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O C E A N O G R A P H Y

Pathways and modification of warm water flowing 
beneath Thwaites Ice Shelf, West Antarctica
A. K. Wåhlin1*, A. G. C. Graham2, K. A. Hogan3, B. Y. Queste1, L. Boehme4, R. D Larter3, 
E. C. Pettit5, J. Wellner6, K. J. Heywood7

Thwaites Glacier is the most rapidly changing outlet of the West Antarctic Ice Sheet and adds large uncertainty to 
21st century sea-level rise predictions. Here, we present the first direct observations of ocean temperature, salin-
ity, and oxygen beneath Thwaites Ice Shelf front, collected by an autonomous underwater vehicle. On the basis of 
these data, pathways and modification of water flowing into the cavity are identified. Deep water underneath the 
central ice shelf derives from a previously underestimated eastern branch of warm water entering the cavity from 
Pine Island Bay. Inflow of warm and outflow of melt-enriched waters are identified in two seafloor troughs to the 
north. Spatial property gradients highlight a previously unknown convergence zone in one trough, where differ-
ent water masses meet and mix. Our observations show warm water impinging from all sides on pinning points 
critical to ice-shelf stability, a scenario that may lead to unpinning and retreat.

INTRODUCTION
Satellite-borne altimetry and interferometry data show large spatial 
variation in melt rates and grounding-zone retreat for Thwaites Ice 
Shelf. Locally, melt rates can exceed 10 times (1) the ice-shelf aver-
age value of ~17.7 m/year (2). Large variations have also been ob-
served in other ice shelves (3) and are attributed to interactions of 
oceanic processes with seafloor topography underneath the floating 
ice (4). However, to date, no measurements of water masses beneath 
Thwaites Ice Shelf have been conducted, and only very few surveys 
exist near the ice-shelf fronts (5, 6); therefore, fundamental proper-
ties of the ocean circulation beneath it are still unknown. Specifical-
ly, it is not yet clear where the main entry points for warm water are, 
how far into the cavity the warm water penetrates, or how the rate 
of ice melting relates to the warm water inflow.

The Thwaites Ice Shelf consists of the faster flowing Thwaites 
Glacier Tongue and the slower flowing Eastern Ice Shelf (Fig. 1). 
Direct observations of water depth are lacking in the coastal vicinity 
and ice-shelf cavity; therefore, all studies so far have used estimates 
of bathymetry derived from inversions of airborne gravity survey 
data (7, 8). These inversions predict the existence of three deep 
troughs at the northern ice front (“T1”, “T2”, and “T3” in Fig. 1), 
which are hypothesized, in turn, to direct warm dense water into 
the cavity, potentially accessing the base of the ice shelf and ground-
ing zones. These troughs branch from a 1300-m-deep northern ba-
sin (Thwaites Trough) that connects to Pine Island Trough further 
north along the continental shelf. This northern front of the Thwaites 
Ice Shelf provides access to the main deep basin at the grounding 
zone, but there is also an eastern-facing front that provides access to 

a more eastern deep basin, separated from the main basin by a sub-
marine ridge (Fig. 1). This basin beneath the Eastern Ice Shelf ex-
tends eastward to a 1400-m-deep area, partially separated from Pine 
Island Trough by an irregular ridge (Fig. 1).

Ship-based conductivity-temperature-depth (CTD) transects (fig. S2) 
(5, 6) from the eastern front show that the deep water (800 to 1300 
m) in the eastern basin is warm (conservative temperature  = 1.1 to 
1.2°C) (9), salty (absolute salinity SA = 34.85 to 34.87 g/kg) (9), and 
weakly stratified. In Thwaites Trough, the deep water is more well 
mixed (more uniform) with SA = 34.885 g/kg and  = 1.13° to 1.15°C 
(2014) and  = 1.15° to 1.20°C (2010). The higher salinity in Thwaites 
Trough indicates that it receives a deeper type of Circumpolar Deep 
Water (CDW) (10), which is possible since it has a greater sill depth 
than the eastern part of Pine Island Trough (8). The variability in 
deep water temperatures is larger in the eastern basin than in the 
northern (temporal variation as well as vertical and horizontal; fig. S2), 
reflecting that temperature varies substantially in time and space in 
Pine Island Trough due to local and cross-shelf forcing (11, 12). This vari-
ability ultimately originates from the source water, Lower Circum-
polar Deep Water (LCDW), which, outside the continental shelf at 
600 to 800 m in depth, has a temperature range of 0.95° to 1.5°C but 
a narrow salinity range of 34.895 to 34.905 g/kg (10, 13–15). The 
highest concentration of meltwater is found in Thwaites Trough, with 
temperature and salinity near the meltwater mixing line (or “Gade 
line”; fig. S2A) (16, 17). Stations further east contain mixtures of 
CDW and Winter Water (WW) (WW; fig. S2A) (18).

