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Abstract Pine Island, Thwaites, Smith, and Kohler glaciers in the Amundsen Sea Embayment (ASE) sector
of West Antarctica experience rapid mass loss and grounding line retreat due to enhanced ocean thermal forcing
from Circumpolar Deep Water (CDW) reaching the grounding lines. We use simulated Lagrangian particles
advected with a looping 1 year output from the Southern Ocean high-resolution model to backtrack the transport
and cooling of CDW to these glaciers. For the simulated year 20052006, we find that the median time needed to
reach the grounding lines from the edge of the ASE is 3 years. In addition, the Antarctic Coastal Current
contributes an equal number of particles as off-shelf sources to the grounding lines of Pine Island and Thwaites.
For CDW coming from off-shelf, results from SOhi indicate that 25%—66% of the cooling occurs within ice shelf
cavities.

Plain Language Summary The glaciers in the Amundsen Sea Embayment (ASE) sector of West
Antarctica are contributing rapidly to sea level rise in response to enhanced melt by warm, salty Circumpolar
Deep Water (CDW). We use an ocean numerical model to trace the sources, pathways, and cooling of warm
waters to reach glacier grounding lines. We find that it takes multiple years for off-shelf perturbations to reach
the glaciers and that the colder Antarctic Coastal Current contributes the same amount of water to the grounding
lines of Thwaites and Pine Island glaciers as off-shelf CDW sources. The model also reveals that half of the
cooling of CDW occurs under the ice shelves, which is an effect not accounted for in most models used for
projecting sea level rise.

1. Introduction

The glaciers in the Amundsen Sea Embayment (ASE) of West Antarctica are a significant source of sea level rise
(Rignot et al., 2019) due to changes in glacier dynamics (Rignot et al., 2008; Velicogna et al., 2014). A major
driver is basal melting caused by the intrusions of warm, salty Circumpolar Deep Water (CDW) onto the con-
tinental shelf (Dinniman et al., 2012; Dotto et al., 2019; Wahlin et al., 2012). The loss of basal ice reduces
buttressing, allows the glaciers to accelerate, and contributes to sea level rise (Gudmundsson et al., 2019;
Pritchard et al., 2012). For glaciers resting on a bed with a retrograde slope, that is, bed elevation decreases in the
inland direction, enhanced basal melting of ice may lead to a positive feedback loop that triggers an irreversible
retreat of the grounding line (Joughin et al., 2014; Rignot et al., 2014; Weertman, 1974).

The ASE is particularly sensitive to ocean thermal forcing because it has a weak slope current and lacks a strong
density gradient to prevent CDW from flooding the continental shelf (Thompson et al., 2018). In recent decades,
studies suggest that anthropogenic forcing may have played a role in strengthening the eastward flowing un-
dercurrent, transporting additional CDW onto the continental shelf through a number of submarine troughs on the
seafloor (Holland et al., 2022; Naughten et al., 2022). CDW mixes with on-shelf water to produce modified CDW
that flows into ice shelf cavities and melts glacier ice at the grounding lines (Dutrieux et al., 2014; Nakayama
et al., 2018). Pine Island, Thwaites, Smith, and Kohler glaciers experience rapid ice shelf melt (Adusumilli
et al., 2020; Rignot et al., 2013) and grounding line retreat (Rignot et al., 2014). Understanding the transport of
CDW to the grounding lines is crucial to improving the accuracy of ice-sheet/ocean models and sea level rise
projections in the coming decades (Nowicki & Seroussi, 2018).
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Here, we use 1 year of output products (Sep 2005-Aug 2006) from the Southern Ocean high-resolution model
(SOhi) and simulated Lagrangian particles to study the transport and cooling of CDW to the grounding lines of
Pine Island, Thwaites, Smith, and Kohler glaciers. To the best of our knowledge, this is the first study that
backtraces CDW at the grounding lines of these four glaciers to quantify the contributions from various CDW
sources, the pathways on the continental shelf, and the timescale and magnitude of cooling during transport.

