million m?, whereas
events in the last 50 km of the transect, occurring during summertime, show substan-
tially higher volumes >15 million m3. Figure 3 also shows estimates of the propagation
speed of uplift events, taken as a proxy for the speed at which subglacial water is trans-
ported downstream. We observe that the propagation speed is highly variable. In the
first sector (0-50 km), the speed is 0.009 m/s (23.3 km/month), twice as high as in the
second sector (~50-80 km), where uplift events are continuously observed in the same
area for two months. From ~80 km onwards, the estimated propagation speed is two and

four times higher than in the first and second sectors, respectively.

3.2 Downstream dynamic response

Figure 2b shows ascending and descending DInSAR LoS velocity anomaly measure-
ments in the downstream part of the study site (within ~200 km of the Zachariae glacier
front, see red dashed rectangle in Figure 1). The measurements suggest that together
with the wave of vertical displacements, concentrated in a localized bead-and-thread pat-
tern (indicated by positive anomalies in the LoS velocity for both tracks), a spatially smooth,
large-scale wave of LoS velocity anomalies also propagates downstream during early Septem-
ber to early October. Considering the LoS vectors, this smooth anomaly field is consis-

tent with a speed-up in the horizontal ice flow velocity within this part of the ice stream.
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Figure 3. (a) Time series illustrating the occurrence of uplift events along 220 km of the iden-
tified propagation pathway (dashed line in (b), same as in Figure 1). Boxes indicate individual
uplift events corresponding to the polygons shown in (b), with numbers indicating estimated
water volume in 10° m®. The spatial extent of each event is centered on the polygon centroid
(projected to the propagation pathway) with the extent defined as the diameter of a circle with
an area equal to the polygon area. Estimates of propagation speed of the uplift wave are indi-
cated for different stretches of the pathway (in shades of blue). The corresponding time series for

the secondary propagation pathway (dotted white line), is shown in Figure S4.
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Indeed, an increase in flow speed is also observed with amplitude-based Sentinel-1 off-
set tracking measurements. We assembled a time series of the NASA MEaSUREs 2D
Sentinel-1 velocity mosaics based on 6- and 12-day Sentinel-1 image pairs from July to
November for the years 2018-2021. Interpolating the measurements to a transect along
the downstream region reveals that flow speed during 1st-24th September is ~5% higher
than the average speed during October-November; this is not the case in 2018 or 2019,
where September flow speed is lower than, or comparable to, October-November values
(Figs. 4, S6). The transect in Figure 4 passes through the center part of the ice stream,
deliberately avoiding regions of observed uplift, as vertical displacement anomalies are
interpreted as horizontal motion in the tracking-based mosaics. Figure S7 illustrates that,
for the year 2020, the time of maximum velocity (from July to November) coincides with
the September drainage cascade for the final 200 km of ZI (excluding the ~20 km be-
fore the margin, where peak velocity consistently occurs during July-August). For com-
parison, the same region does not show a clear peak velocity time for the years 2018 and

2019.

As DInSAR coverage is lost about 50 km before the ZI margin, the propagation
of uplift events could not be traced in this final stretch. While range offset tracking mea-
surements also have sensitivity to both vertical and horizontal motion, we found that in-
dividual 6- and 12-day retrievals did not allow tracking the propagating uplift wave in
this region (assuming it exists). However, the MEaSUREs mosaics do indicate an increase
in flow speed beyond the DInSAR coverage, suggesting that the drainage cascade may

impact ice dynamics far downstream.

3.3 Derived drainage propagation pathways

By manually delineating a path intersecting identified uplift events, a subglacial
drainage pathway can be inferred. We delineate the pathway such that it intersects the
central parts of the observed uplift events. In many cases, the spatial extent of subse-

quent uplift events overlap. When this is not the case, subsequent events are connected

by the shortest possible straight path. In Figure 1b, the inferred drainage path (white/purple

lines) is compared to paths expected from following the negative hydro-potential gra-

dient (black lines; estimated using surface and bed topography from BedMachine v4 (Morlighem,

2021)). Specifically, hydro-potential-derived paths are plotted by calculating the flow ac-

cumulation map, which, for a given pixel, indicates the number of upgradient pixels ex-

—11—
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Figure 4. (a)-(d) Horizontal velocity magnitude along the downstream NEGIS transect shown
by the black dashed line in (e) for all available Sentinel-1 6-day offset tracking mosaics from
NASA MEaSUREs within the period July 1st to December 1st for the years 2018-2021. Data

has been spatially averaged using a window size of 1x1 km. In 2018 and 2019, no period shows

a consistent maximum in flow speed along the full transect. In 2020, increased flow speeds are
observed over the entire transect during September 1st-24th, coincident with the passing of the
observed subglacial drainage cascade (see Figure 2). For 2021, peak flow speed is observed during

November 18th-30th, coincident with another subglacial drainage cascade (see section 3.4).
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pected to drain through that pixel (see Text S2). The DInSAR and hydro-potential-derived

pathways closely align in most areas, with the exception of the downstream basal trough,

where the paths diverge (see section 4 for further discussion).

