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Abstract

The ice shelves of the Amundsen Sea are currently undergoing a rapid melt-
ing phase, making a significant contribution to the rise of sea level. The heat
of melting was mostly provided by the Circumpolar Deep Water (CDW)
from outside the continental shelf which can be transported southward by
deep sea troughs on the continental shelf. There are three major troughs in
Amundsen Sea, and current research on cross-shelf break CDW intrusion has
focused on the locations where troughs connect to the shelf break. We re-
cently found an unreported intrusion site at shelf break away from deep
troughs, and the significant CDW intrusion signal in this shallow area near
106°W was captured by observed temperature data in World Ocean Database
(WOD). The tendency of CDW intrusion southward in this site was verified
by numerical particle tracking experiments. The temperature transport of this
intrusion pathway was compared with a recognized pathway in troughs, and
results suggested that they have a similar amount of heat contribution. How-
ever, numerical experiments modeling climate change indicated that the in-
trusion here is not as sensitive to westerly winds as in the troughs. Thus, al-
though there is a significant amount of heat contribution in shallow area
pathway, unlike deep troughs, where CDW intrusion into the ice shelves will
increase under the climate change.
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1. Introduction

The Amundsen Sea is located in the West Antarctic, where the ice shelves are in
a phase of rapid melting. The total melting of the ice shelves in Amundsen Sea

could raise global sea levels by 1.5 meters (Vaughan, 2008). The heat to melt the
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ice shelves comes from the Circumpolar Deep Water (CDW) outside the conti-
nental shelf (Jacobs et al., 1996; Walker et al., 2007). CDW is the largest water
mass in the global ocean, and it has high-temperature and high-salinity charac-
teristics with potential temperature of 1.6°C - 2.0°C and salinity exceeding 34.6
PSU (Walker et al,, 2013). Troughs across the continental shelf are able to
transport the CDW southward continuously to the vicinity of the ice shelves.
There are three major troughs in the Amundsen Sea (Figure 1), the (Western
Trough) WT, (Central Trough) CT, and (Eastern Trough) ET; the WT connect-
ing to the Dotson-Getz Trough (DGT), and the CT and ET converging to form
the Pine Island Trough (PIT)on their southern side. The heat transported by the
PIT to the Pine Island Ice Shelf (PIIS) and Thwaites Ice Shelf (TIS) can cause
their basal melting rate to reach 4.3-17.7 m year ' (Rignot et al., 2013). The
maximum depths of all three troughs exceed the depth of the shelf break (700 m)
(Nakayama et al., 2018), and most previous studies of CDW intrusions have fo-
cused only on these major troughs. In this study, a CDW intrusion site in the
Shallow Area (SA, near 106°W) was found by the observations in the World
Ocean Database (WOD) (Boyer et al., 2018) and the maximum depth of this area
is ~550 m.

Previous observations have found that the CDW tends to intrude across the
shelf break on shore near the troughs, which is related to the interaction of to-
pography and currents (Thoma et al., 2008; Walker et al., 2013). However, it is
not known whether such a dynamical mechanism exists in shallow water re-

gions. Previous studies have suggested that CDW intrusion across the shelf
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Figure 1. Bathymetry of the Amundsen Sea and its vicinity. WT, CT, ET, DGT, PIT, DIS,
TIS and PIIS denote the locations of Western Trough, Central Trough, Eastern Trough,
Dotson-Getz Trough, Pine Island Trough, Dotson Ice Shelf, Thwaites Ice Shelfand Pine
Island Ice Shelf, respectively. The superimposed white arrows represent climatological
annual mean wind fields. Small white diamonds represent the profiling locations of CTD
stations.
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break is a southward deflection of an eastward undercurrent on the continental
slope (Assmann et al., 2013; Walker et al., 2013), and the formation of the un-
dercurrent is related to the strength of the westerly winds in the Amundsen Sea
(Steig et al., 2012). With the global climate change, there is a tendency for the
westerlies to move southward (Armitage et al., 2018; Holland et al., 2019), which
may lead to stronger CDW intrusion in the troughs of Amundsen Sea (Azaneu
et al., 2023). However, the sensitivity of intrusion to climate change in SA has
not been predicted yet.