Up to now, there have been no data defining the circulation of 
warm water into and under the Thwaites Ice Shelf. Thus, it remains 
unclear through which deep channel water flows into the cavity and 
what pathways the water takes underneath the ice shelf. The gravity- 
derived bathymetry suggests that a ridge blocks access to deeper 
parts of the subglacial basin (Fig. 1) from the east, whereas warm 
water may enter beneath the Thwaites Glacier Tongue from the 
north along the deep troughs. Model results indicate that Thwaites 
Glacier retreat is linked to the dynamics of the ocean (19, 20), that 
the main pathways for warm water are from the north (20), and that 
the comparatively small volume of deep water entering from the 
eastern ice front only makes it a few kilometers underneath the ice 
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shelf  (20). However, model outputs are poorly constrained because 
of the paucity of observations. Key results and boundary conditions 
such as bathymetry, water pathways, flow rates, and temperatures 
need to be validated by observations to improve predictions.

RESULTS
To address these critical knowledge gaps, cruise NBP19-02 collected 
oceanographic and geophysical observations in the Amundsen Sea 
embayment in February to March 2019. Favorable ice and weather 
conditions provided an unprecedented opportunity to access un-
charted regions of the central and western parts of Thwaites Ice 
Shelf front. The draft of the northward-facing ice front was estimated 
to be between 291 and 418 m (Fig. 1D and see Methods), confirm-
ing that the base of ice at the northern tip of the Thwaites Glacier 
Tongue is close to the seafloor, if not still in contact with it, and that 
the front is highly irregular. A new detailed coastal bathymetry, ac-
quired using a hull-mounted multibeam echo sounder, confirmed 
the presence of troughs that lead in toward the ice shelf either side 
of the Thwaites Glacier Tongue (Fig.  1 and see Methods). These 
troughs are notably deeper (by 100 to 300 m) than predicted by 
gravity models (8, 21). Temperature, salinity, oxygen content, and 
current velocity were measured in these troughs by ship-borne in-
strumentation and an autonomous underwater vehicle (AUV). The 
AUV, a Kongsberg “Hugin” depth-rated to 3000 m, was equipped 

with instrumentation to measure hydrographic and chemical prop-
erties of the water in situ (see Methods). It was deployed in two of 
the three deep troughs that lead from Thwaites Trough to the cen-
tral part of the ice shelf and part way under it (Figs. 1 and 2). The 
AUV followed a path at an altitude of 50 m above the seafloor for 
most of the missions, except on cross-trough transects where it was 
operated at a range of different (constant) depths (figs. S3 and S4). 
Warm water (up to  = 0.8° to 1.05°C) was observed at the bottom 
of both troughs (Fig. 2 and fig. S3). The thickness of the warm water 
layer was between 200 and 300 m (figs. S3 to S5), with the 0° iso-
therm at about 500 m in depth. In trough T2, data collected with the 
ship’s hull-mounted acoustic Doppler current profiler (ADCP) system 
show a northward outflow of water above 500 m (see Fig. 2, Methods, and 
fig. S5), while in trough T3 (Fig. 1), there is southward flow at all 
depths transporting warm water toward the ice-shelf cavity (Fig. 2 
and fig. S5). The southward heat transport in trough T3 alone was 
estimated as 0.9 TW, which corresponds to melting 85 Gt/year 
glacial ice (see Methods). This estimate is describing what is trans-
ported into the cavity in only one of the three inflow sites that have 
been identified here, and it is not known how much of the available 
energy that is used to melt ice once inside the cavity. However, the 
fact that the number is similar to the basal melt for the entire ice 
shelf (97.5 Gt/year) over the period 2010–2018 as estimated from 
satellite altimetry (3) indicates that the inflow in T3 is likely impact-
ing the basal melt of the entire system.