2. Data and Methods
2.1. Southern Ocean Model

We use 1 year (1 September 2005 to 31 August 2006) of 6-hourly average outputs from the Southern Ocean high-
resolution (SOhi) simulation (Dinh et al., 2024b). SOhi is a 1/24° pan-antarctic simulation with 225 vertical levels
that includes sea ice, oceanic tides, and all ice shelves. Bathymetry is from the General Bathymetric Chart of the
Oceans 2020 (GEBCO Bathymetric Compilation Group, 2020, 2020) and ice cavity geometry is from Bed-
Machine v1.39 (Morlighem, 2019). With a horizontal resolution of 1 km at 75°S, SOhi resolves eddy processes
responsible for the transport of heat onto and across the continental shelf (St-Laurent et al., 2013; Stewart &
Thompson, 2015). In addition, 225 vertical levels (z-spacing of 1.4 m at the surface, 25.8 m at 1,000 m, and 50 m
at 3,000 m) allows SOhi to resolve processes within thin water columns inside ice shelf cavities.

We evaluate SOhi by comparing the speed of ocean currents with mooring data between 630 and 730 m depth near
Pine Island. We find that SOhi currents are slightly slower by 0.5-2 cm s~!, but the error is within the observed
range of variability (Figure S1 in Supporting Information S1). We also compare the mean temperature and salinity
from SOhi to measurements taken from two cruises in 2008 and 2009. Overall, SOhi captures the major water
masses in this region (Figure S2 in Supporting Information S1) except for the warmest and freshest waters. These
less-well-represented waters are summer surface waters with properties that are likely averaged out in the SOhi
yearly means. Structurally, as noted in Dinh et al. (2024b), the pycnocline in SOhi is similar to that in the Southern
Ocean State Estimate (Mazloff et al., 2010) and Estimating the Circulation and Climate of the Ocean version 4
release 4 (ECCO Consortium et al., 2021), but 200 m too shallow compared to in-situ measurements. For tem-
perature and salinity, the largest differences occur between 200 and 400 m due to the mismatched thermocline
(Figure S3 in Supporting Information S1). At deeper depths, the mCDW in SOhi is about 0.5 C warmer and
0.1 psu saltier than observations (Dinh et al., 2024b).

We crop the SOhi outputs to a domain covering the ASE and the Bellingshausen Sea (140°W to 65°W and 69°S to
75.5°S) (Figure 1a). We define the ASE region as the sector south of the 700 m isobath between 136°W and
98°W. The continental shelf West of 136°W is referred to as “west-shelf”. The continental shelf East of 97°W is
referred to as “east-shelf”. Everything north of the 700 m isobath is “off-shelf” waters. Waters in the ASE are
referred to as “on-shelf”. Additionally, we split the off-shelf boundary between 122°W and 97°W into 4 sections
corresponding to 4 submarine troughs: (a) Dotson-Getz Trough (DGT; 122°W - 115°W), (b) Pine Island Trough
West (PITW; 115°W - 110°W), (c) Pine Island Trough East (PITE; 110°W - 104°W), and (d) Abbot Trough (AT;
104°W - 97°W).

2.2. Lagrangian Particles

Lagrangian particle trajectories have been previously used to investigate the pathways of CDW to the grounding
lines of glaciers (Nakayama et al., 2019) and connectivity around Antarctica (Dawson et al., 2023). Here, we use
particles to represent CDW at the grounding lines and trace them backwards in time to identify the sources,
pathways, and changes in temperature of the water parcels. We consider the area in front of the grounding lines
where the bed is deeper than 1,000 m to be “near the grounding lines” (Figures 1b—1d) and assume that water there
will melt ice at the grounding line. We seed 1,000 particles near the grounding lines of each glacier. The particles
are placed at the center of each horizontal grid cell (~1-km apart) and equally spaced in the vertical, covering the
first 100 m from the sea floor. We release the particles daily for 1 year for a total 360,000 to 400,000 particles per
glacier.

