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The mass loss from the neighboring Totten and Moscow University ice shelves is

accelerating andmay raise global sea levels in coming centuries. Totten Glacier is

mostly based on bedrock below sea level, and so is vulnerable to warm water

intrusion reducing its ice shelf buttressing. The mechanisms driving the ocean

forced sub-ice-shelf melting remains to be further explored. In this study, we

simulate oceanic-driven ice shelf melting of the Totten (TIS) and Moscow

University ice shelves (MUIS) using a high spatiotemporal resolution model that

resolves both eddy and tidal processes. We selected the year 2014 as

representative of the period 1992 to 2017 to investigate how basal melting

varies on spatial and temporal scales. We apply the wavelet coherencemethod to

investigate the interactions between the two ice shelves in time-frequency space

and hence estimate the contributions from tidal (<1.5 days) and eddy (2-35 days)

components of the ocean heat transport to the basal melting of each ice shelf. In

our simulation, the 2014 mean basal melt rate for TIS is 6.7 m yr-1 (42 Gt yr-1) and

9.7 m yr-1 (52 Gt yr-1) for MUIS. We find high wavelet coherence in the eddy

dominated frequency band between the two ice shelves over almost the whole

year. The wavelet coherence along five transects across the ice shelves suggests

that TIS basal melting is dominated by eddy processes, while MUIS basal melting

is dominated by tidal processes. The eddy-dominated basal melt for TIS is

probably due to the large and convoluted bathymetric gradients beneath the

ice shelf, weakening higher frequency tidal mode transport. This illustrates the

key role of accurate bathymetric data plays in simulating on-going and future

evolution of these important ice shelves.

KEYWORDS

ice/ocean interaction, wavelet coherence (WTC), heat transport, physical oceanography,
eddy-resolving model
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1 Introduction

The main uncertainty in future sea level rise (SLR) is the

contribution from Antarctica (Jackson and Jevrejeva, 2016; Pattyn

et al., 2018). One prerequisite for a more precise estimate is a better

understanding of the role of oceans underneath Antarctica’s

fringing ice shelves, especially iceberg calving and basal melting

(e.g., Kusahara and Hasumi, 2013; Moore et al., 2013; Liu et al.,

2015). While the melting of floating ice shelves does not cause sea

level rise directly, it can contribute to accelerated mass loss from the

inland ice sheet (Rott et al., 2002) as the ice shelves provide

significant buttressing force against the inland ice flow. Recent

studies show that basal melting accounts for a larger fraction of

Antarctic ice-shelf ablation than iceberg calving, and that melting

can also induce breakup and rapid calving losses from ice shelves

(Liu et al., 2015). Both calving and basal melt are complex processes

with multiple drivers from regional weather (Greene et al., 2017a)

and seasonal climate (Greene et al., 2018), as well as interannual and

decadal change (Gwyther et al., 2018; Holland et al., 2019).

Glaciers in the Amundsen and Bellingshausen seas sector in

West Antarctica and around the Antarctic Peninsula are losing

mass (Pritchard et al., 2012), however, recent studies show that

Wilkes Land in East Antarctica is also a contributor to SLR (Rignot

et al., 2019). Rignot et al. (2013) show high melt rates at the

grounding zones of Moscow University, Shackleton, and Totten

glaciers in East Antarctica. About 19 m of global sea level rise

equivalent is grounded on bedrock below sea level in the East

Antarctic Ice Sheet (Greenbaum et al., 2015). The Wilkes Land ice

catchments may be more vulnerable to change than other East

Antarctic catchments because the bed is predominantly below sea

level (Ferraccioli et al., 2009; Roberts et al., 2011). If the bedrock is

below sea level and sloping downhill away from the coast, as is the

case for Totten Glacier, an accelerating mass loss can be initiated by

the removal of the buttressing provided by ice shelves (Hughes,

1973; Schoof, 2007; Gudmundsson et al., 2012), such as through

melting at the base of ice shelves.

The basal melting mechanism of the Moscow University and

Totten Glacier ice shelves is dominated by relatively warm modified

Circumpolar Deep Water (mCDW) (Jacobs et al., 1992; Silvano

et al., 2016), although the complete mechanism is still unknown.