Fig. 1. Maps of the survey region showing the Thwaites Glacier Tongue and Eastern Ice Shelf. Colors indicate bathymetry according to color bar, unsurveyed areas 
appear smoother as bathymetry from gravity inversion (7) is shown, and black solid line shows ice shelf and melange front in mid-February 2019. Orange dots indicate 
conductivity-temperature-depth (CTD) cast locations. (A) Bathymetry with notations indicating bathymetric features and areas discussed in the main text. Hatched re-
gions show grounded ice, and colored lines show grounding line positions in the years indicated (1, 26) and the pinning point for Eastern Ice Shelf near the center of (A). 
White boxes outline areas shown in detail in (B) and (C), and orange lines in (B) to (D) show the autonomous underwater vehicle (AUV) mission paths. White stars indicate 
the irregular ridge separating Pine Island Bay from the eastern basin discussed in the text. (D) Ice-shelf front mapped with the multibeam echosounder overlaid on a 
grayscale Landsat 8 image of Thwaites ice front from 13 February 2019. The shear zone marking the boundary between Eastern Ice Shelf (EIS) and Thwaites Glacier Tongue 
(TGT) is indicated by blue text. Red stars mark the segments where average ice-shelf depths below sea level were calculated; numbers are the average ice-shelf face 
depths for that segment (see Methods), and numbers in parentheses are water column thickness (i.e., depth minus ice-shelf draft).
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When warm salty ocean water comes in contact with and melts 
glacial ice, it becomes colder [due to loss of latent heat and cooling 
by the ice (16)], fresher (due to the mixing with meltwater), and 
more oxygenated [due to high levels of dissolved oxygen in the 
meltwater (17, 18)]. This information is used in Fig. 2 to reveal that 
in trough T2, throughout the water column, the concentration of 
meltwater was consistently higher compared with that in trough T3. 
The flow direction is southward for all depths in trough T3, but in 
T2, the flow appears to switch direction: It is northward from the 
surface to about 400 m, but there is a vertical shear and near-zero or 
even negative (i.e., southward) velocities near the edge of the ADCP 
range (fig. S5). The northward outflow near the surface in trough 
T2 has the highest meltwater content (Fig. 2), which is seen more 

clearly in Fig. 3 where the ship-borne CTD data (including near-surface 
waters) are plotted together with the AUV data. The westernmost 
parts of Thwaites Trough have water that is nearly saturated with 
meltwater [i.e., contact with glacial ice (22) has cooled the water to 
near-surface freezing temperature (marked by blue arrows)]. This 
shows that the meltwater produced by Thwaites is exiting in the 
west, in agreement with model results (20, 23). Near-bottom water 
encountered by the AUV in trough T2 has temperature-salinity- 
oxygen properties similar to deep water in Thwaites Trough and 
higher influence of glacial melt, while in trough T3, there are no 
traces of glacial melt. Near-bottom water in trough T3 is similar to 
that found in Thwaites Trough, but deep water resembling that in 
Pine Island Bay is also present (Fig. 4).

Fig. 2. Data from troughs T2 and T3 (Fig. 1). (A) Mission tracks for both troughs. (B) Conservative temperature  (in degrees Celsius) versus absolute salinity SA (in grams 
per kilogram), colors as in (A). Black contours are potential density. (C) Dissolved oxygen (in milliliters per liter) versus conservative temperature  (in degrees Celsius). (D) 
Dissolved oxygen (in milliliters per liter) versus absolute salinity (in grams per kilogram). Black lines in (B) to (D) are the mixing lines between CDW (red circle) and glacial 
melt (see Methods) (16–18). (E and F) Conservative temperature  (color bar) along the AUV track together with detided current velocity from the ship’s hull-mounted 
ADCP. Green arrows are average current velocity for a depth of 0 to 400 m, and black arrows are average current velocity for a depth of >400 m. For raw data, see fig. S5. 
Black arrow in lower right corner is scale arrow (5 cm/s). Ice shelf is indicated by blue transparent area, and depth contours are every 50 m. (E) Trough T2. (F) Trough T3. 
Note that most of the temperature variation in (E) and (F) are due to depth variations (see fig. S4 for depth and salinity along the AUV path)

 on A
pril 13, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Wåhlin et al., Sci. Adv. 2021; 7 : eabd7254     9 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 9

