
1.  Introduction
Totten Glacier is a major outlet glacier of the East Antarctic Ice Sheet, draining approximately 3.9 m of sea-level 
equivalent (Morlighem et al., 2020). Remote sensing observations indicate that the region is presently undergoing 
thinning as well as grounding line retreat (X. Li et al., 2015; T. Li et al., 2023). Oceanographic observations have 
shown that warm modified circumpolar deep water is able to access the sub-ice shelf cavity and cause high melt 
rates (Rintoul et al., 2016). Additionally, recent numerical studies have suggested the potential for significant 
retreat of Totten Glacier over the next century (Pelle et  al.,  2021). Improved in-situ constraints, in particular 
the  rate of ice-shelf basal melting and the shape of the sub-ice shelf cavity, are required to better understand both 
the ongoing and future evolution of this glacier system.

Bathymetry beneath ice shelves exerts control on their evolution in two primary ways. First, topographic highs 
result in regions where regrounding can occur, allowing for the formation of ice rises or rumples that can provide 
resistance to flow of upstream grounded ice. Second, the shape of the ocean cavity beneath ice shelves can 
significantly influence ocean circulation and regulate the spatial pattern of melting. Satellite-derived estimates 
indicate that Totten Ice Shelf (TIS) experiences rates of basal melting that are unusually high for East Antarc-
tica (Depoorter et al., 2013; Rignot et al., 2013; Roberts et al., 2018b) and also strong inter-annual variability 
(Adusumilli et al., 2020). However, there are substantial disagreements in the spatial pattern of basal melting 
between the presently available products (Figures 1a–1c), and only a single in-situ observation of basal melt-
ing exists near the grounding zone of Totten Glacier (Vaňková, Cook, et  al.,  2021). Furthermore, the strong 
inter-annual variability inferred by Adusumilli et al. (2020) at Totten has not yet been validated, and elsewhere  in 
Antarctica this dataset consistently overestimates the amplitude of inter-annual variability by up to an order of 
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magnitude (Vaňková & Nicholls, 2022). Finally, ice-sheet models are sensitive to regrounding on rumples near 
the Totten grounding line (McCormack et al., 2021; Pelle et al., 2020, 2021), with modeled melt rates in coupled 
ice-sheet ocean simulations resulting in a strong grid east-west melt rate gradient of opposite sign to that found in 
some of the satellite derived observations (Figures 1c and 1d).

Here we present new in-situ time series of ice-shelf basal melt and an updated bathymetry model for the region of 
Totten Glacier's grounding zone. The basal melt observations derived at four locations using 2-year long auton-
omous phase-sensitive radar (ApRES) observations confirm previous inferences of strong spatial and temporal 
variability. The bathymetry model is derived using an updated compilation of airborne gravity measurements and 
recently acquired active source seismic measurements of water-column thickness. The new bathymetry model 
shows that the strong spatial variability we observe in ice-shelf basal melt is associated with variations in water 
column thickness.

2.  Data and Methods
2.1.  Ice-Shelf Basal Melt From ApRES

Four ApRES were deployed on TIS to monitor basal melting at the back of the ice-shelf cavity. Sites TI01 
and TI02 are located on the grid-eastern part of the ice shelf and sites TI04 and TI05 on its grid-western side 