Tidal and eddy processes are important in transporting heat

towards the continental shelves, which then may further intrude

into the ice shelf cavities and hence drive basal melting (Klinck and

Dinniman, 2010; Couto et al., 2017; Padman et al., 2018). Recent

observational studies have proved that warm (temperature > 0 °C)

and saline (salinity > 34.7 g Kg-1) mCDW is a key factor that

transports heat across the shelf break via semi-permanent cyclonic

eddies (Mizobata et al., 2020; Hirano et al., 2021). During this

process, warm water could be transported through bottom layers

into the cavities along deep troughs at the ice shelf front and cause

strong basal melting of TIS and MUIS (Nitsche et al., 2017; Silvano

et al., 2017; Hirano et al., 2021). To resolve the poleward eddy

transport onto the continental shelf and the ice shelf cavities,

horizontal grid spacings of less than 2 km are thought to be

required (Hattermann et al., 2014; Graham et al., 2016; Mack

et al., 2019). Stewart et al. (2018) first decomposed the shoreward
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heat transport from an eddy-resolving model into the mean flow,

eddies and tidal components. They confirmed the importance of

eddy processes in shoreward heat transport through the continental

slope over the entire Antarctic continent but did not consider sub-

ice-shelf melt as the model was not coupled to an ice shelf. Hence,

the details of cross-slope heat transport and the basal melt rate have

not been explored. Gwyther et al. (2014) simulated the TIS and

MUIS region using a 3-D ocean model including ice-ocean

thermodynamics; however, the horizontal resolution of their

simulation was 2.5 km to 3.5 km and not fully eddy resolving.

In our simulation, we use the 3-D regional ocean modelling

system (ROMS) and improved bathymetry to simulate the Wilkes

Land region at a horizontal resolution better than 2 km. This

simulation is the first eddy-resolving model for the Wilkes Land

ocean region. Our principal objective is to quantify the relative

contributions from eddy and tidal components to cross-shelf heat

transport and hence, ice shelf basal melt. The wavelet coherence

method (Grinsted et al., 2004) is well suited to this task as it resolves

two time series in the time and frequency domain and calculates the

phase and correlation between them in wavelet space.
2 Model and data

2.1 ROMS model

We used a modified version of the three-dimensional ROMS

model (Shchepetkin and McWilliams, 2005) including

thermodynamic processes at the ice shelf-ocean interface

(Dinniman et al., 2003; Galton-Fenzi et al., 2012), with a fixed ice

shelf draft. The parameterizations employed in this study include the

K-profile vertical mixing scheme (Large et al., 1994) and the three-

equation ice/ocean thermodynamic interaction parameterization

(Holland and Jenkins, 1999), as well as a modified s-coordinate

vertical discretization. Details are given in Supplementary Table 1.

The parameters we used are based on Gwyther et al. (2014), but with

changes to the vertical S-coordinate, which increases resolution at the

bottom ice shelf surface (see Supplementary Table 1 for more details).

The simulation domain is focused on Wilkes Land, East

Antarctica, and covers the region 104.5° E to 130° E and 60° S to

68° S. The horizontal grid resolution ranges from 1.4 km to 1.9 km,

with 31 terrain-following vertical levels having higher resolution near

the surface and bottom layers. The time step (DT) of the simulation is

90 seconds, and we saved the output every six model hours.
2.2 Bathymetry data

We choose RTopo-2 data (Schaffer et al., 2016) for the open

ocean bathymetry, which combines IBCSO (Arndt et al., 2013)

open-ocean bathymetry, and Bedmap2 (Fretwell et al., 2013) for the

ice draft and bedrock topography beneath all ice shelves except for

TIS and the MUIS. We modify the bathymetry under TIS and

MUIS, which in RTopo-2 has a maximum water column thickness

of around 250 m, to include the 1000+ m deep trough discovered in

front of TIS (Silvano et al., 2017). Grounding line positions for TIS
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and the MUIS are based on the MEaSUREs Antarctic grounding

line from differential satellite radar interferometry version 2,

(Rignot et al., 2016), with modifications from observations, e.g.,

an inland cavity (red square in Figure 1; Greenbaum et al., 2015).

Since the basal topography beneath TIS and MUIS is unrealistically

shallow, we deepen it following the method developed by Galton-

Fenzi et al. (2012) and Gwyther et al. (2014). We included

prescribed (i.e., static) fast ice after Fraser et al., 2012 (showing

good agreement in this region with the recently-released longer-

term dataset of Fraser et al., 2020), and give it a thickness of 5 m

(after Giles et al., 2008). We also prescribe 17 large icebergs

according to the satellite images in sea ice reports (Lieser et al.,

2014; 2015), which we treat as an island filling the grid cell. While

icebergs strandings will vary over time, we assume this distribution

to be representative of the typical situation (see Supplementary for

more details).
2.3 Forcing data and initial conditions

Considering the periods of tides and eddies, and the cost of the

computation, we choose one representative year to carry out the

analysis on the role of oceanic eddies and tides on ice shelf basal

melt. We selected to run this model with forcing from 2014. This

year was chosen after examining the absolute mean values and

standard deviation in four forcing components (surface heat flux,

surface salt flux, and zonal and meridional wind stresses) over the

period 1992 to 2017, which showed that 2014 is the most

representative year. (see Supplementary for more details). We
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used ERA-interim for the reanalysis products as ERA-5 was not

available when the simulations were performed.