As the vehicle traveled along the seabed in trough T3, water of 
comparatively low salinity (SA = 34.865 g/kg) and conservative tem-
perature  between 1.03° and 1.04°C was encountered at 1050  m 
depth underneath the ice shelf (Figs. 4 and 5). The fresher deep wa-
ter type was also observed at CTD station 38 (Fig. 4), a station very 
near the ice-shelf front and overlapping with the AUV path, and in 
Pine Island Bay, consistent with historical data (fig. S2). These ob-
servations show that deep water originating in Pine Island Bay has 
traveled beneath the Eastern Ice Shelf to reach trough T3. This wa-
ter mass is hence extending significantly further west than previ-
ously expected and suggested in modeling (20). This indicates that 
the bathymetric ridge underneath Eastern Ice Shelf (Fig. 1) is either 

deeper than 1050 m, in contrast to ~700 to 800 m obtained by gravity 
inversion (7, 8), or does not extend far enough north to block the 
Pine Island Bay deep water. Since the AUV mission in trough T2 
only went 600 m into the cavity (compared to 3 km for trough T3) 
and only to 800 m in depth (compared to 1050 m for trough T3), we 
do not know the western extent of the Pine Island Bay water. It 
might reside at greater depths or further into the cavity also west of 
the shear zone.

Figure 5 shows that the Pine Island Bay branch of deep water 
meets the intermediate water from Thwaites Trough in the vicinity 
of the shear zone between the Thwaites Glacier Tongue and the 
Eastern Ice Shelf. In this region, warmer, saltier water of density 

Fig. 3. Visualization of different water masses in the surveyed area. Hydrographic data obtained by CTD [colors correspond to stations in (A)]. Pine Island Bay is indicated 
by PIB together with data obtained by the AUV (black is the mission in trough T3, and gray is the mission in trough T2). Solid black line shows the mixing line between CDW 
and ice shelf melt (see Methods) (16, 18, 40). (A) Map of the region. (B) Conservative temperature  (in degrees Celsius) versus absolute salinity SA (in grams per kilogram). 
Dashed black line shows the freezing point at surface pressure (9), and solid contours show the potential density. (C) Dissolved oxygen (in milliliters per liter) versus absolute 
salinity SA (in grams per kilogram). (D) Conservative temperature  (in degrees Celsius) versus absolute salinity SA (in grams per kilogram) for the zoomed parameter space 
indicated by blue box in (B). Solid contours show the potential density. (E) Dissolved oxygen (in milliliters per liter) versus absolute salinity SA (in grams per kilogram) for the 
zoomed parameter space indicated by blue box in (C). Blue arrows in (B) and (C) indicate the high meltwater concentrations discussed in the main text.
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32.02 kg/m3 meets cooler, fresher water of the same density (Fig. 5B). 
Those water masses can interleave and mix along isopycnals with-
out using energy, a process that has also been recorded underneath 
the Ross Ice Shelf (24) where overturning and interleaving give rise 
to isopycnal mixing and enhanced diffusivities that can affect dia-
pycnal heat and salt fluxes. The fact that Pine Island Bay water can 
still be distinguished, about 100 km from the source means that it 
has either only recently come into contact with the Thwaites Trough 
water, or there is a steady supply of water from Pine Island Bay in 
the east and from Thwaites Trough in the north and/or west feeding 
the under-ice circulation.

In contrast, the bottom water a few kilometer north of the ice-
shelf front (recorded by both AUV and ship-borne CTD) was about 

0.02 g/kg saltier, with temperature and dissolved oxygen similar to 
the Pine Island Bay deep water. This saltier type of deep water was 
also found underneath the ice-shelf front in trough T2 and in 
Thwaites Trough (Figs. 3 to 5). The fresher deep water originating 
in Pine Island Bay is about 0.01 kg/m3 lighter than the saltier type 
(Fig. 5). Since the lighter deep water is found deeper down than the 
denser type (800 to 1050 m compared with 700 m), there is potential 
for enhanced turbulence, e.g., by formation of a dense plume un-
derneath the lighter water or through direct convection of the two 
water masses. It is also possible to maintain a horizontal density 
gradient by a vertically sheared geostrophic current (25). Hence, the 
region is preconditioned through the presence of the lighter water 
mass deep under the ice and the denser water flowing toward the 