Figure 1.  Satellite-derived and modeled melt rates for the back of the Totten Ice Shelf cavity. Satellite estimates from three 
available products; (a) Rignot et al. (2013), (b) Roberts et al. (2018b), and (c) Adusumilli et al. (2020). (d) Modeled melt rates 
from Pelle et al. (2021), year 2017 in their control run. ApRES-derived mean melt rates from the four observed sites over 
the 2017–2018 period are shown as color-filled symbols; for TI04 there are two estimates, one for 2,000 m and the other for 
2,200-m ice thickness assumption. Grid cells for which Adusumilli et al. (2020) estimates quarter-yearly melt rate variability 
are marked by black crosses. In solid black is the grounding line from BedMachine (Morlighem et al., 2020), in dashed black 
the rumples from Roberts et al. (2018b), and in dotted black the hydrostatic line from ASAID (Bindschadler et al., 2011). The 
plots are on a polar stereographic (PS) projection grid.
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(Figure 1). The instruments were deployed in December 2016, serviced and redeployed in January 2018, and 
cleared in January 2019. When the ApRES were serviced in January 2018, a new pair of antennas was deployed 
and oriented along a line that was rotated 45° to the original setup. All instruments sampled at 90-min intervals. 
Instrument TI01 has data for only the first 9 months, TI02 has a data gap between October 2017 and January 
2018, TI04 has a month-long data gap at the beginning of 2018, and TI05 has two full years of data (Figure 2).

ApRES measures positions of reflectors within the ice column and at its base, allowing estimation of basal 
melt rate (Nicholls et al., 2015). Temporal changes in the reflector positions can be detected with millimeter 
precision, enabled by accurate measurements of the phase of the reflected signal (Brennan et al., 2014). At each 
time step the ApRES return signal provides a range profile of amplitudes and phases. Each 4-m range interval 
of the complex signal is cross-correlated for each pair of consecutive time shots, yielding a stack of vertical 
displacement times series (Stewart, 2018; Vaňková et al., 2020). Reflector displacements over time are measured 
in a Lagrangian frame of reference; therefore, to derive a basal melt rate, first the thickness changes induced by 
internal ice dynamics and near surface processes were removed from total thickness changes following Jenkins 
et al. (2006) and Nicholls et al. (2015).

Because the TIS base is complex and often features multiple reflections (Vaňková, Cook, et  al.,  2021), we 
use two slightly different methods to derive the final melt rates (see Text S1 in Supporting Information S1 for 
details). Both methods utilize not only the first basal reflection, but also off-nadir reflections from the ice base 
that are located at more distant ranges. The first method (4-m-bin-averaging, 𝐴𝐴 𝐴𝐴𝐴4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ), following Vaňková, Cook, 
et  al.  (2021), derives a melt rate estimate for each time series, formed by cross-correlating 4-m range inter-
vals that lie on the basal reflector. The final melt rate estimate is obtained by averaging the equally weighted 
individual estimates. The second method (single-large-bin, 𝐴𝐴 𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ), for example, following Vaňková, Nicholls, 

Figure 2.  ApRES-derived basal melt rate anomaly. In blue (red) are the time series derived using the single-large-bin (4-m-bin-averaging) method, with shading 
showing uncertainty. The orange dash-dotted line at TI02 in (b) averages time series from the two methods and offsets segments around the data gap by 4.2 m/a to 
achieve a steady melt rate increase, as for TI04 and TI05. Multiple dashed lines in (c) indicate melt rate anomaly obtained assuming different ice thickness for TI04. 
Ice thicknesses are listed in black text with corresponding time series in red (blue) tones for the 4-m-bin-averaging (single-large-bin) method. In (c), solid lines show 
melting for the most likely TI04 ice thickness of 2,200 m. The black dotted line in all panels indicates the thickness anomaly from vertical strain and firn densification 
processes combined.
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et al. (2021), derives a single melt rate estimate for a time series produced 
by cross-correlating through time a much larger depth range that contains 
all off-nadir basal reflectors. When all the 4-m-bin basal reflections show 
the same changes in range, then both methods yield identical results. When 
a dominant basal reflector behaves differently to the majority of the time 
series, the two estimates will differ, because the single-large-bin method 
implicitly gives larger weights to stronger reflectors, while the 4-m-bin-av-
eraging weights all reflectors equally. Where the method for estimating melt 
rate is unspecified, the reported values refer to an average of the two methods 

𝐴𝐴 (𝑚̇𝑚) . The final melt rate time series were smoothed using a 30-day low pass 
filter; any shorter term variations in melting, including at tidal timescales, 
were lower in amplitude than the uncertainty on the variability.

