
1.  Introduction
The Antarctic Ice Sheet has been losing mass at an accelerating rate over recent decades (Smith et al., 2020). 
Most of this mass loss can be attributed to ocean-driven ice shelf thinning that weakens the buttressing ef-
fect acting on grounded ice and accelerates ice discharge (Gudmundsson et al., 2019). Antarctica's contribu-
tion to sea-level rise over the coming century is likely to accelerate (Seroussi et al., 2020), particularly as a re-
sult of ice loss from marine-based sectors that are susceptible to instability (Schoof, 2007; Weertman, 1974). 
However, the magnitude and timing of future Antarctic ice mass loss in response to climate warming consti-
tute the largest source of uncertainty in projections of sea-level rise (Oppenheimer et al., 2019). Contribut-
ing to this uncertainty is the impact of climate variability on ice sheet mass loss, the upper bounds of which 
are generally poorly constrained (Robel et al., 2019).
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level equivalent and has been losing mass over recent decades. We use an ice sheet model coupled to 
an ice-shelf cavity combined ocean box and plume model to investigate Totten's response to variable 
ocean forcing. Totten's grounding line is stable for a limited range of ocean temperatures near current 
observations (i.e., −0.95°C to −0.75°C), with topography influencing the discharge periodicity. For 
increases of ≥0.2°C in temperatures beyond this range, grounding line retreat occurs. Variable ocean 
forcing can reduce retreat relative to constant forcing, and different variability amplitudes can cause 
centennial-scale delays in retreat through interactions with topography. Our results highlight the need 
for long-term ocean state observations and to include forcing variability in ice sheet model simulations of 
future change.

Plain Language Summary Antarctica's contribution to future sea-level rise is dominated 
by uncertainties in how the ice sheet will respond to ocean warming. Totten Glacier, East Antarctica, 
currently contributes to sea-level rise and is the major outlet glacier in a region with potential to 
significantly raise sea levels. We use an ice sheet model coupled to a combined box and plume ocean 
model to investigate how variability in ocean temperatures can impact ice mass loss in this region. For 
scenarios of ocean temperatures that are near observed, the grounding line position is close to its present-
day location. In these scenarios, interactions between the ice shelf and topography are important in 
controlling the timing between peak ice shelf melting and peak mass changes. For small increases in 
background ocean temperature, we see grounding line retreat. In these scenarios, variability in ocean 
temperatures can reduce ice flux across the grounding line compared with when the ocean temperature 
is constant. Certain amplitudes of variability can delay grounding line retreat by centuries through 
interactions with the topography. This highlights the need for long-term ocean observations in this region 
and to include ocean variability in ice sheet model simulations of future change.
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Totten Glacier is the primary outlet glacier of the Aurora Basin (AB)—draining a region containing 3.9 m of 
global sea level equivalent (Morlighem et al., 2020)—and is likely to be the largest East Antarctic contribu-
tor to sea-level rise over the coming century (Pelle et al., 2020). Similar to studies from the marine sectors of 
West Antarctica (e.g., Jacobs et al., 1996, 2011, 2013; Jenkins et al., 2010, 2018), recent thinning of the Totten 
Ice Shelf (TIS; Adusumilli et al., 2020; Flament & Rémy, 2012) is likely to be driven by increasing intrusion 
of warm Circumpolar Deep Water (CDW; Rintoul et al., 2016; Silvano et al., 2017). A recent modeling study 
shows that under ocean state conditions similar to present-day, Totten grounding line retreat occurs, with 
faster retreat for increasing ocean temperatures (Sun et al., 2016). Should sustained ocean warming cause 
retreat into the main tributary feeding the TIS, where the bed slopes downwards into the interior of the 
continent, Totten is a potential candidate for instability (Pelle et al., 2020). This could lead to substantial 
grounding line retreat, as indicated by paleo evidence of past grounding line locations in the interior of the 
AB catchment (Aitken et al., 2016).