We run the Lagrangian tracers simulation offline using OceanParcels v2.4.1 (Delandmeter & Van Sebille, 2019)
and 6-hourly outputs from SOhi. The particle are advected backward in time for 3 year using a fourth-order
Runge-Kutta method with looping velocity fields. Although looping the field leads to a discontinuous jump in
particle velocities, this step is necessary due to the finite duration of SOhi has been used in previous studies
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Figure 1. Map of the study area showing (a) an overview with on-shelf, east-shelf, west-shelf, and off-shelf boundaries in
black overlaid on the bathymetry. The 700 m isobath between the on-shelf and off-shelf is in cyan. Labels indicate the
Dotson-Getz Trough (DGT), Pine Island Trough West (PITW), Pine Island Trough East (PITE), Abbot Trough (AT),
Thwaites Glacier Tongue (TGT), Thwaites Eastern Ice Shelf (TEIS), Pine Island Basin, and Thwaites Basin. The pathways
from the ice shelf fronts to the grounding lines are shown for (b) Pine Island, (c) Thwaites, (d) Smith, and (e) Kohler glaciers.
Each pathway shows the trajectories 1,000 randomly sampled particles. The percentages indicate the mean + one standard
deviation of the contribution from each pathway to the total particles at the grounding line. Red contours indicate the 1,000 m
isobath where particles are initialized.
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(Thomas et al., 2015; Vecchioni et al., 2023). As in prior studies, we assume that this simplification has a minimal
influence on the derived particle pathways.

The positions, temperature, and salinity of the particles are recorded daily. Due to short water columns in the
cavity, we use a 5 min time step to minimize overshoots that advect particles into dry cells. We do not employ an
un-beaching algorithm. Instead, particles that hit a dry cell are removed from the analysis. Post-advection analysis
shows that particles that hit land account for 11.7%, 2.9%, and 19.9%, 9.8% of the particles released at Pine Island,
Thwaites, Smith, and Kohler, respectively. Almost all (>99%) particle beaching occurs within the ice cavity.

2.3. Temperature of the Particles

The temperature of the particles are recorded on a daily basis. We only measure the temperature change of
particles that cross the ASE without looping the data fields. The temperature change is compared against the
temperature baseline from the Ice Sheet Model Intercomparison for CMIP6 (ISMIP6), created to provide a
reference temperature to propagate anomalies from the edge of the continental shelf into ice shelf cavities
(Jourdain et al., 2020). We use the latitude and longitude (but not depth) of the particles to sample the ISMIP6
temperature at 690 m depth, which is the approximate depth of sills blocking the intrusions of CDW in the ASE.
We do not use the particle depths because the pycnocline in SOhi is higher than in observations (Dinh
et al., 2024b). Particles that travel along an isopycnal in SOhi could be crossing the pycnocline in the ISMIP6
reconstruction, which would bias the inferred temperature changes.

3. Results
3.1. Transport From Ice Shelf Fronts to Grounding Lines

We trace the pathways of particles at the grounding lines back in time to when they first entered the ice shelves.
We combine all daily releases and report the mean =+ 1o, where o is the standard deviation of the 50th percentile
time needed for the particles to reach the grounding lines.

For Pine Island (Figure 1b), the particles enter the cavity at the southern end of the ice front and travel counter-
clockwise along the southern wall until reaching a sill at”700-m depth. The flow is deflected clockwise by the
seafloor ridge before reaching the grounding line as in Dutrieux et al. (2014). On average, the particles take
55 + 14 days to reach the grounding line.