Fig. 4. Visualization of the deep water masses in the surveyed area. Hydrographic data obtained by CTD [colors correspond to stations in (A)]. Pine Island Bay is indicat-
ed by PIB together with data obtained by the AUV. Solid black line shows the mixing line between CDW and ice shelf melt (see Methods) (16, 18, 40). (A) Map of the region. 
(B) Conservative temperature  (in degrees Celsius) versus absolute salinity SA (in grams per kilogram) for CTD data and AUV data from trough T2 (gray) for the zoomed 
parameter space indicated by red box in Fig. 3D. Solid contours show the potential density. (C) Dissolved oxygen (in milliliters per liter) versus absolute salinity SA (in grams 
per kilogram) for CTD data and AUV data from trough T2 (gray) for the zoomed parameter space indicated by red box in Fig. 3E. (D) Conservative temperature  (in degrees 
Celsius) versus absolute salinity SA (in grams per kilogram) for CTD data and AUV data from trough T3 (black) for the zoomed parameter space indicated by red box in 
Fig. 3D. Solid contours show the potential density. (E) Dissolved oxygen (in milliliters per liter) versus absolute salinity SA (in grams per kilogram) for CTD data and AUV data 
from trough T3 (black) for the zoomed parameter space indicated by red box in Fig. 3E. Blue and red arrows indicate the two deep water types discussed in the main text.
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front, both of which are comparatively warm, for enhanced heat 
transport to the ice base. Our results point to the importance of fur-
ther investigating the mixing processes in this region, particularly 
in the areas where the dense and light water masses meet.

DISCUSSION
We have integrated the observations presented here to define new 
flow paths for water moving underneath Thwaites Ice Shelf (Fig. 6) 
and provided the first estimate of volume and heat transport fluxes 
for the water derived from direct observations. We identified a 
meltwater-enriched outflow in the west and two distinct deep water 
masses that enter along different pathways, one previously unknown 
branch from Pine Island Bay and one directly along the Thwaites 
Trough, respectively. Identifying and investigating other locations 
where they meet are a high priority for future missions since those 

locations have potential for unstable stratification and overturning, 
which can increase the heat flux to the ice if it occurs in contact 
with the ice.

The warm, salty deep water masses are entering the cavity from 
both sides of the pinning point at the northern tip of the Eastern Ice 
Shelf. The substantial heat transport in trough T3 alone is sufficient 
to melt ice at a rate 85 Gt/year, which is comparable to altimetry 
estimates (3) and model results (19) of total basal melt at the entire 
Thwaites Ice Shelf. This pinning point is one of the last buttressing 
features restraining the flow of ice from upstream, and satellite ob-
servations indicate that its extent has decreased over the past de-
cades (26). Our observations underscore that sub-ice circulation 
is controlled by features in the bathymetry and ice as well as condi-
tions at the relevant source. Since the previously unknown source 
water coming from Pine Island Bay is influenced by local meteoro-
logical conditions (11) and Pine Island Glacier (27) melting, these 
results indicate that the future melt rate of Thwaites and ice dynam-
ic feedbacks may depend more on local conditions in the Pine Is-
land region, as well as the evolving ice pinning points at Thwaites 
(28, 29), than predicted by existing models (19, 20).

METHODS
Multibeam mapping
The bathymetry surrounding the Thwaites Ice Shelf was mapped using 
a 12-kHz Kongsberg EM122 multibeam echo sounder that acquires 
288 bathymetric soundings per swath (with a 1° receiver). During 
NBP19-02, beam angles were typically between 55° and 65° (30). On 
survey lines that mapped from east to west immediately adjacent to 
the Thwaites Ice Shelf front, port beams, emitted at intermediate to 
high beam angles, returned an echo from the seafloor beneath the 
ice shelf, meaning that the sub–ice shelf seafloor was intermittently 
mapped inland of the ice margin. This is shown in the gridded 
bathymetry in Fig. 1, which extends up to 2 km beneath the ice front. 