The TIS also has a highly variable thickness record, fluctuating by 2 ± 7.5 m per decade (Paolo et al., 2015). 
This may be linked to variability in the supply of CDW to the ice shelf cavity resulting from wind-driven up-
welling changes (Greene et al., 2017). Recent modeling evidence from West Antarctica suggests that when 
coupled with mean state changes, variability can alternately increase (Holland et al., 2019) or delay (Hoff-
man et al., 2019) ice mass loss and grounding line retreat. However, ocean variability in the Totten region 
is poorly constrained due to a paucity of long-term climate and ocean state measurements in this region. 
Furthermore, the impact of variability in ocean thermal forcing on the long-term dynamics and stability of 
Totten is unknown.

Here, we investigate Totten's response to a range of ocean thermal forcings of different background temper-
atures and amplitudes of variability. We use the finite-element Ice-sheet and Sea-level System Model (ISSM; 
Larour et al., 2012) coupled to the Potsdam Ice-shelf Cavity mOdel combined with a Plume model (PICOP; 
Lazeroms et al., 2018; Pelle et al., 2019; Reese et al., 2018) to parameterize ocean-driven ice shelf basal 
melt rates. We consider the role of topographic pinning points in modulating the impact of variable ocean 
thermal forcing, with the aim of better understanding grounding line stability and dynamics in this system.

2.  Data and Methods
2.1.  Ice Sheet Model

We use ISSM to run simulations of the AB catchment (Figure 1a). The horizontal mesh comprises 114,915 
anisotropic, triangular elements, ranging from a refined mesh of 1 km resolution in the grounding zone of 
the TIS and Moscow University Ice Shelf (MUIS) to approximately 20 km in the interior of the basin. The 
model uses the shelfy-stream approximation (SSA; MacAyeal, 1989) to the Stokes equations. The ice shelf 
front position is held constant throughout each experiment.

The bed topography, initial grounding line, and ice thickness are taken from BedMachine Antarctica 
(Morlighem et al., 2020). Surface temperature and mass balance (SMB) are from the Regional Atmospheric 
Climate Model RACMO2.3 (Lenaerts et al., 2012). Surface velocities are from Rignot et al. (2011, 2017). The 
basal friction is calculated using a linear viscous relation and the spatially varying basal friction coefficient 
is estimated using inverse methods (Morlighem et al., 2013). Both the basal friction and ice stiffness coeffi-
cients remain fixed throughout the simulations (Figure S1). More details on the model and initialization are 
provided in supporting information S1.

We use PICOP (Pelle et al., 2019) to estimate ice shelf melt rates. PICOP builds on PICO (Reese et al., 2018), 
parameterizing both the sub-shelf vertical overturning circulation and the impact of buoyant meltwater 
plumes (Lazeroms et al., 2018) on ocean-driven melt rates. The input far-field ocean salinity and temper-
ature fields represent the average salinity and temperature in the lowest ocean layer of the continental 
shelf region. PICOP estimates of basal melt have been shown to agree well with satellite-derived estimates 
beneath the TIS (Pelle et al., 2019). We apply ice shelf melt rates only to entirely floating model elements 
to avoid overestimating total ice shelf basal melt and, therefore, introducing biases toward more retreat, as 
shown in Seroussi and Morlighem (2018).
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2.2.  Experiments

We consider the ice sheet response to background ocean temperatures (Tb) increasing from Tb1 = −1.15°C 
to Tb7 = 0.05°C in 0.2°C increments. The first set of experiments applies each of these background temper-
atures as temporally constant ocean thermal forcing, leading to seven simulations. The salinity is fixed at 
34.73 on the Practical Salinity Scale PSS-78 following Reese et al. (2018), which is broadly consistent with 
far-field (off-continental shelf) observations (Schmidtko et al., 2014).