For Thwaites (Figure 1¢), we identify four pathways from the ice shelf front to the grounding line. The first three
are the troughs labeled as T1, T2, and T3 discussed in Wahlin et al. (2021) that connect the Thwaites basin to the
northern edge of the Thwaites Glacier Tongue (TGT). T1 (Figure lc, purple) transports 2 = 1% of the particles in
72 + 31 days. T2 (Figure Ic, red) transports 8 + 4% in 60 + 27 days. T3 (Figure lc, blue) transports 3 +2% in
63 + 44 days. The fourth pathway, T4 (Figure lc, black), is through the Thwaites Eastern Ice Shelf (TEIS). We
find that T4 transports the majority (85 = 7%) of the particles in 66 + 13 days. A remaining 2 &+ 1% is trapped in
sub-shelf circulation for the entire 3 year duration. The inflow from these four pathways joins together and flows
toward the grounding line within a single clockwise sub-shelf current. 55% of the particles travel directly to the
grounding line while 45% get is re-circulated one or more times by the sub-shelf current (Figure S4 in Supporting
Information S1).

For Smith (Figure 1d) and Kohler (Figure le) glaciers, the majority (98 + 1% and 99 + 1%, respectively) of
particles enter through the Dotson Ice Shelf, flowing southward along the eastern wall before hitting a sill between
the Crosson and Dotson ice shelves at ~775 m depth. Particles that travel past the sill flow along a deep trough to
the grounding line of Smith in 59 + 10 days. Particles that do not cross the sill meander eastward toward the
grounding line of Kohler in 116 + 15 days. Particles entering from the Crosson Ice Shelf have a negligible
contribution of only 2 + 1% in 160 + 47 days for Smith and 1 + 1% in 223 + 70 days for Kohler.

3.2. Sources of CDW at the Grounding Lines

We trace particles back in time to identify where they first enter the ASE (i.e., sources). Particles enter the ASE
either from off-shelf sources via submarine troughs or from east-shelf sources via the Antarctic Coastal Current
(AACCQ). Probability distribution of the longitudes where off-shelf particles cross the shelf-break are provided in
the supplementary (Figure S6 in Supporting Information S1). Particles entering from the west of ASE constitute
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Figure 2. Age distribution of particles from when they enter the ASE until they reach the grounding lines of (a) Pine Island,
(b) Thwaites, (c) Smith, and (d) Kohler glaciers. The mean =+ one standard deviation of water originating from off-shelf (red),
east-shelf transported by the AACC (cyan), and within ASE (gray) after 1, 2, and 3 years is summarized in the pie charts.
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less than 0.001% of the total. We find that 6%—18% of the particles originate from outside of the ASE in the
previous year (Figures 2a—2d) and half (47%—62%) in the previous 3 years. For Pine Island and Thwaites, the
AACC contributes equally to the amount of particles reaching the grounding lines as off-shelf sources. Pine Island
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Figure 3. Color-coded pathways of the fastest 1,000 particles via the Dotson-Getz Trough (DGT), Pine Island Trough West
(PITW), Pine Island Trough East (PITE), Abbot Trough (AT), and east-shelf transported by AACC to the grounding lines of
(a) Pine Island, (b) Thwaites, (c) Smith, and (d) Kohler. The mean + one standard deviation is indicated as a percentage of the
particles.

has 36 =+ 3% from off-shelf versus 26 + 2% from AACC (Figure 2a). For Thwaites, 33 £ 2% are off-shelf versus
23 + 2% from AACC (Figure 2b). For Smith (Figure 2c¢) and Kohler (Figure 2d) 38 + 3% and 49 * 3% are from
off-shelf, versus 9 + 1% and 5 + 1 from AACC, respectively.

The AACC flows east to west and transports modified CDW from the Bellingshausen Sea (BS) into the ASE
along the Antarctic coastline. Inside the ASE, the AACC follows the coastline southward toward Pine Island and
Thwaites (Figure 3, blue). Past Thwaites, the pathway becomes more poorly defined. A tiny fraction reaches
Smith and Kohler glaciers through Crosson Ice Shelf. The majority meanders northward and enters the cavity of
Dotson Ice Shelf.

