
1.  Introduction
The ice shelves of the Amundsen Sea Embayment contribute several hundred gigatonnes of melt water per year 
to the ocean (Adusumilli et al., 2020). In addition to causing a loss of buttressing that can lead to sea level rise 
(Favier et al., 2014; Goldberg & Holland, 2022; Joughin et al., 2014; Seroussi et al., 2017), the flux of fresh 
water has impacts on the ocean as well. Ice-shelf melt drives upwelling of large volumes of Circumpolar Deep 
Water (CDW) and thinning of sea ice on the continental shelf (Jourdain et al., 2017)—the latter of which could 
have implications for biological production in seasonal polynyas (Arrigo et al., 2012). The addition of freshwa-
ter can stratify the ocean and also feed back on delivery of CDW to ice-shelf cavities (Bett et al., 2020; Kimura 
et al., 2017; Mathiot et al., 2017; Silvano et al., 2018).

Subglacial discharge at ice-shelf grounding lines is another source of fresh water. Like ice-shelf melt, it adds 
buoyancy at depth, which leads to upwelling of dense waters. At tidewater glaciers in Greenland and elsewhere, 
it is known that subglacial runoff leads to upwelling and strong melt at the terminus (e.g., Jenkins,  2011; 
Motyka et al., 2013; Slater et al., 2015), but also influences circulation within the fjord (Cowton et al., 2016; 
Slater et  al.,  2018). In Antarctica, subglacial runoff is observed to induce strong grounding-line melt and 
ice-shelf channel formation (Drews et  al.,  2017; Le Brocq et  al.,  2013), but few studies have attempted to 
quantify its impact on ocean physics. This is in part because comparatively little is known about Antarc-
tic subglacial hydrology: little supraglacial melt is transported to the bed, melt is generated through fric-
tional heating and geothermal flux (Van Liefferinge & Pattyn, 2013), and runoff is very poorly constrained. 
Still, Joughin et al.  (2009) calculated subglacial melt values of 1.7 and 3.5 Gt/a for the catchments of Pine 
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Island and Thwaites glaciers, respectively, similar to annual runoff for large Greenland glaciers (Mernild 
et  al.,  2010a,  2010b). These mean values are small relative to ice-shelf melt, but observations of subgla-
cial lake drainage suggest rates up to 50 Gt/a or more could be sustained for months (Malczyk et al., 2020; 
Smith et al., 2017). The transience and episodic nature of Antarctic subglacial runoff is further supported by 
direct observations of grounding-line discharge (Davis et al., 2023). It is therefore reasonable to ask how this 
runoff impacts submarine melt and ocean circulation, and how this varies with runoff magnitude and temporal 
character.

Nakayama et al. (2021) used a high-resolution model of Pine Island ice shelf cavity with a representation of runoff, 
in order to explain high satellite-observed melt rates which are not captured by models considering CDW-driven 
melt alone. Gwyther et al. (2023) use a regional model to show the role of runoff buoyancy in driving melt under 
Totten ice shelf and subsequent transport of the runoff tracer on the continental shelf. Importantly, these studies 
look primarily at local effects within the cavity where runoff is introduced. On the other hand, non-local effects 
of subglacial runoff, that is, its effects on sea ice, hydrography, and conditions in other ice-shelf cavities, have 
not been examined.

In this paper we apply modeled runoff from the catchments of Pine Island, Thwaites, Smith, and Getz glaciers to a 
regional sea ice-ocean-ice shelf model of the Amundsen Sea. The model is run for two decades; both time-constant 
and varying runoff scenarios are investigated. We focus both on local and non-local effects in our analysis. We 
find that runoff causes local increases in melt, consistent with other studies; but can influence melt in other ice 
shelves as well (both positively and negatively). We find also that runoff leads to a reduction of summer sea ice 
volume over the majority of the Amundsen continental shelf. It is seen that the effects of runoff on non-local melt 
are similar to that of ice-shelf melt in equivalent volumes; but that the effects on summer sea ice differ qualita-
tively from those of ice-shelf melt due to differences in the generation of subglacial and ice-shelf melt.

2.  Methods
2.1.  Regional Ocean Model

We model regional sea ice, ocean circulation and ice-shelf melt with the MITgcm (Losch, 2008; Losch et al., 2010; 
Marshall et al., 1997). The configuration is very similar to that of Naughten et al. (2022), which builds upon that 
of Kimura et al. (2017) and Bett et al. (2020). The domain extends from 140 to 70°W and 75.65–62.4°S, with 
resolution approximately 0.025° latitude (∼2.5 km) on the Amundsen shelf. Bathymetry and ice-shelf draft are 
interpolated from BedMachine Antarctica version 2 (Morlighem et al., 2020). Ocean-facing boundary conditions 
are sourced from the World Oceanographic Atlas (Locarnini et al., 2018; Zweng et al., 2019) and the B-SOSE 
state estimate (Verdy & Mazloff, 2017), and surface forcing is from ERA5. The Bear Ridge iceberg “wall” and 
iceberg freshwater flux from Bett et al. (2020) is used. Our model differs from that of Naughten et al. (2022) 
only in that rather than the Merino et al. (2016) iceberg freshwater flux, that of our model assumes a constant 
flux along the coastline. The impacts of this choice of iceberg flux were found to be negligible (K Naughten, 
pers. comm.), and so in this study we consider results of our baseline experiment (see below) to reflect those of 
Naughten et al. (2022).