The second set of experiments applies a time-varying temperature anomaly to each of the constant back-
ground temperatures Tb1–Tb7. While ship-based observations confirm the presence of CDW from the con-
tinental shelf to the TIS front (Nitsche et al., 2017; Rintoul et al., 2016; Silvano et al., 2017; Wakatsuchi 
et al., 1994; Williams et al., 2011), we do not have the repeat seasonal and multiyear observations to estab-
lish bounds on interannual to decadal ocean variability in this region. We generate our anomaly time series 
based on output from a 200 years numerical ocean model of the Sabrina Coast sector (Gwyther et al., 2018). 
The boundary conditions consist of a repeating invariant annual cycle of forcing. Hence, in this ocean mod-
el simulation, variability with periods greater than 1 year results from ocean dynamics that are generated 
internally (intrinsic ocean variability) as a response to stochastic forcing, but not from multiyear boundary 
conditions or longer-period atmospheric variability. Details of the ocean model simulation are further dis-
cussed in supporting information S2.

We first calculate a normalized autoregressive model of second-order AR(2) (von Storch & Zwiers, 1999) 
that fits the area-averaged sub-shelf (top layer) temperature anomalies of the ROMS simulation. We then 
use the coefficients estimated from this fitting to filter a white noise time series, generating a new temper-
ature anomaly time series that is statistically consistent with that of the original ocean model simulation. 
Extending the length of the white noise record in this way allows us to perform ice sheet model simulations 
for time periods longer than the output of the original ocean model simulation.

The resulting temperature anomaly time series is based on an ocean model simulation that has a lower am-
plitude of variability than observed (Gwyther et al., 2018) and requires scaling to minimize this mismatch. 
We generate forcing time series VA1–VA10 by multiplying the original time series by factors 1–10 (Fig-
ure S2). Here, VA5 is the variability amplitude scaling nominally representative of the observations; the Tb3 
background temperature with variability amplitude VA5 produces melt rates and discharge most consistent 
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Figure 1.  (a) Aurora Basin (AB) model domain, showing the locations named in the text, including the Totten Ice Shelf (TIS), Moscow University Ice Shelf 
(MUIS), and Vanderford Ice Shelf (VIS). The observed ice surface speed (logarithmic scale; m/yr), and ice front, and initial grounding line position (white 
contour) are shown. In both panels, the background imagery is from Jezek (2013). The region within the red box in (a) is enlarged in (b), where the gray shading 
is the BedMachine Antarctica bed elevation (m) (Morlighem et al., 2020). The thin, dashed contours are the final grounding line positions for the constant 
forcing cases (Section 3.1); the thick, solid contours are the final grounding line positions for the VA5 variability cases (Section 3.2). The x- and y-axes are polar 
stereographic eastings and northings (km), respectively, with 71°S as the latitude of true scale and 0°E as the reference longitude.
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with observations (Figure S3). The VA1–VA10 temperature time series have rms amplitudes ranging from 
0.2 to two times the VA5 simulation.

The same VA1–VA10 time series are applied to each background temperature, resulting in a total of 70 
simulations with variable ocean forcing. Each of the constant and variable forcing experiments are run 
for 500 years with a model time step of 5 days. The velocities, geometry (thickness and surface elevation), 
and grounding line are updated at each time step. The first ∼100 years of the simulation time constitutes a 
period of ice sheet adjustment to changed boundary conditions (the time taken to traverse the length of the 
TIS using observed velocity fields is ∼127 years); beyond this the dynamics are internally consistent. Hence, 
in what follows, we present and analyze the final 400 years of the simulations. We note that the periods of 
variability captured in our AR(2) time series might not directly correspond to the dominant periods forcing 
this ice shelf given the ∼127 years ice shelf transit time. However, the focus of this study is the relatively 
short (interannual to multidecadal; see Section 4.3) periods of variability in the ice sheet response.

3.  Results
3.1.  Constant Temperature Forcing

The final grounding line positions for each of the constant temperature forcing cases are shown in Fig-
ure 1b. The final grounding line position is steady only for Tb2; for Tb1 the grounding line advances and for 
Tb3–Tb7 the grounding line retreats over the 500 years simulations. Similar to Schlegel et al. (2018), the rate 
of grounding line migration for our simulations is not constant, but varies temporally and spatially depend-
ing on the local topography that influences the retreat and advance pathways and buttressing (Movie S1).