Off-shelf waters reaching Pine Island (Figure 3a) and Thwaites (Figure 3b) glaciers via GDT and PITW travel
eastward on the shelf before joining the southbound flow along PITE at 106°W. Particles entering from AT split
into two distinct pathways: some particles follow the AACC, while the rest of them flow clockwise around the
deepest part of the trough before joining PITE. Over 3 years, the fraction of particles coming from PITW and
PITE is the same. Pine Island has 9 + 2% from PITW and 8 &+ 1% from PITE versus 7 +2% and 8 + 1% for
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Thwaites. Contributions from the GDT are negligible with less than 1% for each glacier. AT is responsible for the
largest amount of off-shelf particles with 18 +£2% and 16 + 1% for Pine Island and Thwaites, respectively.

For Smith (Figure 3c) and Kohler (Figure 3d), the DGT is the main source of off-shelf particles with 18 + 3% and
32 + 3% respectively. The second largest contributor is PITW with 10%—11% after 3 years. Particles that enter
PITW, instead of turning eastward, continue south and cut through a region where the bed is 450 m deep. PITE
and AT each contribute between 3% and 5% of the particles. The main pathway from PITE and AT to Smith and
Kohler is southbound toward Pine Island and merging with the AACC. Some particles cross the 700 m isobath
boundary at PITE, but continue westward along a shallower isobath on the shelf until PITW where they turn
southward toward Smith and Kohler.

Optimum multiparameter (OMP) analysis (Frants et al., 2013) was conducted using temperature and salinity
sampled by the particles to quantify contributions from Upper CDW (UCDW; 1.90C, 34.60 psp), Lower CDW
(LCDW; 1.30C, 34.75 psu), Winter Water (WW; —1.80C, 34.3 psu), and Antarctic Surface Water (AASW;
—1.90C, 33 psu) (Figure S5 in Supporting Information S1). We base the definitions of water masses on (Biddle
et al., 2017) and make slight adjustments according to the temperature and salinity in SOhi (Figure S2 in Sup-
porting Information S1). Our results show that off-shelf particles are 80+% LCDW and UCDW, and AACC
particles are 60+% LCDW and UCDW. For off-shelf particles, the percentages of CDWs are consistent over most
of the run, and decrease as they enter the ice cavities and approach the grounding lines. For particles traveling
along the AACC, CDWs fraction increases to a maximum around 3—6 months prior to reaching the grounding
lines, and then decreases in a similar fashion to the off-shelf particles.

3.3. Cooling During Transport to the Grounding Lines

For Pine Island and Thwaites, the fastest particles to the grounding lines are east-shelf AACC sources and off-
shelf sources via PITE and AT. Overall, off-shelf particles reaching Pine Island (Figure 4a) cool by 0.6°C,
including 0.2°C on the continental shelf and 0.4°C in the cavity. Particles reaching Thwaites (Figure 4b) cool by
0.8°C, including 0.3°C on the continental shelf and 0.5°C in the cavity. In contrast, the colder east-shelf particles
warm by 0.6 to 0.8°C as they travel through the continental shelf and mix with warm CDW. For Smith and Kohler,
the fastest particles are off-shelf particles traveling through GDT or PITW. The temperature for Smith (Figure 4c)
decreases by 1°C, with 0.6°C on the continental shelf and 0.4°C in the cavity. For Kohler (Figure 4d), the cooling
is 0.8°C, with 0.6°C on the continental shelf and 0.2°C in the cavity.

The ISMIP6 temperature reconstruction shows a net cooling from the shelf-break to the grounding lines (Figure 4,
black). We compare the cooling at 690 m since this is the depth of the sills blocking the intrusion of CDW in this
region. For Pine Island and Thwaites, the cooling is 0.5°C from the shelf-break to the ice shelf fronts, with no
additional cooling in the ice shelf cavities. For Smith and Kohler, there is a 1.4-1.5°C cooling from the shelf-break
to the ice shelf front and a 0.6-0.9°C warming in the cavities, for a net cooling of 0.6-0.8°C.