For the lateral ocean boundary conditions, we use the ECCO2

cube92 solution with 3-day smoothed daily averaged velocity,

salinity, and temperatures. Tidal forcing data comes from the

global tidal solution Tpxo 6.2 (Egbert and Erofeeva, 2002), with

amplitudes and periods for 10 major tidal constituents (M2, S2, N2,

K2, K1, O1, P1, Q1, Mm, Mf). We follow Gwyther et al. (2014) and

estimated sea ice production by heat and salinity flux derived from

Special Sensor Microwave Imager (SSM/I) and Advanced

Microwave Scanning Radiometer 2 (AMSR2) data (Tamura et al.,

2016; Nihashi et al., 2017). The surface wind stress is derived from

daily ERA-Interim reanalysis (ERA-I, 2011).

We spin up the model by repeatedly forcing the model with the

2014 fields as described above for five model years from an initial

condition set using the daily forcing of the pseudo-steady state year

1992, and the model rapidly converges. To avoid splitting the

austral summer (December, January and February), we ran the

model from January 1st for 14 months, using repeated January and

February forcing, and then selecting the continuous 365-day period

from March 1st to February 28th in the plots shown here.
3 Results and analyses

3.1 Melt rates of TIS and MUIS

During the entire simulation period, the area-averaged basal

melt rate of the MUIS is higher than the TIS. The annual mean basal
FIGURE 1

Map of the simulation domain in Wilkes Land along the Sabrina Coast with ocean bathymetry. The coastline is in black, the edge of the (prescribed)
landfast sea ice is in grey. Five transects are marked by white lines: the continental shelf break (CSB) and the TIS and MUIS ice shelf fronts (ISF) are
irregular contours; three longitudinal white lines across the continental shelf show the three transects from the ice shelf front to the continental
shelf break at 118° E, 123° E, and 127° E. The small red square near the TIS shows the location of the inland cavity. Large iceberg C-18B and other
grounded icebergs (including those comprising the Dalton Iceberg Tongue, DIT) included in the model are outlined in brown. Figure created with
MATLAB Antarctic mapping tools (Greene et al., 2017b) and cmocean (Thyng et al., 2016).
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melt rate is 9.7 m yr-1 for the MUIS and 6.7 m yr-1 for the TIS

(Figure 2). The averaged simulated mass loss for the TIS is 42 Gt yr-

1 and for the MUIS is 52 Gt yr-1. The area-averaged basal melt rate

for the MUIS varies between 8.0 m yr-1 and 12.9 m yr-1, and for the

TIS varies from 4.8 m yr-1 to 10.5 m yr-1. The time series of basal

melt rate for both TIS and MUIS show similar trends throughout

most of the year. Melt rises from mid-January until the end of May

and then declines until around mid-August. Frommid-August until

mid-September, the basal melt rates of the two ice shelves display an

opposing tendency, potentially suggesting interactions between the

two ice shelves (Gwyther et al., 2014). From mid-September to mid-

January the basal melting of both the ice shelves oscillates within an

interval of 3 m yr-1. There are some transient periods of extremely

high melt rate during the year (for example, the spikes on April 1st,

and September 1st). These spikes are not obviously related to wind

forcing or the synoptic weather patterns shown in satellite images of

the region (i.e. EOSDIS Worldview; analysis not shown). Hence, we

conclude that these spikes are not directly due to surface forcing but

instead arise naturally and stochastically within the ocean

interactions (see Gwyther et al., 2018 for more discussion of this).
3.2 Wavelet coherence

The wavelet coherence (WTC) is a useful measure of the

relationships in the time frequency domain between two time

series. The WTC is a complex quantity akin to a localized

correlation coefficient in time frequency space between two time

series along with the localized phase relationship between them.

Our hypothesis is that one time series is the proximate driver of

changes in the other time series, and the relationship can be

investigated by the coherence and phase lag between the two series.

Following Torrence and Webster (1999) and Grinsted et al.

(2004) we define the wavelet coherence of two time series as

R2
n(s) =

S(s−1WXY
n (s))

�
�

�
�2

S(s−1 WX
n (s)j j2) · S(s−1 WY

n (s)j j2) , (1)
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where |WX
    n(s)|

2 is the wavelet power from the continuous wavelet

transform of a time series (xn, n=1,…,N) at each scale (that is a measure

of the period), s, with uniform time steps dt, which is defined as the

convolution of xn with the scaled and normalized Morlet wavelet. The

cross wavelet transform of two time series xn and yn is defined as

WXY=WXWY*, where * denotes the complex conjugate. The complex

argument arg (Wxy) can be interpreted as the local relative phase

between xn and yn in time frequency space. S is a smoothing operator,

which is defined in technical detail by Grinsted et al. (2004).