3.4 Recurrence of drainage cascades

Investigating the full 2016-2022 DInSAR time series revealed that the drainage cas-
cade described above is not unique. Throughout the time series, other localized incidents
of transient uplift and subsidence are observed, both inside and outside of the NEGIS,
but do not appear to be associated with changes in ice flow, nor do they propagate for
hundreds of kilometers. However, two additional instances of a propagating uplift wave
within NEGIS are observed during 2021 and 2022. Figure S8 shows derived vertical dis-
placement anomaly maps covering these events, plotted alongside the propagation path-
way observed for the 2020 drainage cascade. The 2021 and 2022 uplift waves appear to
closely follow the 2020 pathway. Note, however, that the earliest uplift events in 2021
occur outside of this pathway, before subsequent events coalesce into the previous year’s
propagation path, all the way downstream, even repeating the split into two branches
at exactly the same location as in 2020 (Figure S8, middle row) and the accompanying
horizontal flow speed-up (Figure S9). For 2022, DInSAR coverage is severely degraded,
particularly downstream, due to the loss of the Sentinel-1B satellite in December 2021.
Nonetheless, localized uplift events are observed over parts of the 2020 propagation path-

way.

4 Discussion

Direct observations of subglacial drainage below the NEGIS have broad implica-
tions for understanding the flow and stability of the ice stream. NEGIS has been sug-
gested to be initiated by a geothermal heat flux anomaly close to the ice divide in cen-

tral Greenland (Smith-Johnsen et al., 2020; Fahnestock et al., 2001), which is likely the

reason for the lack of a developed tributary system to the upstream area of NEGIS (Christianson

et al., 2014). The upstream part of NEGIS is thought to be controlled by basal condi-
tions (Keisling et al., 2014; Franke et al., 2021), as there is no distinct bedrock channel
(Figure 1b). The pronounced shear margins are marked by troughs in the surface topog-
raphy, formed by the acceleration and thinning as ice flows into NEGIS (Hvidberg et al.,

2020). Christianson et al. (2014) proposed, based on seismic surveys, that these troughs

—13—
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create gradients in the subglacial hydro-potential that generate wet and dry bands be-
neath the shear margins. Basal water is directed into the wet, slippery bands beneath
the shear margins, and dry, sticky bands within the shear margins are proposed to re-
strict further widening of NEGIS, thereby stabilizing the ice stream in the upstream area.
The first evidence of the episodic drainage outburst observed here did indeed initiate in
the shear margin (Figure la, purple line) near the study site of Christianson et al. (2014),
supporting their hypothesis. Downstream from this first occurrence of the drainage out-
burst, NEGIS widens as it flows over a bedrock plateau, and the drainage propagates
through a basal valley network following the steepest hydro-potential gradient (Figure
1b). It is remarkable that the propagation path is associated with formation of a sec-
ondary shear margin that marks a fast flow band within NEGIS (April-June 2020), where
depth-average ice-temperature anomalies have also been suggested (Holschuh et al., 2019).
The curved water drainage path and complex velocity structure of NEGIS without a dis-
tinct bedrock channel (Figure 1), also observed for other Greenlandic ice streams, sug-
gest that NEGIS is not a persistent feature of the northern Greenland drainage basin
configuration, which has been proposed to maybe have taken a different configuration

earlier in the Holocene (Franke et al., 2022).

It is tempting to speculate whether the magnitude of the (potential) upstream geother-
mal heat anomaly can be constrained by considering a closed water volume budget, con-
sisting of (say) the upstream geothermal source and shear-margin sources. However, with
the limited number of years of detected outbursts, and given the detection limit (signal/noise
ratio), such decomposition of the budget does not yet seem possible. As the drainage prop-
agates further downstream, however, the drained water volume grows. Ice deformation
and basal sliding generate heat, providing a new source for the growing water volume.

Basal melt rates are estimated to be in the order of cm/yr (Smith-Johnsen et al., 2020),

but remain poorly constrained. In the downstream part, NEGIS flows into a wide and

deep basal trough at more than 500 m below sea level. In this region, passing of the drainage
cascade is associated with widespread flow acceleration (Figs. 2b, 4, S7), which would

seem to suggest a distributed subglacial flow. The DInSAR measurements, however, show
localized uplift /subsidence through this sector, suggesting channelized flow (at least un-

til about 50 km from the ZI margin, where DInSAR coverage is lost). Note that the DInSAR-
inferred propagation pathway deviates from the hydro-potential-based drainage path-

way in this downstream sector (Fig. 1b).
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Basal hydrology is closely linked to sliding and friction at the basal interface (Andrews
et al., 2014; Nienow et al., 2017). The characteristics of the observed drainage outbursts
suggest that the basal interface between ice, water, and subglacial till evolves in a stick-
slip motion, where water is drained by burst-like dynamics. Since upstream NEGIS likely
rests on water-saturated till near its onset (Christianson et al., 2014; Franke et al., 2021;
Keisling et al., 2014), it is not clear whether the individual outburst events are a result
of micro-turbulence in the wetted interface or slower, steady flow through a porous till.
Indeed, the different propagation speeds found (Figure 3a) suggest that three different
subglacial environments may be present along NEGIS, which could guide future geophys-
ical surveys seeking to (ultimately) observationally constrain different sliding regimes and

hence sliding physics.
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