2.2.  Bathymetry Inversion From Gravity Observations and Seismic 
Constraints

We utilize both gravity and seismic observations to refine our understanding 
of bathymetry near the Totten Glacier grounding zone. We use geolocated 
gravity anomalies collected by the Investigating the Cryospheric Evolution 
of the Central Antarctic Plate project during 2009/1010, 2010/2011, and 
2016/2017 field seasons. These data were collected via a BT-67 fixed-wing 
aircraft and were smoothed with a 150-s filter to suppress noise, resulting 
in minimum resolved spatial wavelengths of 6.25  km. Observations from 
2009/2010 and 2010/2011 (Figure  3c) were used in an earlier study that 
derived bathymetry beneath TIS (Greenbaum et al., 2015). The 2016/2017 
survey provides additional coverage near the grounding zone (Figure  3b), 
thus motivating our new analysis.

We collected 11 active source seismic observations (see Figure 3a and Figure 
S8a in Supporting Information S1 for locations) of water column thickness 
during January of 2019 to complement the aerogeophysical datasets. A small 
explosive charge (∼500g), buried in a shallow hole (<1 m), was used as the 
source and recorded using a 240-m long 24-channel geophone string. We 
estimated the water column thickness by measuring both the ice-bottom 
reflection and sea-bed reflection. Errors in water column thickness that arise 
from uncertainty in seawater seismic velocities and tidal variations will be 
less than 10 m (Brisbourne et al., 2020) and small compared with uncertain-
ties from gravity derived inversions discussed below.

A source of uncertainty common to all gravity-derived bathymetric models 
is bedrock density. Ideally, seismic observations would be used to provide 

tie points during the inversion. However, our relatively sparse seismic observations are not well suited to this 
purpose since both the gravity observations and seismic observations spatially alias short (<10 km) wavelength 
topographic features. Thus, we model the bathmetry via a two step-process. First, we use the gravity observations 
to invert for bathymetry using a range of bedrock densities. Second, we calculate the mistfit between each gravity 
derived bathymetry model at the locations were we collected seismic observations to choose the optimal model.

We model the gravity signal as the sum of three layers: ice (ρ = 920 kg/m 3), ocean (ρ = 1,030 kg/m 3), and bedrock. 
We approximate the model domain as a series of 2-km rectangular prisms and calculate the gravitational effect of 
each prism using the method of Blakely (1995) (subroutine B.6) with the ice geometry taken from BedMachine 
v3 (Morlighem et al., 2020). Prior to the inversion, we remove the influence of long-wavelength signals (such as 
those from the Moho and deep sedimentary basins). Similar to previous studies (An et al., 2019), we first calculate 
the misfit between a forward model constructed using the BedMachine ice thickness data and the observed grav-
ity field at grounded locations. A smoothed version of the misfit function is then subtracted from all observations 
(including those over the floating ice shelf) for use in the inversion (Figure S7 in Supporting Information S1). We 
use the resulting gravity observations to estimate bathymetry by performing a constrained (i.e., the top of the ice 

Figure 3.  Updated bathymetry near the Totten grounding zone. (a) Modeled 
bedrock elevation. The thick black line denotes the BedMachine v3 grounding 
line. The thin black lines outline the location of two ice rumples (Roberts 
et al., 2018b) determined by examining height above flotation. All elevations 
inland of the grounding line are taken from BedMachine v3. Circles show 
bedrock elevation estimates from active source seismic measurements. (b) 
Updated gravity derived water-column thickness. White circles show the 
locations of the ApRES measurements. (c)Water-column thickness from 
BedMachine Antarctica v3 product. The white ellipse outlines a region of 
minimal water-column thickness which both promotes ice-sheet grounding 
and a barrier to ocean circulation in ice-ocean models (Pelle et al., 2021). In 
both b and c gray and white lines show geophysical flights containing gravity 
observations that were used to constrain the each bathymetry inversion. Note 
the additional lines available for our current study.
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layer cannot be above the ice bottom) least-squares inversion using 2nd-order 
Tikhonov regularization (for example, Chapter 4 of Aster et al., 2018) with 
the smoothness parameter chosen from a cross-validation curve (Figure S6 
in Supporting Information S1). We use the BedMachine grounding line as 
well the location the of two ice rumples (Roberts et al., 2018b), that is, areas 
where surface elevation are above their height-above-flotation, to define 
regions of floating ice where a water layer is allowed in the inversion. Due to 
the variety of survey altitudes and variable spatial resolution of the data, we 
chose to calculate the gravity effect at the geolocation and flight altitude of 
each observation to avoid introducing artifacts during gridding.