Fig. 5. Deep water underneath the ice shelf front is lighter than water outside 
the ice shelf. (A) Map of trough T3 showing the AUV path color coded by latitude. 
Shaded region indicates the ice shelf front, and black contours are depth contours. 
(B) Conservative temperature  (in degrees Celsius) versus absolute salinity SA (in 
grams per kilogram) for the AUV data points shown in (A), colors as in (A). Contours 
show potential density (9) relative to 900 m, and blue arrow indicates isopycnal 
mixing, i.e., water that has the same density but different temperatures and salini-
ties. Green circles in (A) and (B) show the dense saline deep water found in trough 
T3 discussed in the main text. (C) Absolute salinity SA (in grams per kilogram) as a 
function of depth for the AUV data in trough T3 and the CTD data (colors indicate 
station as in Fig. 3). (D) Potential density (in kilograms per cubic meter) as a func-
tion of depth for the AUV data in trough T3 and the CTD data (colors indicate sta-
tion as in Figs. 3 and 4). Red and blue arrows indicate the two deep water masses 
discussed in the main text from Pine Island Bay and Thwaites Trough. Dissolved 
oxygen versus  and SA is shown in fig. S6.

Fig. 6. Suggested pathways and mixing area of the water underneath Thwaites 
ice tongue and Eastern Ice Shelf inferred from the data presented. Red arrows 
indicate main pathways of warm salty water, blue arrow indicates outflow of 
meltwater-laden fresher water, and red dashed arrow indicates possible warm salty 
inflow below the range of the ship-borne ADCP. Blue shading shows bathymetric 
troughs, and purple lines indicate grounding zones. The two arrows from Pine 
Island Trough indicate that it is not possible from the present dataset to identify 
which part of this region sources the deep water.
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In addition, beams emitted at the widest swath angles (beam numbers 
typically <40) sometimes returned a strong backscatter response from 
the upper water column on the water column backscatter (WCB) 
datagram that was acquired concomitantly with the bathymetric 
soundings by the multibeam echo sounder. An example datagram 
showing the WCB anomaly (fig. S1) shows that the backscatter 
anomaly was subvertical and did not extend to the seafloor and the 
acoustic return from the seafloor on these beam angles was errone-
ously shallow. We interpret this backscatter anomaly as the submerged 
front of the floating Thwaites Ice Shelf. Therefore, by mapping this 
anomaly from the WCB, we were able to effectively map the face of 
the floating ice shelf for parts of the Thwaites margin. This is a nov-
el use of multibeam water column data (31) and is of interest here 
because the base of the ice shelf along with the seafloor depth defines the 
water cavity thickness, which is important when investigating how 
warm water flows and circulates beneath the Thwaites Ice Shelf.

The floating ice-shelf face was digitized (or geo-picked) every 5 
to 10 multibeam pings whenever it was visible in the WCB using 
QPS FMMidwater software (32). In total, the ice shelf was observed 
along about 58 km of the ice front (Fig. 1D). The deepest geo-pick 
on the datagrams was then averaged over ~3 to 5-km sections of 
continuously mapped ice-shelf front/face to provide an average ice-
shelf depth (below sea level) for seven sections of the ice front (red 
stars in Fig. 1D). The mapped ice-shelf depths ranged between 180 
and 495 m (below sea level) for all picks, with the deepest ice shelf 
occurring in the western part of the study area where the Thwaites 
Glacier Tongue meets the ice melange. This is consistent with the 
averaged deepest ice-shelf depths, which are greatest on the south-
western part of the Thwaites Glacier Tongue (Fig. 1D).

To consider errors in this method, we note that the ice-shelf face 
is subvertical, angling away from the centerline with increasing depth 
(fig. S1). If we use the datagram in fig. S1, then it is possible that the 
ice shelf is thicker than the 300-m depth mapped if the angle of the 
ice face shallows significantly at this point (i.e., becomes less steep) 
and is “shadowed” by the high backscatter return above. This is not 
consistent with our understanding of ice-shelf geometries that have 
gently sloping bases at their margins, on scales of hundreds of me-
ters that we are considering here, when the ice shelf is wide and fed 
by high-velocity inland ice. However, if the ice shelf interacts with 
the bed (i.e., is partially grounded) or is made up of icebergs rece-
mented together by sea ice, then its thickness could be highly vari-
able (33), and the ice-shelf face may not be indicative of the true 
cavity depth. For these reasons and because ice shelves thin to their 
margins, the ice-shelf depths reported here should be taken as min-
imum values and cavity thicknesses as likely maximum values. Last, 
we note that although airborne radar surveys also provide informa-
tion about ice-shelf draft, the damaged nature of the Thwaites Glacier 
Tongue means that radar returns are likely to be complicated by 
scattering/side echo issues. The use of the WCB data during NBP19-
02 provided us with an independent tool to study the ice-shelf front 
at the time that the oceanographic data were acquired.