Naughten et al. (2022) provides validation against available oceanographic and remotely sensed observations. 
Thermocline depth at Pine Island is captured well, but less so in front of Dotson ice shelf. Deep temperatures 
for both are underestimated post-2012 but well captured before. Temporal evolution and maximum extent of 
sea ice is well captured though summer extent is underestimated (the annual minimum has a negative bias of 
64%). Inter-annual melt variability is well captured for Dotson and Pine Island, but Pine Island melt magnitude 
is slightly underestimated, especially in the late 2000s. Thwaites melt is low relative to Adusumilli et al. (2020), 
though there are no oceanographic estimates yet available to compare. Importantly, the tuning of this configura-
tion did not take subglacial runoff into account. We refer below to this configuration as the baseline. For more 
detail on the configuration see Naughten et al. (2022).

2.2.  Subglacial Runoff

In most of our experiments, our ocean model is forced with subglacial runoff. Our calculation of runoff volumes 
and locations is described here, followed by description of how runoff is implemented in the ocean model.
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2.2.1.  Melt Calculation

In order to provide an estimate of time-mean runoff at the grounding line, we first estimate the pattern of subgla-
cial melt. To do so we solve the basal heat balance (e.g., Cuffey & Paterson, 2010; Joughin et al., 2009):

𝑚𝑚𝑏𝑏 =
𝐺𝐺 + 𝜏𝜏𝑏𝑏𝑢𝑢𝑏𝑏 − 𝑘𝑘𝑖𝑖Θ𝑖𝑖

𝐿𝐿𝑖𝑖𝜌𝜌𝑖𝑖
,� (1)

where mb is basal melt rate, G is geothermal flux, ki is thermal conductivity, Θi is ice basal temperature gradient, 
Li is ice latent heat, ρi is ice density, and τb and ub are basal drag and speed, respectively.

To calculate the frictional heating term τbub, we use the ice-sheet model STREAMICE (Goldberg & 
Heimbach, 2013), which uses a higher-order approximation to Stokes flow and is capable of representing verti-
cal shear as well as fast sliding flow regimes. To estimate τbub an inversion is carried out for basal drag and ice 
stiffness parameters. As described in Goldberg and Holland (2022), the stiffness parameter is initialized using 
a modeled temperature distribution (see below), and is allowed to vary though deviation from this initial distri-
bution is penalized within grounded portions of the domain. The ice-sheet model is run at 2 km resolution over 
the Amundsen region (Figure 1), and the MEaSUREs (Rignot et al., 2011) Version 2 product, interpolated to 
the domain, constrains the inversion (Figures 1a and 1b). The resulting basal velocity and basal drag are then 
used to generate the frictional heating term (Figure 1c). Ice-sheet inversion requires specification of regular-
ization parameters to prevent ill-posedness (Goldberg et al., 2019). The influence of these parameters on the 
model-observation fit was investigated, but they were found to have little impact on large-scale melt rates.

Heat flux from Martos et al. (2017) is used for G, with a topographic correction to account for small spatial scales 
(Colgan et al., 2021). STREAMICE does not have a thermomechanical component, therefore a modeled estimate 

Figure 1.  (a) Ice speed from the MEaSUREs data set within the model domain. (b) Modeled ice speed after inversion for basal friction and ice stiffness. (c) Frictional 
heating corresponding to the model solution in panel (b), where the black contours show regions of high speed for Thwaites and Pine Island. (d) Calculated melt rate in 
runoff experiment.
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of ice temperature (Van Liefferinge & Pattyn, 2013) is used to calculate the vertical gradient, as well as for gener-
ation of the initial guess for ice stiffness. The vertical conduction term (Figure S1a in Supporting Information S1) 
is small relative to the geothermal heat flux (GHF) and frictional heating: the domain-integrated contribution of 
conduction is approximately 2 × 10 11 W, which is approximately 10% of either dissipation or geothermal flux. 
Since geothermal flux (Figure S1b in Supporting Information S1) and dissipation are uniformly nonnegative and 
conduction is uniformly nonpositive, conduction accounts for approximately 10% of melt—meaning that even 
large errors in this term will have a small effect on overall melt and runoff at the grounding line. The calculated 
melt rate is shown in Figure 1d.