The WTC method tests the significance level of correlations in

time-frequency space against a random noise null hypothesis using

Monte Carlo methods. The key with our data is to modify the null

hypothesis from the standard red noise first order autoregressive model

applicable in typical climate time series analysis, to a noise spectrum

that reflects the actual spectrum of the model data in our experiments,

i.e., one with significant power at the various tidal frequencies. So, as

the noise background we use an ensemble of WTC generated by 10000

time series with the same mean, standard deviation and randomized

phase Fourier decompositions of the two time series. This ensures that

the tidal spectrum of the noise surrogates has the same spectral power

as the input signals but removes any linear dependencies on the test

time series. While the WTC method does not examine any direct

measure of causality (such as Granger causality; Granger, 1969), it has

some advantages over the kind of strict predictive causality implied in

Granger tests and the more ill-defined general concepts of casualty.

WTC has been used very widely (Ng and Chan, 2012; Bi et al., 2018;

Yadav et al., 2022) because it is useful in describing correlations at

multiple periodicities and quantifies phase relationships that can be

statistically tested with appropriate noise models.

The WTC between the basal melt rate time series of MUIS and

TIS (Figure 3) illustrates the relationship between the basal melting

of TIS and MUIS. The arrows indicate the phase differences

between the basal melt rate of MUIS and TIS. Yellow areas within

the black contour are significant at the 95% level and considered as

high coherence between the basal melt rate of two ice shelves.

Figure 3 shows a large area of high coherence between the basal

melting of two ice shelves over most of the year in the eddy period
FIGURE 2

The area-averaged melt rate (m/year) time series for the 2014 simulation year and the annual mean line showed in dashed lines of TIS (in blue), and
MUIS (in brown).
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band (2 to 35 days). This spans the period from March to mid-May

as well as from late August to early November. Moreover, !
indicates an in-phase (positive) correlation between basal melting

of MUIS and TIS, ↗ indicates basal melting of TIS is leading basal

melting of MUIS by 45°, and ↘ indicates basal melting of MUIS is

leading basal melting of TIS by 45°. From early December to the end

of February, the coherent band increases from periods of several

days to over a month. Throughout the significant coherence regions

in both the tidal and eddy period bands, the phase relation in

Figure 3 has arrows generally pointing to the right. This means that

both TIS and MUIS melt is in phase with no indication of one ice

shelf leading the other. However, from early December to late April

and from late August to early November, there is a tendency for the

arrows to point more down than up in the eddy band, suggesting

that changes in MUIS basal melt rate lead the basal melt rate

changes in the TIS with lags varying from 2 to 35 days at a different

time of the year.
3.3 Spatial patterns of melt

The spatial pattern of the annual average melt rate is shown in

Figure 4. Most of the ice shelves are melting during the whole

simulation period, except the areas within the black contours, where

we simulate basal freezing. Both ice shelves have high basal melt rates in

deeper water columns, such as near the southern grounding line (to the

south of 67.2° S). Refreezing is present in small quantities in the
Frontiers in Marine Science 05
northwestern portion of the TIS, which corresponds with the likely

outflow region of cold ice shelf water (Galton-Fenzi et al., 2012).
3.4 What drives basal melting for the two
ice shelves?

In general, a westward-flowing coastal current will bring water

into ice shelf cavities along their eastern sides, cause the basal melt

of the ice shelves and then exit as colder ice shelf water from the

western sides (Gwyther et al., 2014). However, on shorter

timescales, circulation and heat delivery are likely to be more

complex, with eddies and tides playing roles in driving the basal

melting. To visualize the relative importance that tides and eddies

play in the basal melting of TIS and MUIS, we use five

representative transects (Figure 1), including two zonal transects,

the ice shelf front (ISF) and the continental shelf break (CSB), and

three meridional transects, at 127° E, 123° E, and 118° E that are

defined between the ice shelf fronts (or coastlines) and the CSB,

marked as vertical white lines in Figure 1. We explore the

correlations between the ocean heat transport and sub-ice-shelf

melt of TIS and MUIS using WTC at these transects.

3.4.1 WTC results at the three
meridional transects

First, we examine the WTC between the area-averaged heat

transport time series and area-averaged basal melt rate time series
FIGURE 3

The squared wavelet coherence R2
  n(s) between the area-averaged melt rate time series of MUIS (brown line in Figure 2) and TIS (blue line in