4. Discussion

Prior work has focused on understanding the processes bringing warm CDW onto the ASE (Assmann et al., 2013;
Dinniman & Klinck, 2004; Wahlin et al., 2012). Here, we quantify the timescales, cooling, and contribution of
various pathways to the grounding lines. We find that the median age of particles at grounding lines is 3 years
from the time when they entered the ASE. Half (38%—53%) of the water at the grounding line spends over 3 years
on the continental shelf and ice shelf cavities. Annual and inter-annual changes in continental shelf dynamics may
therefore have a stronger impact on ocean thermal forcing at the grounding lines than anomalies in off-shelf
sources. The continental shelf acts as a buffer zone between the glaciers and off-shelf CDW anomalies. Oft-
shelf changes in CDW will impact the glaciers mostly over multiple years. We also find that the AACC plays
a major role in contributing to water properties in the cavities. Previous work revealed a connectivity between the
West Antarctic Peninsula (WAP) and the ASE through the Bellingshausen Sea (BS) (Dawson et al., 2023; Flexas
et al., 2022; Hyogo et al., 2024; Schubert et al., 2021). Park et al. (2024) suggested that the AACC plays a role in
controlling the thermocline depth in the ASE, which in turn controls the CDW inflow into the cavities. Here, we
document that an equal amount of east-shelf water reaches the grounding lines of Pine Island and Thwaites
glaciers as off-shelf sources in 3 years. AACC water is colder than off-shelf water, hence contributes a cooling of
CDW before it reaches the glacier grounding lines. Changes in the BS and WAP will therefore impact the basal
melting regime of Pine Island, Thwaites, as much as changes in off-shelf CDW sources. The equal importance of
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AACC and off-shelf sources in modulating ocean thermal forcing is relevant for modeling projections. The
validity of this result in other years and over the longer term needs to be further evaluated.

Previous work from Nakayama et al. (2019) indicated a pathway to Thwaites that splits from the southward flow
to Pine Island at 74.2°S, entering TGT from the Thwaites Basin through T2. We see some particles following this
pathway in our analysis (Figure S7 in Supporting Information S1), but the majority of the particles in our model
enter Thwaites through the TEIS (T4). We attribute this discrepancy to the fact that particles in Nakayama
etal. (2019) represent only CDW found in deep troughs leading to Thwaites. In contrast, the particles in our study
represent all water parcels that reach the grounding line, that is, a fraction of them are shallower and cooler. In
addition, we find that only 55% of the particles flow directly to the grounding line past the ice shelf fronts. About
45% are trapped in a sub-shelf current and recirculate one or more times inside the cavity (Figure S4 in Supporting
Information S1). This sub-shelf current increases mixing and results in colder water of non-CDW origin at the
grounding line. This pathway explains why the model cooling of 0.5°C from the ice shelf front to the grounding
line is slightly larger for Thwaites than for Pine Island (0.4°C), Smith (0.4°C), and Kohler (0.2°C).

Another important finding of this study is that the main source of warm CDW to the grounding line of Smith is
from DGT via the Dotson Ice Shelf whereas the Crosson Ice Shelf plays a negligible role. Smith and Kohler share
the same ocean thermal ocean forcing, separate from the CDW sources feeding Pine Island and Thwaites glaciers.
The longer traveling distance to Smith grounding line explains the higher degree of water cooling compared to
Kohler.