3.  Results
3.1.  Basal Melt Rate

The ApRES mean melt rate estimates range from 0.4 m/a at TI01 to over 
20 m/a at the remaining three sites (Table 1). For all sites, the uncertainties in 
the mean melt rates are much larger than typically found in previous ApRES 

surveys (usually less than 0.1 m/a). This is primarily due to large uncertainties in the vertical strain rate profile; a 
consequence of poor internal reflections in the bottom half to a third of the ice column (Figure S1 in Supporting 
Information S1). TI01 has the lowest uncertainty (0.6 m/a), because its ice base is relatively flat and vertical strain 
rate constant with depth, while at the remaining sites, the strain rate varies with depth. TI04 has the largest uncer-
tainties (∼10 m/a), caused by the heterogeneity of the ice base, where the tracking of different basal reflectors 
suggests different rates of melting (Figure S5 in Supporting Information S1) and estimates from the two methods 
(𝐴𝐴 𝐴𝐴𝐴4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐴𝐴 𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) differ substantially (Table 1). The final complexity for TI04 is the presence of steeply sloped 
off nadir reflectors. As a result there are multiple possibilities for the reference ice thickness, between 2,000 and 
2,200 m. Altogether, the corresponding mean melt rate estimates at TI04 range from 22 to 36 m/a, depending on 
the assumed ice thickness, with some indirect evidence from tidal motion suggesting that the higher-end melt rate 
estimate is more likely (Text S1.3 in Supporting Information S1). In either case, the mean melt rate estimate at 
TI04 is comparable to TI05 and TI02, and at least 20 m/a higher than at TI01.

Melt rate variability estimates for the four sites are shown in Figure 2 as anomalies centered around 0 m/a. This is 
to highlight that although the uncertainties in the mean melt rates are high, uncertainties in the melt rate variabil-
ity are much lower (at most ∼1 m/a). The non-melt rate contributions to the total change in thickness from vertical 
strain rate and near-surface processes can amount to up to 3.5 m over the course of two years (dotted lines in 
Figure 2) as in the case of TI04, but this value is small compared with the year-to-year variability in basal melting.

The two different methods for estimating melt rate variability agree well at sites TI01, TI05, and also at TI04 
for the assumption of 2,200 m ice thickness. An agreement between the methods means that the basal reflectors 
experience the same changes, and thus the estimates of melt rate variability at these sites are representative for the 
basal area within the ApRES view (circle with radius of ∼1 km). At TI04 the two methods show differences in 
shorter term variability for ice thickness assumptions of 2,000, 2,100 and 2,150 m, which means that some strong 
reflectors near those ranges undergo variations that are different from the bulk variation. Interestingly, 𝐴𝐴 𝐴𝐴𝐴4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is 
the same for all plausible ice thicknesses at TI04. Therefore, while the ice-thickness assumption causes large 
uncertainty in the mean melt rate estimates at TI04, it has little effect on the uncertainty on temporal melt rate 
variability (Figure 2c). At TI02 the first basal reflector shows much higher amplitude of variability than the more 
distant reflectors (Figure S4a in Supporting Information S1). As a result, at this site the 𝐴𝐴 𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 time series, being 
dominated by the first strong reflector, has a larger variability than the 𝐴𝐴 𝐴𝐴𝐴4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 time series (Figure 2b).