Figure 2) in the 2014 simulation year. The low frequency cutoff for tidal periods (1.5 days) is labelled in blue and the lower (35 days) and upper (2
days) frequency cutoffs for the eddy period are labelled in red on the period axis. The color bar indicates a measure of coherence (Eqn. 2). The 95%
significance level against a randomized Fourier noise background (see text) is shown as thick contours and the arrows show the relative phase
relationship, which is in-phase pointing right, anti-phase pointing left, an arrow pointing straight up means that the TIS leads MUIS melt by 90° at
that period, and an arrow pointing down means that TIS lags MUIS by 90°. Moreover, ↗ indicates basal melting of TIS is leading basal melting of
MUIS by 45°, and ↘ indicates basal melting of MUIS is leading basal melting of TIS by 45°. The transparent white regions along the edges of the plot
represent regions where data boundaries affect the WTC operation, and so represent places where confidence in significance is reduced (Grinsted
et al., 2004).
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over the 2014 simulation period along the three meridional

transects. For the 118° E transect, which is between TIS and

MUIS and close to the entrance of TIS, we select the area-

averaged basal melt rate of TIS for comparison (Figure 5A). For

the 123° E transect, which is the closest to the entrance of the MUIS,

we chose both the basal melt rate of TIS and MUIS for comparison

(Figures 5B, C). For the 127° E transect, which is the closest to the

eastern domain boundary, we chose the area-averaged basal melt

rate of MUIS only (Figure 5D). All four WTC plots show strong

coherence within the eddy band: between 8 to 32 days from early

August to early October, and between 5 to 11 days in early January,

which may indicate the presence and impact of a single eddy or an

eddy train. Also, arrows within this area of high coherency mostly

point down. This implies that at the 118° E and 123° E transects

(Figure 5A, B), heat transport leads the basal melting of TIS by a

quarter cycle (that is between 2 to 8 days from early August to early

October and 1 to 3 days during early January). At the 123° E and

127° E transects (Figures 5C, D), heat transport leads the basal

melting of MUIS by similar lags during these months. From these

four plots, the strongest eddy contribution along the 118° E transect

to the basal melting of TIS (Figure 5A) is from early May to mid-

November. Comparing Figures 5B, C, there is a stronger tidal

contribution to the basal melting of the MUIS compared to the

TIS (i.e., more significant with periods shorter than 1.5 days in

Figure 5C) which suggests the stronger and widespread influence of

sub-daily and daily tides on the basal melting of MUIS compared

to TIS.

3.4.2 Contributions from eddies and tides at the
three meridional transects

To estimate and compare the eddies and tidal contributions to

the basal melt rate of TIS and MUIS, we define the estimated

relative contributions from eddies (Ceddy) and from tides (Ctide),

based on the relative correlations associated with tidal frequencies

(< 1.5 days) and at eddy periods (2 to 35 days). We chose 1.5 days

rather than say, one day (as chosen by, e.g., Stewart et al., 2018) as

the cutoff for representing the tidal period, based on the distribution

of the correlations on random WTC maps (e.g., Figures 3, 5) of all

the transects. This distinction is somewhat arbitrary as there is some
Frontiers in Marine Science 06
tidal power at longer periods, and it is also possible that some eddies

may be longer lived than 1 month (Chelton et al., 2007; Mack et al.,

2019), but the key difference in driving force should be captured by

any division similar to our choice.

We calculate the WTC between the heat transport time series at

each grid cell along the selected transect with the area-averaged melt

rate time series. We calculate the sum of the squared correlations

(R2
n, eqn. (2)) of the points in time-frequency space within the eddy

and tidal period bands, defining Ctide and Ceddy . If Ctide > Ceddy , we

assume that tides make a larger contribution to the basal melting at

this point and if Ctide < Ceddy we assume that eddies make a larger

contribution to the basal melting.

To understand and estimate the contributions from eddies and

tides spatially and with depth, we compare Ceddy and Ctide on the

three longitudinal transects (Figure 6), the ISF (Figure 7) and the

CSB (Figure 8). Red indicates eddies dominate the basal melting,

and blue indicates tides dominate the basal melting. For the 118° E

transect (the first plot of Figure 6), the eddy component of heat

transport dominates the basal melting of TIS, though a smaller tidal

influenced area is located to the south of 66.8° S. Although the tidal

influenced region (in blue) is larger than the eddy influenced area

(in red) along the 118° E transect, the eddy dominated regions are

closer to the ISF as well as the CSB. The near surface layer is also

mostly dominated by eddy-driven processes.

The 123° E transect, which is located not far east of the MUIS, is

the transect with the shortest distance between the ISF and the CSB

among the three. The middle plot of Figure 6 is calculated with heat

transport across the 123° E transect and the basal melt rate of MUIS.