In a sensitivity experiment, the components of the above calculation are modified as follows: G and Θb remain 
the same, but frictional dissipation τbub is increased within the regions of fast flow of Pine Island and Thwaites 
(Figure 1c). Within each of the regions indicated, dissipation is increased uniformly by an amount equal to the 
mean frictional heating within that region. The rationale behind this experiment is that if there is a change in melt 
volume in the future, it will likely be due to a change in frictional effects rather than in geothermal flux. However, 
the imposed change in frictional heating is not based on ice-sheet projections, it is simply a means of assessing 
the impact of larger runoff.

2.2.2.  Subglacial Routing

We use the routing model of Le Brocq et  al.  (2009) to determine the flux at the grounding line. Le Brocq 
et al. (2009) uses a laminar flow closure which relates subglacial flow velocity to background hydraulic potential, 
and uses this to derive a steady-state solution for subglacial flux. Subglacial flow is not coupled to water pressure 
in the model, and so modeled hydraulic potential depends only on ice thickness and bed elevation. The BedMa-
chine Antarctica version 2 product (Morlighem et al., 2020) is used for these fields. Figure 2a shows the routing 
solution using the melt from Figure 1d.

2.2.3.  Time Dependent Runoff

The above calculations generate a time-independent melt rate, intended to represent the average melt over long time 
periods. However, lake-drainage observations suggest that runoff is strongly time-varying. For time-dependent 
runoff, the time series of Malczyk et al. (2020) is used. The data describes volume change rates of 4 active lakes 
in the upstream part of Thwaites glacier. A time series of total volume loss is found by summing the contributions 
of all lakes. The result (Figure 2b) shows intra-annual variability on the order of 3–5 Gt/a over the 2011–2015 
period, but the most noticeable feature is a pulse of up to 50 Gt/a that lasts for about 1 year (2013–2014).

Figure 2.  (a) Routing flux from Le Brocq et al. (2009) model calculation, with color range saturated to show entire network. Blue pixels represent ocean according to 
the BedMachine product, and white pixels are where the computation could not be carried out. The dashed black lines indicate the extent of the Thwaites grounding 
line in the Thwaites only and time dependent runoff experiments. (b) The runoff forcing for the time dependent runoff experiment. Black curve: combined rate of 
observed volume change under the four mapped lakes under Thwaites. Blue curve: a Gaussian profile which is an idealization of the observed change. The blue curve is 
zero prior to January 2013.
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In the experiment forced by time-dependent runoff, an assumption is made that the water which collects in these 
lakes is mainly drainage from the upstream, slower-flowing parts of the catchment where there is relatively little 
frictionally driven heating. Thus, we partition runoff into a steady component, driven by frictional heating and 
thermal conduction alone; and a time-dependent component. The steady component is found simply by setting 
GHF to zero and routing the melt as described above. For the time-dependent component, the runoff flux is set to 
zero for all cells away from the Thwaites grounding line (dashed lines in Figure 2a), and flux along the ground-
ing line is scaled so that the total flux (for the time-dependent component) follows the idealized time series in 
Figure 2b. In other words, there is a steady runoff along the grounding line of the domain corresponding to fric-
tional heating only, and from 2013 to 2014 there is an additional pulse representing lake drainage.

2.3.  Implementation of Runoff in Ocean Model

In order to implement runoff within MITgcm, the grounding line runoff from the routing product described above is 
first interpolated to the ocean grid. The grid of the routing model is in polar-stereo coordinates with 500 m resolution, 
and the ocean grid is in latitude/longitude coordinates with an approximately 2.5 km resolution, so the grounding line 
of the ocean model does not perfectly align with the edge of the routing domain. Runoff is therefore interpolated as 
follows. The output of the routing model is a gridded field which contains volumetric fluxes (in m 3/s) that represent 
the flux coming out of each cell. Cells where the routing network terminates are identified. For each one of these cells, 
the flux is added to the nearest nonempty ocean column, generating a 2D field which is used to force the ocean model.

The runoff is assumed to enter the ocean with zero salinity and to be at the pressure-depressed freezing point. At 
each time step of the ocean model, in columns with nonzero grounding line flux as determined by the process 
above, the salt and temperature tendency in the deepest ocean cell are thus updated according to this flux value:

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖

𝑑𝑑𝑑𝑑
=

𝑄𝑄𝑖𝑖(0 − 𝑆𝑆𝑖𝑖𝑖𝑖𝑖)

𝐴𝐴𝑖𝑖ℎ𝑘𝑘

,� (2)

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖

𝑑𝑑𝑑𝑑
=

𝑄𝑄𝑖𝑖(𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑏𝑏 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑖)

𝐴𝐴𝑖𝑖ℎ𝑘𝑘

,� (3)

where i refers to the column, and k to the depth level, of the bottom cell; Si,k, Ti,k, and pi,k are the salinity, temper-
ature, and pressure, respectively, of the cell at the current time step; Qi is the flux into the column; and b is 
the freezing point dependence on pressure (set to −7.61 × 10 −4°C per dbar). Where the bottom cell is below a 
minimum thickness (in this study 40 m), the tendency is distributed over the bottom two cells in a conservative 
fashion similar to the under-ice shelf boundary layer treatment of Losch (2008), in order to prevent overly strong 
freshening and cooling. The above changes are made to MITgcm version 67v.