In order to characterize the CDW intrusion in SA and measure its heat contri-
bution to the shelf, a global reanalysis dataset was used; and a three-dimensional,
high-resolution ocean model was built for exploring the response of CDW in-
trusions under the climate change. The descriptions of dataset and model are in
Section 2. In Section 3, we verified the existence of the intrusion in SA near the
shelf break through the numerical particle tracking experiments and compared
the heat contributions in the trough and SA. We then modeled the variation in
CDW intrusion under climate change. More discussions about bathymetry data

in SA were discussed in Section 4; and conclusions were presented in Section 5.

2. Materials and Methods
2.1. In-Situ Measurements and Reanalysis Product

The in-situ measurements were obtained from the World Ocean Database
(WOD) (Boyer et al., 2018). In the study area (120°W - 100°W) of Amundsen
Sea, there are total 21,754 profiling casts, 608 of which are CTD casts (as shown
in Figure 1). All the profiles contain more than a million potential tempera-
ture-salinity (6-8) data pairs. The reanalysis product used in this study are pro-
vided by the Global Ocean Reanalysis Multi-Model Ensemble Products (GREP),
which contains four sets of global reanalysis data, C-GLORS (hereinafter
CGLO), FOAM-GLOSEA5v13 (hereinafter FOAM), GLORYS2V4 (hereinafter
GLOR) and ORAS5 (hereinafter ORAS). The uniform horizontal resolution of
them is 0.25° in all 75 levels over each vertical column. In order to compare to a
best one that is closest to reality among the four sets, the 6-$ data of reanalysis
products were interpolated to the sampling positions of all CTD casts and the
Taylor diagram (Taylor, 2001) was plotted for comparison (Figure 2). It is found
that FOAM is the closest product to the observation measurements under any
indicators.

To validate further the accuracy of FOAM’s simulation of 6-S, the horizontal
distributions of FOAM reanalysis and WOD observation data are shown in Fig-
ure 3. We calculated the maximum of time-averaged 6 and Sin the depths dee-
per than 300 m, where the most CDW is located (Wahlin et al., 2012; Walker et
al., 2013), from 1993 to 2019 in FOAM. Similarly, the maximum value of fand §
for each profile (deeper than 300 m) in WOD data were selected; to minimize
overlap, 10% of the sampling points were randomly shown in Figure 3. For

comparison, the WOD data were scattered on the coloring maps of FOAM. Even
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Figure 2. The Taylor diagram of reanalysis products and observation (CTD) measure-
ments.

if the simulations of FOAM are biased in central areas, it is still accurate in
troughs; and the &-$tendency of FOAM and WOD along latitude and longitude

are almost identical.

2.2. Numerical Model

The numerical investigation in this study is performed using the Regional Ocean
Modelling System (ROMS) (Haidvogel et al., 2008; Shchepetkin & McWilliams,
2005); based on which a coupled sea ice-ice shelf-ocean general circulation mod-
el was developed (Wang et al., 2024). The average horizonal resolution of this
model is ~6 km of the grid meshes in all 50 layers; more detailed model descrip-
tion and verification can be found in Wang et al. (2024). In this study, the cli-
matological outputs of two numerical tests were used to compare variations in
CDW intrusion at different area. The tests simulated climate change by enhanc-
ing westerly winds; and the detailed description and results are shown in Section
3.3.

3. Results
3.1. CDW Intrusion in Shallow Area

The cross-shelf break CDW intrusions in Amundsen Sea have been well-studied
near the troughs, which were considered the main CDW intrusion pathways
(Kim et al., 2021; Lars & Isabella, 2021; Wahlin et al., 2010). However, an ob-
served high-temperature, high-salinity signal at shelf break, away from the deep
troughs, was captured in WOD data. As shown in Figure 4, there are clear CDW
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Figure 3. The horizontal comparison of (a) salinity and (b) potential temperature be-
tween FOAM and WOD data. The black lines represent the 700 m isobaths.
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Figure 4. The distributions of (a) potential temperature and (b) salinity along the shelf
break on the shelf side in WOD data.

intrusions at the locations (near 118°W, 113°W and 102°W) near the three ma-
jor troughs WT, CT and ET. Although there is no deep-water trough in the vi-
cinity of 106°W, CDW signals have also been observed there. Due to the lack of
observed flow velocity data near 106°W, in order to further validate the exis-
tence of this intrusion site in SA, numerical particle tracking experiments were
implemented through the FOAM.