At this transect, strong tidal influence occurs near the ISF and the

CSB, with eddies making the larger contribution on two sides of the

rise of the topography (between 65.9° S and 66.3° S), especially for

the area shallower than 200 m. We also calculated eddy and tidal

contributions to the basal melting of MUIS at a relatively far

transect at 127° E (the last plot of Figure 6). It is obvious that

tides make the larger contribution over the majority of the region,

with only a small near surface region close to the coastline having

stronger contributions from eddies. Based on the results of 123° E

and 127° E transects, we may state that the basal melting of MUIS is

dominated by the tidal component.
FIGURE 4

Annual mean basal melt rate (m yr-1) distribution for the TIS and the MUIS area in the 2014 simulation year. The area within the black contour has
negative mean basal melt rate, that is basal freezing is simulated there. Two of the three longitudinal transects (Figure 1) are shown as dashed lines.
Figure used cmocean (Thyng et al., 2016).
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3.4.3 Contributions from eddies and tides
at the ISF

For the ISF, we can divide the ice shelf area into two parts, the TIS

area (to the west of the yellow triangle in Figures 7A, B) and the MUIS

area (to the east of the yellow triangle (around 118.7° E)). The TIS area

of both plots shows a large red area at the TIS front. The area from 117°

E to 118.5° E is mostly in red, which indicates a stronger contribution

from eddy components to the basal melting of TIS. The main TIS

(from 115.8° E to 116.8° E) is more dominated by tidal processes, while

the key inflow region (from 116.4° E to 116.8° E), which is to the

eastern side of the main TIS front, shows strong eddy contributions.

For the MUIS front which is to the east of the yellow triangle, we

calculated contribution from eddies and tides with the basal melt rate of

MUIS (Figure 7A). It is obvious that basal melting of MUIS is mostly

dominated by tidal processes. To see how the remote heat transport
Frontiers in Marine Science 07
impacts the basal melting of TIS across the domain, we also calculated

the eddy and tidal contributions with the basal melt rate of TIS

(Figure 7B). Comparing with Figure 7A, we can see a wide red area

spread across the MUIS front. The eddy-dominated area is generally

skewed to the left of the main MUIS front (from 121.6° E to 122.6° E)

and the area from 119.8° E to 120.5° E. These areas are the outflow

region of the MUIS, which means the melt water of MUIS has a strong

impact on the basal melting of TIS through eddy processes. This

conclusion is consistent with our previous analysis of Figure 3.

3.4.4 Contributions from eddies and tides
at the CSB

Lastly, we calculate the contributions from eddy and tidal

components of heat transport at the CSB, which is relatively

remote from the ice shelves. Figures 8A, B shows Ceddy and Ctide
A B

D

E

C

FIGURE 5

The wavelet coherence between area-averaged heat transport and ice shelf basal melt rate. The ice shelves analysed are identified along with the
transect as the title of each subplot which are marked on the location map at the bottom of the figure. Top row are TIS area-averaged basal melt
rate time series for 2014 in the 118° E transect (A) and the 123° E transect (B). Middle row are wavelet coherence between area-averaged heat
transport and the MUIS area-averaged basal melt rate time series for 2014 in the 123° E transect (C) and the 127° E transect (D). The bottom map (E)
shows bathymetric depth and the three longitudinal transects (in red) from the ice shelf front to the continental shelf break.
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between heat transport and melt rate time series of TIS and MUIS

separately. These two contribution maps intuitively demonstrate

the difference in the effect of eddy and tidal components of heat

transport at the CSB on the basal melting of the two ice shelves. To

explore the eddy and tidal contributions to the basal melting of the

two ice shelves, we first analyze the area to the west of the white

triangle. In this area, we can clearly see that in Figure 8A, the basal

melting of TIS is mainly dominated by the eddy component, while

in Figure 8B, the basal melting of MUIS is dominated by the tidal

component. For the area between 118.5° E and 120.3° E, eddies and

tides alternately dominate the basal melting of TIS. And for the area

to the east of 128.9° E, the tidal component has a larger impact on

the basal melting of TIS, with only the near bottom and near surface

area showing a larger contribution from the eddy component. In the

same area in Figure 8B, we can find that the tidal component also

dominates the basal melting of MUIS, and the correlation is

generally much higher.
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The area to the west of the white triangle in both plots reflects

the effect of basal melting of the two ice shelves on the heat

transport at this area of the CSB since the water masses have

exited the ice shelf cavities. Basal melting of TIS influences heat

transport at this area mostly through eddy processes, while basal

melting of MUIS affects the heat transport in this area through a

combination of eddy and tidal processes. In summary, basal melting

of TIS is dominated by eddy processes and basal melting of MUIS is

dominated by tidal processes. This is consistent with our previous

conclusions at three longitudinal transects in Figures 5, 6 and at the

ISF in Figure 7.
4 Discussion

In our analyses of eddy and tidal heat transport and basal

melting, we have used the single year of 2014 to reduce
FIGURE 6

Vertical profiles of Ceddy or Ctide along various transects marked in Figure 5. Greyed regions are the sea floor. From left to right, the color scale

indicates the dominant contributor (red = eddies, blue = tides) to the basal melt rate of TIS or MUIS along 118° E, 123° E and 127° E transects. Figure
used cmocean (Thyng et al., 2016).
A

B

FIGURE 7

Depth profiles of Ceddy (or Ctide) along the ISF transect, grey regions mark the sea floor topography. Top (A), the estimated contributions from eddies