Melt rates at TI01 show relatively little variability, with a nearly linear melt rate decrease of less than 2 m/a over 
the 9-month record (Figure 2a). At the three remaining sites melt rates vary greatly between the two observed 
years (Figures 2b–2d). The melt rate variability at TI04 and TI05 is almost identical (Figures 2c and 2d); first 
a melt rate decrease between January and April 2017 by ∼4 m/a, then a steady melt rate increase between July 
2017 and September 2018 by ∼12 m/a, and finally melt rates plateauing or slightly increasing until January 2019. 
The variability at TI02 is similar, except the melt rate increase begins earlier (Figure 2b). The TI02 melt rate time 
series further suggest a melt rate decrease some time during a data gap between October 2017 and January 2018, 

H (m) 𝐴𝐴 𝐴𝐴𝐴 (m/a) 𝐴𝐴 𝐴𝐴𝐴4𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (m/a)𝐴𝐴 𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (m/a)

TI01 1,936 0.4 ± 0.6 0.5 ± 0.5 0.3 ± 0.4

TI02 1,470 21.3 ± 3.5 22.2 ± 2.2 20.4 ± 2.1

TI04 2,000 21.7 ± 10.5 27.0 ± 5.5 16.4 ± 4.5

TI04 2,100 24.6 ± 11.2 30.6 ± 5.2 18.6 ± 4.8

TI04 2,150 30.4 ± 8.2 33.1 ± 5.3 27.6 ± 5.0

TI04 2,200 35.9 ± 6.3 34.8 ± 5.5 37.0 ± 5.2

TI05 1,910 25.1 ± 4.2 25.4 ± 3.7 24.8 ± 3.5

Note. Results from both methods, 4-m-bin-averaging 𝐴𝐴 ( 𝐴𝐴𝐴4𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚) and single-large-
bin 𝐴𝐴

(

𝑚̇𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

)

 , and their average 𝐴𝐴 (𝑚̇𝑚) are included. Given the uncertainty about 
the ice-base location at TI04, melt rates for multiple possible ice thicknesses 
are listed, the most likely thickness being 2,200 m.

Table 1 
Time-Mean Melt Rate for a Given Ice Thickness H at Each Site
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however, this is most likely an artifact caused by a change in antenna orientation during a revisit in January 2018 
on what is a very complicated and heterogeneous basal reflector. Both end points of the October 2017/January 
2018 gap in data indicate a continued steady melt rate increase over this time period, as would be the case if 
TI02 experienced the same inter-annual melt rate variability pattern as TI04 and TI05. A TI02 melt rate time 
series obtained by averaging results from the two different methods and offsetting time series from each year to 
achieve a steady melt rate increase over the data gap is shown by orange dash-dotted line in Figure 2b. This melt 
rate time series now resembles those from TI04 and TI05 in both the variability and its amplitude. There is also 
higher-frequency variability that is consistent across the three sites, in particular during 2018; there is local melt 
rate maximum between April and May 2018 followed by a pronounced local melt rate drop by 1–3 m/a until July 
2018. Since all three sites show similar timing and amplitude of melt rate variability at monthly timescales, it is 
likely that their inter-annual variability is also comparable, in which case, the offset orange dash-dotted line in 
Figure 2b would provide a more realistic estimate of melt rate variability for TI02 than either of the two raw time 
series.

3.2.  Updated Bathymetry

Our preferred bathymetric model results from an inversion using a bedrock density of (ρ = 2,500 kg/m 3) (Figures 3a 
and 3b and Figure S8b in Supporting Information S1). Again, the seismic observations were not used to constrain 
the inversion but are used to select the preferred model by calculating the mean absolute misfit between the grav-
ity and seismic bedrock elevation inversions across a range of densities. We observe a well-defined minimum for 
a bedrock density of (ρ = 2,500 kg/m 3) where the mean absolute error is 6 m with standard deviation of the misfit 
of ∼270 m, comparable to previous studies (for example, Studinger et al., 2004). The dominant source of these 
discrepancies is likely the result of the long-wavelength nature of the bathymetry model that arises from both the 
frequency content of the gravity observations and the smoothing induced by the regularization during the inver-
sion process. Additionally, misfit will be impacted by variations in bedrock density that were not accounted for 
by gravity shift adjustments as well as errors in gravity field (∼6 mgals), which introduces a ∼100 m uncertainty 
for a density contrast of 1,500 kg/m 3. Thus, given these inherent limitations of the method, relatively large (up to 
400 m) deviations from this model are to be expected.