For Tb2, the final grounding line at the southern end of the TIS—the main tributary through which the 
majority of the mass flux originates—is advanced on a plane of relatively higher bathymetry (Greenbaum 
et al., 2015) and rumples (Figure 1b) that have been previously documented (Roberts et al., 2017). Along the 
eastern flank of the TIS, the final grounding line is generally within 5 km of the observed position. Ground-
ing over rumples also occurs between the ice-ocean front and the “ear canal,” west of the deep bathymetric 
trough that provides a pathway for potential incursion of CDW (Greenbaum et al., 2015).

For Tb3–Tb7, the grounding line first retreats through the eastern flank of the TIS, with faster retreat for 
higher temperatures. For Tb3 and Tb4, the grounding line also retreats approximately 6.5 km into the main 
Totten tributary relative to the Rignot et al. (2017) grounding line, stabilizing on a prograde slope in a region 
of depressed bed topography (Figure 1b) where the TIS is thickest (Morlighem et al., 2020). The MUIS and 
TIS merge within 280 years of the simulation for Tb6. Finally, for Tb7, widespread and rapid retreat results in 
one continuous ice shelf in this region, and melt rates are sufficiently high to drive retreat over the prograde 
bed slope at the southern end of the TIS into the AB.

TIS area-averaged melt rate and discharge (flux across the Totten grounding line) are shown in Figure 2. 
Tb1 shows a reduction in discharge corresponding to a reduced TIS area (fixed calving front, but advanced 
grounding line). For all other experiments, fluctuations in discharge are related to grounding line migration 
as well as variations in ice-shelf thickness and buttressing.

3.2.  Variable Temperature Forcing

The final grounding line positions for the variable forcing cases with amplitude VA5 are shown in Figure 1b 
(Figure S4 shows the grounding line positions for all amplitudes). There is reasonable agreement between 
the final grounding lines for the constant and variable forcing cases, particularly for lower background tem-
peratures. However, for Tb6 and Tb7, the grounding lines for the constant forcing simulations are generally 
retreated compared to the variable simulations. For Tb2 and Tb3, the final grounding line positions are not 
fixed, fluctuating by up to 5 km/decade in some regions. This is particularly the case where there is complex 
topography, such as near the rumples at the southern end of the TIS and along the eastern flank.

The extent of grounding line retreat or advance is not always a clear function of the variability amplitude 
(Figure S4), and neither are the timescales of grounding line retreat. For example, for Tb7, the grounding 
line retreat is slowest for the VA7 amplitude between years 115 and 370. After 370 years, the grounding line 
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rapidly retreats and the final position is close to those of the remaining experiments. Similar retreat behav-
ior is observed for certain variability amplitudes in the Tb2, Tb3, Tb5, and Tb6 cases.

The melt rates and discharge generally increase for increasing background temperatures (Figure 2). The 
Tb2 and Tb3 results show the largest spread in melt rates and discharge across the different variability am-
plitudes; for Tb2, the final discharge rates vary by almost a factor of 2.5 between the VA1 and VA10 cases. In 
scenarios of grounding line advance and retreat (i.e., Tb1 and Tb5–Tb7), variability leads to lower mean melt 
rates compared with the constant forcing cases, with subsequent reductions in discharge.
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Figure 2.  Left y-axis for each panel is TIS area-averaged melt rate (Gt/year) and the right y-axis is discharged into 
TIS (positive from grounded to floating ice; Gt/year) for (a) Tb1 – (g) Tb7. The bold lines are values from the constant 
thermal forcing experiments. The shaded areas represent the range of scenarios for the variable thermal forcing 
simulations and the thin solid line is the median value of this range for the given background temperature. Note the 
different y-axis scales. The temperature value reported next to each experiment name is the far-field mean ocean 
thermal forcing.
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4.  Discussion
4.1.  Grounding Line Stability