The AUV
The AUV “Ran” is a Kongsberg Hugin AUV depth rated to 3000 m. 
It is equipped with a Honeywell Hg9900 inertial navigation unit, 
aided with Nortek 500-kHz upward- and downward-looking Doppler 
velocity loggers (DVLs). Navigation was also aided by deploying several 
underwater transponders (UTPs; cNODE Maxi) at the seafloor. Using 
the DVL and UTP, the maximum navigation error is ≤ 0.08% of 

distance traveled from the nearest UTP and was, for the two mis-
sions described here, 2 m (34). The AUV was equipped with two 
Sea-Bird SBE 19plus V2 systems for CTD and two Sea-Bird SBE 43 
sensors for dissolved oxygen. The resolution of the sensors for tem-
perature and conductivity is 0.0001°C and 0.00005 S/m, producing 
a salinity resolution of 0.00067 g/kg. The sensors were calibrated in 
July and August 2018 and against the ship CTD by colocating CTD 
casts with the AUV missions during the cruise (35). The dissolved 
oxygen sensor has an initial accuracy of 2% of saturation (0.16 ml/liter), 
but a higher accuracy was obtained by calibration against the ship CTD.

Ship-borne CTD
A Sea-Bird 911 CTD with dual sensor systems for conductivity, tem-
perature, and dissolved oxygen (SBE43) was used to get depth profiles 
of salinity, temperature, and dissolved oxygen. Standard Sea-Bird 
software version Seasave V 7.26.1.8 was used for data collection and 
conductivity cell thermal mass correction (manufacturer recommended 
values were used as follows: thermal anomaly amplitude,  = 0.03; 
thermal anomaly time constant 1/ = 7.0). Salinometry measure-
ments were made from water samples to calibrate the primary and 
secondary conductivity sensors on the CTD rosette (30).

Acoustic Doppler current profiler
Two hull-mounted ADCPs, RD Instruments Ocean Surveyor models 
(75 and 38 kHz, respectively) were used. The data presented here are 
from the 38-kHz instrument, but results were cross-checked with the 
75-kHz instrument (which has smaller range). The ADCP data were 
detided using the CATS2008 tide model (36, 37) based on the location 
75°12′S and 107°W, and the times for which the ship ADCP data were 
recorded (i.e., 2019-02-28 21:51:00 to 2019-03-01 01:45:00 for T2 and 
2019-03-05 09:14:25 to 2019-03-06 03:36:01 for T3). The magnitude of 
the tides in these periods varied between 0.01 and 0.09 cm/s.

The raw data were postprocessed using the University of Hawaii 
Data Acquisition System software (38) and standard quality control 
(39) and binned in 15 min, 24-m bins. Figure S5 (A and B) shows 
4-bin averages, i.e., 96-m averages, while fig. S5 (C and D) shows the 
24-m binned data. The along-channel component in fig. S5 (C and D) 
was defined as 41° for T2 and –48° for T3, with negative values 
indicating flow toward the ice shelf.

Heat transport estimates
The heat transport HF (in watts) toward the ice through a cross sec-
tion in one of the deep troughs is given by

   H  F   =   ∫ 
 W  L  

  
 W  R  

    ∫ 
−D

  
0

    C  P   u(T −  T  R   ) dzdx  (1)

where x (in meters) is the across-channel coordinate, (WL, WR) are 
the left and right hand boundaries of the channel, z (in meters) is 
the vertical coordinate, D(x) (in meters) is the seafloor, (x, z, t) (in 
kilograms per cubic meter) is the density, CP (in joules per kilogram 
per kelvin) is the specific heat, u(x,z,t) (in meters per second) is the 
along-channel velocity, T(x,z,t) (in kelvin) is the temperature, and 
TR (in kelvin) is the reference temperature to which the water cools 
after losing heat to the ice. If all available oceanic heat is used to melt 
ice inside the cavity, then TR will be the in situ freezing temperature. 
To get an estimate of Eq. 1, the integral can be approximated by