Similar to the model of Greenbaum et al. (2015) (which formed a basis of the BedMachine dataset at Totten), 
near the grounding line our bathymetric model has a grid north-south ridge that extends approximately 20 km 
downstream of the grounding line (Figures 3a and 3c.), generating several ice rumples that influence ice flow 
(Roberts et al., 2018b). Our model differs from that of Greenbaum et al. (2015) in two significant ways. First, the 
mean depth in our model is significantly greater (∼380 m deeper on average), which is in part due to the lower 
bedrock density used in our preferred inversion (ρ = 2,500 kg/m 3 vs. ρ = 2,700 kg/m 3). A commensurate higher 
mean absolute misfit (∼400m) between our seismic bedrock estimates and those of Greenbaum et al. (2015) is 
also observed. Second, the incorporation of the additional airborne gravity measurements used in our study have 
improved the resolution. For example, a prominent bathymetric high located to the grid west of the rumples in the 
Greenbaum et al. (2015) model is absent in our bathymetric model (white ellipse in Figure 3c).

4.  Discussion
4.1.  Spatial Melt Rate Pattern

The ApRES measurements show that there are large spatial differences in mean melt rates across the back of the 
TIS cavity. Despite the high uncertainty, melt rates at TI04 of ∼22–36 m/a contrast with very low melting at TI01 
of only ∼0.4 m/a. The same grid east-west gradient in melting at the back of the cavity is also captured in the most 
recent satellite-derived mean melt rates of Adusumilli et al. (2020) (hereafter, A2020), but it is missing in the two 
older products of Rignot et al. (2013) and Roberts et al. (2018b) (Figure 1).

The rate of basal melting is typically understood to be proportional to the product of water flow speed and thermal 
driving, the difference between in-situ temperature and in-situ freezing point (for example, Jenkins et al., 2010), 
with additional complexities potentially arising in quiescent environments with strong stratification (Davis 
et al., 2023). Therefore, the very low melt rates at TI01, and along the grid-eastern grounding line in A2020, 
mean that the ocean temperature or the flow speed must be much lower there compared with the remaining sites.

The grid east-west gradient in the melt rates near the TIS grounding line from A2020, supported by our in-situ 
melt rate estimates, can be understood physically using our updated bathymetry. On the grid-eastern side, where 
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the melt rates are low (TI01, Figure 1c), the bedrock is relatively shallow (Figure 3a) and the water column only 
∼100 m thick (Figure 3b). On the grid-western side, where the melt rates are high (TI04), the bedrock is several 
hundred meters deeper and the water column several hundred meters thick. This previously unknown trough 
(Figure 3c) connecting TI04 to the rest of the cavity, is able to conduct warm water located at depth toward the 
grid-western grounding line. Bathymetry also acts to block warm water access to TI01 and the grid-eastern 
grounding line. Furthermore, the grid-eastward reduced water column thickness (Figure 3b) acts together with 
the rumples and partially grounded area between TI01 and TI04 to shield the grid-eastern portion of the TIS 
grounding line from the clockwise cavity circulation (for example, Gwyther et al., 2014). Thus the combination 
of reduced flow speeds due to circulation cutoff and lower temperatures due to bathymetric obstacles lead to low 
melt rates at TI01 and the TIS grid-eastern grounding line in general.