Our simulations over a range of background ocean temperatures collectively encompass scenarios of 
grounding line advance, stability, and retreat (here, we use “stable” to indicate grounding line fluctuations 
of less than 5 km). Under constant and variable thermal forcing, the grounding line is stable only for Tb2. 
For Tb3, the grounding line retreats continuously in the latter half of the constant forcing scenario, which 
is consistent with the findings of Sun et al. (2016); for VA5, the grounding line retreats early, then advances 
to a similar final position to the constant case. Given that the Tb3 far-field ocean temperature is closest to 
observed (Reese et al., 2018; Schmidtko et al., 2014), this indicates that ocean variability could play a role 
in stabilizing grounding line migration under present-day ocean forcing. The southern-most portion of the 
grounding line in the Tb3 simulation is closest to its observed location during periods of contact between the 
TIS and the southern rumple (Section 4.3), suggesting a controlling influence of topography on grounding 
line stability under present-day forcing, as previously hypothesized (Roberts et al., 2017).

For Tb1, grounding line advance occurs and the final locations from all experiments except VA1 and VA2 
are within 3.5 km of each other (Figure S4). Small increases in the background temperature beyond Tb2 
lead to grounding line retreat compared with the observations. As previously reported (Pelle et al., 2020; 
Sun et al., 2016), grounding line retreat occurs first and is most extensive through the eastern flank, al-
though retreat here has a limited impact on sea-level rise (Pelle et al., 2020). Grounding line retreat onto 
the retrograde-sloping bed of the AB—where marine ice sheet instability might arise—occurs only for Tb7 
under both constant and variable forcing. The addition of variability in the retreat scenarios tends to reduce 
grounding line migration.

There are a number of limitations in our modeling approach that impact the estimates of grounding line 
migration, including: (1) PICOP does not capture coupled ice-ocean processes that impact the magnitude 
of basal melting and consequent buttressing (Seroussi et al., 2017; Snow et al., 2017); (2) the use of SSA, 
which can lead to less grounding line migration and mass loss than the Stokes equations (Yu et al., 2018); 
and (3) we use the Budd et al. (1979) friction law that has been shown to produce more extensive grounding 
line migration under warming scenarios than other friction laws (Yu et al., 2018). It is possible that (2) and 
(3) partially compensate for each other; nevertheless, future work should explore the effects of these on ice 
mass loss estimates from the AB.

4.2.  Ice Sheet Dynamics

The impact of variability on ice sheet dynamics depends on the complex interplay between the mean ocean 
thermal forcing, the variability amplitude, and the ice sheet response to these forcings, modulated by inter-
actions with topography.

For Tb1, Tb3, and Tb5–Tb7 the ice sheet responds differently to variable forcing than to constant forcing, with 
a reduction in grounding line migration and discharge under variable forcing relative to constant forcing 
(Figures 1b and 2). This may be linked to the fact that the TIS is thicker on average under variable forcing 
than constant forcing for Tb1, Tb3, and Tb5–Tb7, which implies increased buttressing and an effective cap 
on discharge in the variable forcing cases (Figures 2 and S5). Hoffman et al.  (2019) report a similar re-
sult, which they demonstrate arises from nonlinear dynamics in the ice sheet response to variable forcing, 
whereby the system is more sensitive to increases in ice thickness during periods of lower average melt than 
to ice shelf thinning under heightened melt rates. It is possible that a similar nonlinear dynamic response is 
operating in this study, particularly given that a nonlinear dynamic response to ice shelf thinning is also ev-
ident in Reese et al. (2018) (supporting information). There is also a reduction in grounding line retreat for 
Tb4 under variable forcing compared with constant forcing. However, the discharge under variable forcing 
for Tb4 is slightly higher in the final 100 years of simulation, reflecting generally higher melt rates as the ice 
shelf geometry adjusts to ongoing grounding line migration.