As shown in Figure 5, the numerical particle tracking experiments were im-
plemented at depth 300 m and 400 m. 11 particles were released at intervals of
0.1°on the slopeat 106°W - 107°W. Some of particles were transported along the
isobath to the east, and eventually they are transported by the ET to the south.
Meanwhile, it is clearly found that there are many particles across the shelf break
in SA, and they could be transported in the PIT within 9 months. Due to the PIT
is connect to the ice shelves, the CDW intrusions in the SA also have a chance to

reach the vicinity of the ice shelves.

3.2. Heat Transport in Shallow Area

Both observations and reanalysis product indicate that there are CDW intru-
sions in SA of Amundsen Sea. In order to weigh the heat contribution of in SA
and compare the differences of heat contributions between SA and deep trough
area, two zonal sections (S1 and S2 in Figure 1) were selected and the onshore
temperature transport (TT) across the sections was calculated. As shown in Fig-
ure 6(a), Figure 6(b), it is suggested that SI has the higher temperature than S2

and there is a shorter duration of the cold period (6 < 1.6°C) and a longer duration
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Figure 5. Pathways of particles at (a) 300 m and (b) 400 m on the shelf in the numerical
particle tracking experiment. The red, orange and yellow lines are the particle’s position
after three, six and nine months, respectively. Blue points donate the particle release loca-
tions; gray lines are the isobaths.

of warm period (€ > 1.8°C) at section S2. Shifts in cold and warm periods in
2015 may be associated with El Nifio events (Azaneu et al., 2023). As Figure 6
(c) shows, in year 2010-2019, there is the same magnitude of the temperature
transport (negative value represents onshore transport) in S1 and S2. And it is
clearly found that the heat contribution to the shelf of SA is more than that of
CT during the most time after year 2016; in this period, the mean temperature
transport of SA is 3.9 times as large as which of CT. Thus, the heat contribution

into Amundsen Sea continental shelf of SA cannot be ignored.

3.3. CDW Intrusion Variations under Climate Change

As Figure 1 shows, the zonal winds in the Amundsen Sea are westerly winds
outside the continental slope; and with the movement of the westerlies and the
Amundsen Low under the climate change, the westerly winds have a tendency to
increase (Schneider et al., 2015; Thoma et al., 2008; Thompson et al., 2011). Since

westerly winds are a potential driver of CDW intrusions (Assmann et al., 2013;
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Figure 6. Potential temperature and temperature transport near the shelf break in shallow area and deep trough area. (a) Potential
temperature at section S1; (b) Potential temperature at section S2; (c) Time series in year 2010-2019 of temperature transport
(TT =60u*, u* is the cross-section flow velocity) in section S1 (near 106°W in SA) and S2 (in CT).

Steig et al., 2012), predicting the intrusions in SA and deep trough area under
climate change is meaningful. We did two sets of numerical tests; as the control
group, Test 0 provided the climatological results in one year; as an experimental
group, Test 1 simulated the situation under climate change by adding 3 ms™
westerly winds to the test area (67°S-72°S, 130°W-100"W). The results of two
tests are shown in Figure 7.

The averaged climatological zonal winds in test area of Test 0 and Test 1 are
shown in Figure 7(a). Due to the spin up of model, the results of the first two
months of the outputs are not analyzed. As Figure 7(b), Figure 7(c) shows, the
strength of the cross-section flow is stronger in Test 1 than in Test 0 in the most
of time. To further quantify the intrusion, cross-section volume transport Q was

calculated:
_ n Xn oo
Q=" le u*dxdz . (1)

where 7 is the sea surface height; His the seabed depth; U is the cross-section
flow velocity. As shown in Figure 7(d), the monthly results suggested that Q is
significantly larger for Test 1 than Test 0 in all months except for in October,
when they were close to each other, suggesting that the CDW intrusion in CT
tends to strengthen under the climate change. However, the intrusion in SA is
not sensitive to the variations of the westerly winds. As Figure 7(e) & Figure
7(f) shows, the flow velocity remained almost unchanged between the results of
Test 0 and Test 1. Only in July was there a significant increase in on shore

transport, as Figure 7(g) shows, but this was due to increased outflow on the
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Figure 7. The results of numerical tests. (a) Window averaged zonal wind speed of two tests using 30-day window size in test area;
The outputs of flow velocity in CT of (b) Test 0 and (c) Test 1; and the blue color represents the onshore direction; (d) The aver-
aged volume transport Q of the section in CT, and the negative values represent the on shore direction; (e)-(f) Similar to (b)-(d),

for the section in SA near 106°W.