   H  F   ≈ A  ̄  U  (  ̄  T   −  T  F   )   ̄    C  P     (2)
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where A is the cross-section area of the warm current,    ̄  U    is the aver-
age velocity,    ̄  T    is the average temperature, TF ≈ −2.1°C is the freez-
ing point at SA = 34.8 g/kg and a depth of 300 m (the approximate 
ice-shelf draft),  ≈ 1025 kg/m3 is the average density, and CP ≈ 
3900 J/kg/K is the average specific heat. Using a current width of 
3 km (figs. S3 and S5) and a thickness of 300 m (figs. S3 and S5), the 
cross-section area is approximately 0.9 × 106 m2, which gives 
HF ≈ 0.9 TW for channel T3 where the average velocity is approxi-
mately 0.1 m/s (fig. S5) and average temperature is approximately 
 ≈ 0.5°C (fig. S3). Using the same numbers, the volume flow rate is 
approximately 0.09 Sv. The warm layer in channel T2 is approxi-
mately 200 to 300 m in thickness, but the ADCP velocity data did not 
reach far enough to be able to estimate its velocity. The velocity 
above 500 m in depth is directed northward, but nearer the seafloor, 
the velocity appears to change direction, at least in the easternmost part 
of the trough (fig. S5C).

Conversion to ice-melt rate
Assuming that all the energy (0.9 TW) is used for melting ice, the 
corresponding mass loss M (in gigaton per year) is given by

  M =   E ─ L    

where E (in joules per second) is the heat transport and L (in joules 
per kilogram) is the latent heat of fusion. Using E = 0.9 TW and 
L = 334 kJ/kg gives M = 85.5 Gt/year.

Mixing lines
When sea water melts glacial ice, latent and direct heat is moved 
from the ocean (cooling the water) to the ice (warming the ice to 
melting temperature and melting the ice), after which the produced 
meltwater mixes with the ocean water. The result is a mixture that is 
cool (dominated by the latent heat needed to melt the ice) and fresh 
and has comparatively high dissolved oxygen content (as glacial ice 
has higher levels of dissolved oxygen than ocean water). For CDW 
that melts glacial ice the absolute salinity (SM) and dissolved oxygen 
content (OM) of the meltwater mixture is given by

    S  M   = (1 −  )  S  CDW     
 O  M   = (1 −  )  O  CDW   +   O  IS  

   (3)

where  is the meltwater fraction, SCDW and OCDW are the absolute 
salinity and dissolved oxygen of the CDW, respectively, and OIS is 
the dissolved oxygen of the ice-shelf meltwater. The conservative 
temperature (M) of the mixture is obtained following the thermo-
dynamically consistent International Thermodynamic Equation of 
Seawater (40). The meltwater mixing lines in Figs. 3 to 6 are obtained 
using endpoints for CDW (red markers in Figs. 3 to 6) defined as 
the average of all CTD data between 800 to 1000 m in Thwaites 
Trough, i.e., CDW  =  1.044°C, SCDW  =  34.8795 g/kg, and OCDW  = 
4.3489 ml/liter. Meltwater oxygen content was assumed to be 
OIS = 30 ml/liter, slightly higher than the 28 ml/liter previously used 
for Pine Island Glacier (17, 18), and the internal glacier temperature 
was assumed to be −15°C, slightly lower than previously used for 
Pine Island Glacier (17, 18).

Thermal wind estimates
Assuming the velocity is geostrophic, the vertical shear of horizon-
tal velocity is given by the thermal wind equations (25)

    ∂ u ─ ∂ z   = −   
g
 ─ f    0       

∂  ─ ∂ y    (4)

where u is the velocity in the x direction, g = 9.82 m/s2 is the gravi-
tational acceleration, f = 1.2 × 10−4 s−1 is the Coriolis parameter, 0 = 
1020 kg/m3 is the reference density, and   

∂ 
 _ ∂ y    is the horizontal deriva-

tive of density in the y direction. Using observed scales for density 
variations, i.e., 0.01 kg/m3, over a few kilometers gives scale esti-
mate of   ∂  _ ∂ y   ≈  10   −5  to  10   −6   kg/m4, or even larger. Using Eq. 4 gives 
geostrophic velocity shear between   ∂ u _ ∂ z   ≈  10   −3  and  10   −4   s−1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/15/eabd7254/DC1
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