(in red) and tides (in blue) calculated from the WTC between the heat transport at each grid cell and the basal melt rate of TIS (to the west of the
yellow triangle area) and the basal melt rate of the MUIS (to the east of the yellow triangle area). Bottom (B), is calculated from the WTC between
the heat transport at each grid cell and the basal melt rate of TIS for the whole transect. Figure used cmocean (Thyng et al., 2016).
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computational resources and limit output data volume. We selected

this year based on its surface heat flux, surface salt flux, and wind

stresses in the zonal and meridional directions forcing fields being

close to average; hence 2014 can be regarded as a typical year. Other

model estimates of ice shelf melt rates for 2014 are limited

(Mohajerani et al., 2018; Li et al., 2016), as are direct estimates of

mass loss from the Totten and Moscow University glaciers. Recent

model work on the Totten Glacier area showed the mean area-

averaged basal melt rate from 1995 to 2014 for the TIS is 9.1 ± 4.6 m

yr-1, and for the MUIS is 5.9 ± 5.4 m yr-1 (Van Achter et al., 2022),

which compares well to our results 6.7 m yr-1 and 9.7 m yr-1 for TIS

and MUIS. Mohajerani et al. (2018) showed the mass balance

estimates from two surface mass balance (SMB) models of Totten

and Moscow University glaciers for the year 2014 around 100 Gt,

which is close to our result (94 Gt). Rignot et al. (2019) calculated

the averaged grounding line ice discharge from 2009 to 2017 from

Totten Glacier as 71.4 ± 2.6 Gt yr-1, where the uncertainty is 1

standard error, and for Moscow University Glacier as 47.0 ± 2.1 Gt

yr-1; our model melt rates are 42 and 52 Gt yr-1 respectively. The

MUIS rates are reasonably close, but our TIS estimate are lower

than Rignot et al. (2019). However, estimates of ice shelf melt in the

complex Totten area can vary by factors of two depending on the

methods, with in-situ estimates being much lower than satellite

estimates (e.g., Vaňková et al., 2021). Our model estimates are

intermediate between the direct and satellite estimates, and perhaps

the spread represents more realistic uncertainties in melt than the

small variabil ity implied by the Rignot et al . (2019)

uncertainty estimate.

We find that the eddy component of heat transport at both ISF

and CSB has a larger impact on the basal melting of the TIS, while

the tidal component of heat transport dominates the basal melting

of the MUIS. The basal melt outflow from MUIS affects the melting
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mechanism of TIS at eddy periods more than at tidal ones. We raise

two following possible reasons why the basal melting of TIS is

dominated by eddy processes and the basal melting of MUIS is

dominated by tidal processes. Firstly, in our simulation, the water

column thickness of TIS is much deeper than MUIS, which leads to

larger bathymetric gradients underneath TIS. The presence of an

inland cavity (Figure 1) and the complex geometry of the grounded

ice area show that the TIS terrain is convoluted. The locally steep

gradients and complex terrain of the TIS cavity seem to promote

more transport of heat into the grounding zone of TIS by local

mesoscale eddies than higher frequency tidal motions, in an

analogous way to lower frequency sound suffering less loss than

high frequencies in convoluted geometrical settings. The mesoscale

physical processes can generate more local mixing than tides.

Secondly, we conjecture that this phenomenon is closely related

to the westward flowing Antarctic Coastal Current. TIS is located to

the west of MUIS and hence is downstream area of MUIS. Figure 3

shows there is high coherence between the basal melting of TIS and

MUIS. MUIS meltwater flows westward and intrudes into the TIS

cavity. This cold dense water can enhance the local mixing of water

mass, hence promote more eddies to transport warm water into the

TIS cavity and promote the basal melting. Gwyther et al. (2014)

note that the Antarctic Slope Current can flow southward into the

Totten Basin and bring warm current into the TIS cavity. Hence, we

propose that complex circulation near the TIS area may provide

favorable conditions for the formation of eddies.

Contributions from eddies are stronger near the ISF and the

CSB along the 118° E transect, which could be due to the sudden

deepening of the topography towards the southern and northern

boundary in Figure 6. Mizobata et al. (2020) confirmed the

existence of a large scale cyclonic eddy train near the Sabrina

Coast (the coast of Wilkes Land between 115°33’ E and 122°05’
A

B

FIGURE 8

Depth profiles of Ceddy (or Ctide) along the CSB transect, grey regions mark the sea floor topography. Top (A) the estimated contributions from

eddies (in red) and tides (in blue) calculated from the WTC between the heat transport at each grid cell and the basal melt rate of TIS. Bottom (B) is
calculated from the WTC between the heat transport at each grid cell and the basal melt rate of MUIS. The demarcation point between TIS and
MUIS is marked by a yellow triangle. The western boundary of the TIS front is marked by a white triangle (around 115.8° E), and the eastern boundary
of the MUIS front is marked by a black triangle (around 122.7° E). Figure used cmocean (Thyng et al., 2016).
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E), which plays a critical role in transporting warm CDW onto the

continental shelf, then intruding into the cavities and cause the

basal melting. For the 123° E transect to the east of the MUIS, where

the eddies may not be as dense, tidal components make larger

contributions near the ISF and the CSB. Studies confirm that tidal

fluctuations could enhance the cross-slope exchange, which would

contribute to the poleward heat transport at the continental shelf

break (Padman et al., 2009; Mack et al., 2017). The ISF has similar

features as the CSB.