The same response is not seen for Tb2 under variable forcing. In this case, there is a greater spread between 
the final grounding line positions through the main Totten tributary for Tb2 than for any other background 
temperature (Figure S4), which leads to a large spread of discharge estimates for the VA1–VA10 simulations 
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(Figure 2). In eight of the 10 variable forcing simulations, the grounding lines are retreated compared with 
the constant case (which is advanced compared to observed) and located in regions of deeper bathymetry 
and/or faster ice flow, which leads to greater discharge. It is possible that Tb2, which is only slightly cooler 
than observed, is close to a threshold temperature for this system, such that small perturbations in ocean 
temperature above − 0.95°C can lead to relatively large differences in grounding line locations and dis-
charge. This warrants further investigation, particularly into the observations that are needed to establish 
the mean ocean state and stability thresholds, and the role of fine-scale topography in influencing ground-
ing line migration in the main Totten tributary.

The extent and timescales of grounding line migration do not necessarily correlate with the variability am-
plitude. For example, in the VA7 simulation for Tb7, the grounding line retreat is delayed between years 115 
and 370 compared with all other variability amplitude cases (Figure S6) due to stabilization along a ridge at 
the south-eastern end of the TIS. For Tb2, the VA6 simulation has the most retreated grounding line of any 
of the variability amplitudes along parts of the eastern flank (Figure S4). Similar anomalous behavior for 
different variability amplitudes occurs for each of the background temperatures (Figure S4). These results 
suggest that specific forcing frequencies may be amplified or attenuated under certain amplitudes of ocean 
variability (Figure S7), modifying the ice sheet dynamics and response timescales. This may also explain 
the lack of a consistent relationship between variability amplitude and TIS thickness and discharge for all 
background temperatures (Figure S5). This result complicates the interpretation of observations as it indi-
cates that neither the amplitude of variability nor the background temperature magnitude is a sufficient 
predictor of the timing of the ice sheet response or even the phase of the response over the timescale of 
current observations.

4.3.  Discharge Periodicity

Finally, we investigate the impact of ocean variability on the ice sheet response timescales for the Tb3 case 
where the melt rates and discharge are consistent with observed (supporting information S3; Adusumilli 
et al., 2020; Li et al., 2016). We aim to characterize the faster response timescales to ocean-driven ice shelf 
melt—due to changes in buttressing and grounding line migration—by investigating the correlation time 
offsets between ice shelf melting and discharge.

We analyze 2-month output time series from years 275 to 475 of the Tb3 variable simulations, a period over 
which the grounding line location is relatively stable (i.e., perturbations generally <5 km over the 200-year 
period) and contact is maintained at the rumples. The power spectra of ice discharge show higher power at 
lower frequencies for all variability amplitudes (Figure 3a), despite higher power at higher frequencies in 
the subshelf temperatures and melt rates (Figure S7).

The strongest agreement in the normalized power of the melt rates and discharge occurs on decadal to 
multidecadal timescales. We apply a lowpass filter with a 20-year cutoff to the melt rate and discharge time 
series, and cross-correlate these variables across a range of time lags (Figure 3b). The median lag time that 
maximizes the normalized cross-correlation corresponds with the ice discharge lagging the ocean-driven 
melt by 6 years (Figure 3c). Roberts et al. (2017) hypothesized that the rumples play an important role in 
determining the ice sheet response timescales to ocean forcing. In their study, they reported a ∼7-year pe-
riodicity in surface elevation changes at the rumples, which corresponds well with the estimate of the lag 
time between melt extrema and discharge found in our variability simulations and with variability in our 
TIS thickness record (Figure S8). Our results support the hypothesis that the rumples play an important 
role in controlling the higher-frequency ice sheet response—grounding line stability and mass loss—under 
ocean forcing similar to present-day.

An increase in the variability amplitude leads to relatively higher power at higher frequencies of melt (Fig-
ure S7) and a shorter lag time between melt and discharge compared with VA1–VA3 (Figure 3). However, 
our VA1 simulation—in which the melt rate spectrum is dominated by low-frequency modes—still leads to 
lower discharge compared to the constant case, highlighting the importance of variability in modifying the 
ice sheet dynamic response.