The ISMIP6 baseline uses a mathematical extrapolation in the ice shelf cavities and hence indicates no effective
cooling (Figure 4, Figure S8 in Supporting Information S1) and even introduces a 0.6-0.9°C warming for Smith
and Kohler. In contrast, we find that 25%-66% of the cooling between the shelf-break and the grounding lines
occurs within the ice cavities. The ISMIP6 baseline therefore overestimates ocean thermal forcing at the
grounding lines, which in turn overestimates the ice shelf melt rate. The temperature-melt relationships derived
from SOhi may inform the ISMIP6 baseline and estimates of ocean heat transfer inside the cavities, but the
sensitivity of these relationships to model configuration and interannual variability deserves further studies.

Field observations from Wahlin et al. (2021) showed that T2 and T3, connecting with the TGT, are 100-300 m
deeper than known previously. The authors estimate that T3 (Figure 2b) transports 0.8 TW of heat into the cavity
and impacts the melt regime of the entire ice shelf (Wahlin et al., 2021). In SOhi and Nakayama et al. (2019),
water flow through T3 is more restricted by a bathymetric high. While we expect that updating the bathymetry
with deeper troughs at T2 and T3 will slightly increase their contribution to TGT, it is unlikely that this adjustment
will change the dominant pathway through TEIS that controls 85 + 7% of the particles in SOhi. Recent work by
St-Laurent et al. (2024) indeed shows that TEIS accounts for 60%—76% of the heat flux into the cavity. We
conclude that T4 through the cavity of TEIS is a main source of ocean thermal forcing for TGT. Changes in the
TEIS, for instance a collapse of the ice shelf, could affect CDW flow to TGT and in turn affect thermal forcing at
the GL of the most active part of Thwaites, that is, TGT. As a result, we recommend more detailed bathymetric
survey of the cavity of TEIS to improve the modeling of ice-ocean interaction in this region.

A limitation of our study is that only a single year of SOhi output is used in the analysis. The particles have to be
advected with a looping velocity field, which may introduce an unrealistic discontinuity adding to the uncertainty
of our results. In addition, as reported by Dinh et al. (2024a), the thermocline in SOhi is about 200 m too high in
the ASE. A shallower thermocline may influence local processes and circulations and alter how particles are
transported to the grounding lines. The Amundsen Sea Embayment is also a region known to experience strong
inter-annual variability on the continental shelf (Dutrieux et al., 2014). Previous works have shown that year-to-
year changes in icescape alter the regional circulation, strengths of pathways, and cooling of CDW into the cavity
(Cougnon et al., 2017; St-Laurent et al., 2024). The results of our study are only applicable to the simulated years
of 2005 and 2006. The robustness of our results needs to be further tested with additional observations and longer
model runs. In the meantime, the study presents a first assessment of CDW transport to the grounding lines of
glaciers in a critical sector of West Antarctica.

5. Conclusions

We use Lagrangian particles advected backwards from the grounding lines of Pine Island, Thwaites, Smith, and
Kohler glaciers, to identify their sources, cooling, and pathways across the ASE. About half (38%—-53%) of the
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water reaching grounding lines is on-shelf water that resided three or more years in ASE, hence buffering
anomalies from off-shelf CDW sources. We detect a major contribution from the AACC toward the grounding
lines of Pine Island and Thwaites, suggesting a direct connection between the Bellingshausen Sea and the ASE in
controlling the evolution of ice shelf melt rates. Conversely, the ocean thermal forcing of Kohler and Smith is
predominately and independently determined by the inflow of CDW through the DGT. Finally, we find that 25%—
66% of the cooling during transport of CDW occurs in the ice shelf cavities, a factor that is not included in
ISMIP6, which will reduce ocean thermal forcing on the glacier grounding lines.

Data Availability Statement

ISMIP6 baseline reconstruction tempterature are available via Ghub at https://theghub.org/dataset-listing. Par-
ticle trajectories for four glaciers and the SOhi mean temperature/salinity used for validation are archived on
Dryad (Dinh et al., 2024a). Codes used to process data and generate the figures is archived on Zenodo
(Dinh, 2024).
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