4.2.  Temporal Melt Rate Variability

Focusing on sites TI02, TI04, and TI05, that have melt rate records from both years, we observe weaker melting in 
2017 and stronger melting in 2018 at all three locations, with a year-to-year variability (difference between mean 
annual melt rate in consecutive years) of 7–9 m/a (Figures 2b–2d). Although observations of melt rate evolution 
are still relatively sparse, this is the highest inter-annual melt rate variability observed anywhere in Antarctica 
to date. The 2-year long time series show no sign of a seasonal cycle and indicate that either the dominant time 
scale of variability at the back of the TIS cavity is inter-annual, or we have sampled a time period with anoma-
lous forcing from the continental shelf. Because we have not identified any evidence of the latter, we focus on 
investigating the inter-annual timescales of melt rate variability. The importance of these is supported by previous 
observational and modeling studies (Greene et al., 2017; Gwyther et al., 2018; Nakayama et al., 2021).

For longer-term context, we examine the A2020 satellite-derived melt rate time series. However, as these data 
have not been validated for TIS, we need to carry out a comparison with any available data. This is especially 
important, because for the only published location with time series comparison between A2020 and ApRES, the 
low melting Filchner-Ronne Ice Shelf, A2020 was found to overestimate inter-annual variability by up to an order 
magnitude with no correspondence between the timing of the satellite-derived variability and that from in-situ 
measurements (Vaňková & Nicholls, 2022). First, we find that melt rates co-vary in phase both for the three 
ApRES sites, and at the back of the TIS cavity in A2020 (Figure S12a in Supporting Information S1). In-phase 
variability across the back of TIS is consistent with the spatial pattern of the dominant mode of variability 
according to the model of Gwyther et al. (2018). Second, we find that the A2020 melt rate time series at TIS 
correlate strongly with the curl of the wind stress at the continental shelf (Figure S12a in Supporting Informa-
tion S1), consistent with the mechanism of Greene et al. (2017). The mechanism implicates (unobserved) warm 
water inflow and associated melt rate increase as the connecting pieces that communicate (observed) inter-annual 
changes in wind forcing above the continental shelf to (observed) corresponding changes in ice flow speed.

Having found that the characteristic timescales and the phasing of variability in A2020 are consistent with other data 
and models, we assume that the amplitude of year-to-year variability in A2020 is also accurate and use these time 
series to place the ApRES-observed variability in a longer-term context. We construct histograms of year-to-year 
melt rate difference for each TIS site for both datasets (Figures 4a–4c). For A2020 this results in 25 points, since 
there are 26 years of data available, while for ApRES there is only a single point given by the difference of the two 

Figure 4.  Year-to-year melt rate difference in ApRES and satellite data. (a–c) Histogram shows year-to-year melt rate difference for all available years in Adusumilli 
et al. (2020) at the grid point nearest to each ApRES site; blue (yellow) uses quarterly (3-year low-pass filtered) time series and respective solid lines show means of 
each distribution. Dash-dotted line shows melt rate difference between years 2017 and 2018 observed using ApRES. (d) Mean year-to-year melt rate difference at each 
available point across the back of Totten Ice Shelf (crosses in Figure 1c).
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available years. The A2020 time series are available every 10 km (Figure 1c), and we use the time series from the 
grid point nearest to each ApRES site. The ApRES-observed mean annual melt rate difference between years 2017 
and 2018 falls well within the range of satellite-observed year-to-year variations over the course of the 26 observed 
years. The in-situ observations lie near the mean of the distributions for the unfiltered A2020 time series and are 
higher, but still within the observed range, than average for their 3-year low-pass filtered version (Figure 4d). This 
implies that if the amplitude of year-to-year variability in A2020 is accurate, the 7–9 m/a ApRES-observed melt 
rate difference between 2017 and 2018 is typical for TIS. Therefore we have most likely observed in-situ only a 
part of a longer period cycle and cannot attribute the large year-to-year melt rate change to an anomalous forcing.