Previous studies (Hoffman et  al.,  2019; Snow et  al.,  2017) show that low-frequency forcing modes (i.e., 
forcing on timescales greater than the ice shelf residence time) have a controlling influence on the ice sheet 
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response timescales. Recent work also shows that ocean forcing on decadal timescales can have centen-
nial-scale impacts on the ice sheet response (Christian et al., 2020). Our ocean forcing contains relatively 
high power on decadal timescales (Figure  S2b). However, the spectra of the resulting melt rates reflect 
intrinsic ice shelf-ocean interactions, and do not necessarily correlate with the forcing spectra or show 
dominance in the lower frequency modes. This may impact the consequent ice sheet response timescales 
in our simulations.

Furthermore, we did not consider the impact of specific, idealized periods of forcing on the ice sheet re-
sponse, although it is inevitable that a change in the forcing spectrum (e.g., containing more quiescent peri-
ods, or more power at low frequencies) would lead to different results. Instead, our results show that small 
changes in the ocean variability amplitude can lead to large differences in the ice sheet response timescales 
and at spatial and temporal scales that require local observations to quantify. Changing the period could 
result in similarly large differences, particularly when these changes in thermal forcing trigger the crossing 
of thresholds or tipping points in the ice sheet response. Future work should focus on better understanding 
the character and impact of the ocean forcing periods in this region, through long-term ocean observation 
and numerical modeling studies.

5.  Conclusions
We investigated the impact of variable ocean thermal forcing on Totten Glacier stability and dynamics. Our 
results show that the system is highly sensitive to small perturbations both in the mean ocean state and 
in the amplitude of variability. We find that the grounding line is stable for a limited range of background 
temperatures close to present-day forcing (i.e., −0.95°C to −0.75°C). Outside this limited range, large-scale 
grounding line advance or retreat occurs, and the addition of variable forcing in these scenarios can reduce 
discharge and grounding line migration compared with constant forcing. Small differences in the amplitude 
of variable forcing—and the frequencies that this can amplify or attenuate—under common background 
temperatures can lead to decadal-scale to centennial-scale delays in grounding line migration. This suggests 
that the forcing amplitude is not necessarily a clear predictor of the ice sheet response timescales.

Our results show that the degree to which ocean variability impacts ice dynamics, and the timescales over 
which the response occurs, depends on the complex interplay between the ocean mean state and variabil-
ity, and ice sheet-topographic interactions. Further investigation into the complexities of the ice-climate 
interactions in this system is required to establish thresholds for future instability. This is particularly rel-
evant given the lack of agreement in future scenarios of climate forcing (e.g., see Greene et al., 2017), and 
the fact that dominant modes of global climate variability show strong interdecadal and intercentennial 
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Figure 3.  Analysis of the Tb3 simulations VA1–VA10, for high resolution (2-month) output between years 275 and 475. (a) Lomb-Scargle power spectral density 
of discharge; (b) lead-lag cross-correlation between melt and discharge, where the autocorrelation of each time series at zero lag is normalized to be identically 
1.0 and where a lowpass filter with a 20-year cutoff has been applied to the melt rate and discharge time series; (c) lag time (years) of maximum normalized 
correlation between melt and discharge (a negative lag indicates that melt leads discharge), where the vertical line represents the median lag time (−6 years) 
across the simulations.
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modulation (e.g., Wittenberg, 2009). Such an investigation should include: repeat (seasonal and multi-year) 
hydrographic measurements to characterize ocean variability and trends; characterization of tropical to 
polar atmospheric teleconnections that drive variability in the wind stress fields and consequent upwelling 
of CDW onto the continental shelf; more accurate and precise mapping of (potentially small-scale) topog-
raphy, particularly near the southern end of the grounding line and in regions where the topography plays 
an important role in stabilizing the system; and model ensembles to investigate uncertainty in projections 
of future sea-level rise.

Data Availability Statement
All of the data sets and source code used in this study are publicly available. The authors use version 4.19 
of the open-source ISSM software, which is freely available for download from https://issm.jpl.nasa.gov/
download/. All the model initialization data sets used in this study are already available and are cited in 
this study and its supporting information file. The script used to parameterize the model is also provided as 
supporting information (ds01.par).
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