Applying the WTC method over longer time scales, even

spanning some decades is possible, although data volume

becomes an issue. Multi-decadal variability driven from the

Pacific Ocean is known to play important roles in the pumping of

meltwater onto the continental shelf in the Amundsen Sea sector

(Holland et al., 2019). Many features of the melt rates are

unexplained, such as the large spikes seen sporadically e.g.,

Figure 2 on April 1st and September 1st. These large events have

power over very broad bands in the WTC as might be expected

from a delta function. Assuming that the spikes are not purely

numerical model artifacts, the obvious proximate causes would be

an intense local storm, but this interpretation is not supported by

available satellite and weather data in the region. However, a more

distal source would exhibit frequency dispersion and peak

broadening in the wavelet plot from diffusive processes in the

ocean. Information on wavelet coherence at longer periods would

provide better statistical evidence that might reveal mechanisms for

these spikes, as well as resolving the importance of longer-term

oceanic variability in ice shelf melt.

In this model we do not include a frazil ice parameterization,

though we acknowledge the importance of frazil ice in refreezing.

However, we expect that it is not a major consideration for the

Totten ice shelf, as the warm ocean cavity conditions broadly

inhibits marine refreezing (Gwyther et al., 2015). In a cooler

cavity environment like the Amery Ice Shelf, frazil is certainly an

important component that should not be neglected (Galton-Fenzi

et al., 2012).

Understanding the role of the ocean is important for estimating

the mass loss of the ice sheet. Variability of the Totten Glacier has

been confirmed to be primarily driven by oceanic processes

(Roberts et al., 2017). The simulations and insights from this

work would be more comprehensive if done using a fully coupled

ice sheet-ocean model to simulate the oceanic environment and the

evolution of the ice shelf, for example combining the ROMS and

Elmer/Ice using the Framework for Ice Sheet-Ocean Coupling

(Gladstone et al., 2021). It would then be feasible to make

inferences directly on the role of changing oceanic forcing on the

sea level rise contribution for these ice shelf catchments.
5 Conclusions

We apply a three-dimensional eddy-resolving oceanic model

(ROMS) at a resolution better than 2 km, to simulate the Wilkes

Land region and then used a novel application of the wavelet

coherence method to estimate the contributions from eddies and
Frontiers in Marine Science 10
tides to the basal melting of TIS and MUIS. During the 2014

simulation period, the area-averaged basal melting of the MUIS is

higher than the TIS. TheWTCmethod shows that strong coherence

exits between ice shelf melt at the two ice shelves throughout almost

the whole simulation year, which confirms strong interaction

between the two ice shelves.

We look at the spatial pattern of contributions from eddies and

tides to ocean heat transport based on the wavelet decomposition

and coherence of ice shelf melt and heat transport. Our analysis

shows that basal melting of the TIS is dominated by the eddy

processes, while the basal melting of the MUIS is more controlled by

tidal processes. For the 118° E transect, which lies equidistant

between the TIS and MUIS, eddies drive heat flux transport used

in TIS basal melting from near the ISF and the CSB, while tidal

processes make larger contributions over the continental shelf area.

For the 123° E transect, to the east of the MUIS, the influence from

eddies and tides are almost opposite. We find stronger tidal

contributions to the basal melting of the MUIS resulting from the

ISF and the CSB, while for the continental shelf region, the eddy

component of the ocean heat transport dominates the basal melting.

For the easternmost transect at 127° E, the tidal component of the

ocean heat transport dominates the basal melting of the TIS and the

MUIS. The eddy processes make larger contributions near the ISF

and the CSB area where more eddies are observed and where

the western dense shelf water outflows. Tidal processes dominate

the basal melting to the east of the MUIS which is the inflow area

of the two ice shelves.

These results are likely dependent on the accuracy of the

topography of bedrock and the ice draft because the relative

impact of tides and eddies will depend on the geometry of the

cavities the heat is transported through. In this respect, more field

data collected near the ISF of TIS and MUIS and the CSB of Wilkes

Land region to compare with model results may provide wider

confirmation of sub-shelf bathymetry. Perhaps even more useful

would be a comprehensive coupled model with ocean and ice shelf

components that could be driven by realistic variability expected for

various future scenarios.
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