While the ApRES-observed melt rates can be obtained from the parameterization of Jenkins et al. (2010) for a number 
of realistic combinations of temperatures and flow speeds, as observed in front of TIS by Rintoul et al. (2016), the 
problem of inferring required temperature and flow speed changes necessary to produce the observed melt rate 
change is relatively under-constrained (Text S2 in Supporting Information S1). In absence of strong stratifica-
tion, the melt rate increase is proportional to the increase of the product between flow speed and thermal driving, 
however, the proportionality constant is strongly dependent on the drag coefficient (CD) that controls the rate of 
heat transfer from the ocean to the ice base. CD can vary widely and few measurements exist. Assuming a CD value 
measured at the Ronne Ice Shelf (Jenkins et al., 2010), the melt rate increase of 8 m/a could be explained either by 
0.4–0.6°C temperature increase, or by 1–3 cm/s flow speed increase (Figure S11 in Supporting Information S1). For 
a rougher base, associated with higher CD, which may be more realistic in close proximity to the TIS grounding line, 
the increase in flow speed and temperature needs to be smaller to achieve the same melt rate change.

Finally, we note that in the A2020 dataset the TIS melt rate time series exhibit by far the highest variance from 
all of Antarctica (Figure S12b in Supporting Information S1). Thus our indirect validation of the inter-annual 
variability in the A2020 time series from TIS is not necessarily transferable to other ice shelves. It also does not 
transfer to other timescales. For example, while the ApRES data do not show significant seasonal variability, 
A2020 has a strong seasonal signal. As a result, the detectability threshold of temporal melt rate variability using 
satellite methods still remains to be determined.

4.3.  Implications of Updated Bathymetry

The most significant feature of our updated bathymetric model is the lack of a broad bathymetric ridge to the 
grid west of the of the ice rumples that produces a relatively thin water column (<50 m) in the BedMachine 
product. While some uncertainties remain, the presence of this broad bathymetric high is incompatible with the 
updated set of gravity and seismic observations. In simulations of Totten Glacier's future evolution, this bathym-
etric ridge influences model behavior in two significant ways. First, this relatively shallow bathymetry results in 
grounding of the ice shelf that applies back stress to upstream grounded ice and reduces the rate of retreat (Pelle 
et al., 2020, 2021). Second, as discussed above in Section 4.1, this ridge acts as a barrier to warm water intrusions 
and as a result can modulate the rate of grounding line retreat (Pelle et al., 2021). Thus, simulations with our 
updated bathymetric model will likely modify our understanding of the region's future evolution.

5.  Conclusions
In-situ melt rate measurements at TIS proved to be key for validating remotely-derived melt rate products. 
Updated bathymetry, constrained by local seismic measurements, uncovered a previously unknown trough and 
provided a physical explanation for a grid east-west melt rate gradient near the TIS grounding zone that was 
inferred by the ApRES data and one of the three available satellite-derived products (Adusumilli et al., 2020). The 
updated bathymetry may solve previous problems with regrounding in ice sheet simulations due to erroneously 
shallow bedrock in the TIS region and therefore result in more accurate sea-level projections (Pelle et al., 2021). 
Both the bathymetry and melt rates will lead to better constrained models of Totten sub-ice shelf circulation and 
melting. The dominant time scales of variability at TIS are inter-annual; in-situ melt rate monitoring at this and 
similar ice shelves will therefore require sustained multi-year monitoring.

Data Availability Statement
All gravity data used in this study are available at National Snow and Ice Data Center (Blankenship et al., 2011, 
updated 2014) and the Australian Antarctic Data Center (Roberts et al., 2018a). All seismic data are available 
at the IRIS-Data Management Center (https://ds.iris.edu/mda/20-017/). The raw ApRES data are available at 
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Australian Antarctic Data Center (Galton-Fenzi & Cook, 2023). The melt rate time series, updated bathymetry, 
as well as code used for the gravity inversion and ApRES processing are available at https://doi.org/10.6084/
m9.figshare.21824580. The ApRES processing scripts are also available at the following repository, https://
github.com/irenavankova/ApRES_processing.
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