surface, not stronger bottom intrusion. Thus, in our model results, the CDW in-

trusion in shallow area seem to be unaffected by the variations of westerly winds.

4. Discussion

We noticed a CDW in trusion site near the shelf break in the shallow area in
WOD potential temperature data, and the intrusion site was also found in rea-
nalysis product and model outputs. Due to the cross-isobath transport affected
by the topography, different bathymetry data used in models or reanalysis prod-
ucts have different effects on the simulation results at the shelf break. Thus,
comparison of the bathymetriy data in models and reanalysis products is valua-
ble in verifying the existence of this unreported intrusion site. Therefore, for
comparison, the raw bathymetry data of ETOPO 1 (last modified: 2008-07-28;
https://www.ngdc.noaa.gov/mgg/global/relief/ETOPO1/data/) which was used
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in the assimilation of reanalysis product FOAM was downloaded; and the raw
bathymetry data of BedMachine Antarctica v3 (last modified: 2022-10-11;
https://nsidc.org/data/nsidc-0756/versions/3) which was used in our model has
also been downloaded. As shown in Figure 8, the bathymetry of ETOPO 1,
FOAM and BedMachine all show a shallow trench near 106°W, which is far
from the deep trough. It is worth noting that due to the differences in small-scale
topography features in the channel, the CDW intrusion on the continental shelf

here is questionable in the reanalysis results, but its impact on cross-shelf CDW

(w) AnowiAyreg

(b)

Figure 8. The bathymetry of (a) ETOPOI1, (b) FOAM and (c) BedMachine in the SA (red
dashed box) and its vicinity. Gray lines represent 700 m and 530 m contours of depth in
(a), 700 m and 500 m contours of depth in (b) and 700 m, 600 m, 550 m and 500 m con-

tours of depth in (c).
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intrusion is not significant. Thus, the intrusion site at SA near 106°W is reason-
able. However, limited by observations, there are still many gaps in our under-
standing of this region, and more observations are needed to further study CDW
intrusion here.

5. Conclusion

In this study, an unreported CDW intrusion site in shallow area (SA) near
106°W away from the deep troughs was found in the WOD data, which has the
high-temperature and high-salinity signal near the shelf break. In order to verify
the ability of cross-shelf break CDW transport at this site, the numerical particle
tracking experiments were implemented at depth 300 m and 400 m. The results
indicated that there was indeed an intrusion pathway and a clear tendency of
southward CDW transport on the shelf. Through the comparison of heat trans-
port between sections of SA and CT, it was further discovered that CDW intru-
sion in SA cannot be ignored, because the heat contribution in SA is of the same
magnitude as that in CT and even higher in year 2016-2019; during which the
mean temperature transport in SA is 3.9 multiples of that in CT. Then the re-
sponse of CDW intrusion in SA was predicted with the global climate change.
We designed a numerical experiment to simulate climate change based on vary-
ing wind fields, and the comparison results between control group Test 0 and
Test 1 showed that the intrusion in SA is nearly constant; but the intrusion in
CT is sensitive to the variations of westerly winds, which indicate that the me-
chanisms of CDW intrusion may be different in SA and deep troughs. As the
cross-isobath intrusion on the slope is related to the topography, we discussed
the results of three bathymetry data, ETOPO 1, bathymetry in FOAM and Bed-
Machine. All bathymetric data show similar results, with a shallow trench away
from the deep troughs near 106°W, which further confirms the existence of this
unreported CDW intrusion site. We hope that this study could add to the de-
scription of CDW intrusion in Amundsen Sea and draw attention to shallow
areas. Due to the lack of observations, current understanding of CDW intrusion
in shallow areas near the shelf break is still lacking, and further exploration re-

quires more observational products.
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