The treatment does not affect ocean momentum (velocities)—this is in contrast to Nakayama et al. (2021) and 
Slater et al. (2015), which implement runoff through open boundary conditions. However, given the low resolu-
tion of the model, this impact is likely to be small.

2.4.  Ice-Shelf Cavity Overturning

In the analysis of sea-ice response to runoff, rates of volumetric overturning under the Amundsen ice shelves 
are calculated. In this calculation the horizontal convergence of flow below a certain depth is taken as a proxy 
for overturning. Convergence is calculated by integrating horizontal convergence of velocity at each depth layer 
underneath the ice shelf, giving the net flux per unit depth leaving the cavity at that depth level. This quantity 
is then integrated vertically up to a certain depth, chosen as the depth for each ice shelf below which there is 
predominantly inflow of warm water. This depth is chosen as 600 m for Thwaites and 550 m for Pine Island 
(Figure S2 in Supporting Information S1).

2.5.  Experiments

Table 1 summarizes the experiments carried out in our study. We refer to the ocean simulations forced by the two 
steady runoff cases as the runoff and hi runoff experiments, and to the run forced by lakes data as time depend-
ent runoff. An additional experiment, Thwaites only, is carried out where runoff is as in the runoff experiment, 
but set to zero away from the Thwaites grounding line (see dashed lines in Figure 2a). Additionally, we consider 
two scenarios without runoff but where melt rates are modified by changing cfric, the drag coefficient governing 
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ice shelf basal melting (Dansereau et al., 2014). In increased cfric, this value is increased from 0.004 to 0.0055, 
but only under Pine Island, Thwaites and Dotson/Crosson ice shelves. The purpose of this experiment is to assess 
the sensitivity of shelf conditions and sea ice response to freshwater sourced from ice shelf melting as opposed 
to subglacial runoff. Specifically, the value of cfric is chosen so that the combined time-mean melt increase for 
Pine Island, Thwaites and Dotson/Crosson (relative to baseline) is similar to the increase in fresh water discharge 
(runoff and melt) from these ice shelves in the runoff experiment. The frictional coefficient of Getz ice shelf 
is left unchanged in this scenario due to its low sensitivity to runoff (Section 3.1). The increased Thwaites 
cfric experiment is similar, but here cfric is modified only under Thwaites ice shelf (from 0.004 to 0.01), with the 
purpose of investigating freshwater effects on cavity stratification as a function of water source. Each experiment 
is run for 20 years from 1 January 1995 to 31 December 2014, beginning from the saved state of the baseline run. 
A freshwater tracer for combined runoff and ice-shelf melt is implemented in the baseline experiment.

In the runoff experiment, the majority of the runoff enters the Amundsen through three large channels beneath 
Thwaites and Pine Island glaciers (Figure 3). The total runoff across the Thwaites and Pine Island grounding lines 
are approximately 4.6 and 2.7 Gt/a, respectively. These values are larger than those cited in Joughin et al. (2009), 
though this could result from the use of a different GHF estimate (Joughin et al. (2009) used a constant value 
for GHF), a more recent velocity estimate, or both. In hi runoff these increase to 6.8 and 3.9 Gt/a, respectively. 
Meanwhile, at most 0.4 Gt/a enters from each of the Dotson/Crosson and Getz grounding lines. In time depend-
ent runoff, runoff reaches nearly 50 Gt/a, but only for a few months (Figure 2b).

Examination of the freshwater tracer in the baseline experiment shows a domain-mean concentration that rises 
steadily to ∼6% from 1995 to 2003, after which it varies by less than 10% (Figure S3 in Supporting Information S1). 

Figure 3.  (a) A subset of the model domain containing the continental shelf and modeled ice shelves (full domain is given in the inset), with ocean bathymetry as 
copper shading. Red-blue shading shows the time-mean change in melt in the runoff experiment relative to baseline. Where ice is grounded, the routing solution 
corresponding to the runoff experiment is shown on a logarithmic (green-yellow) scale. The black boxes indicate the regions used for the Hovmöller diagrams in 
Figures 6 and 7. Relevant ice shelves are identified (GIS: Getz; DIS: Dotson; CrIS: Crosson; TIS: Thwaites; PIIS: Pine Island. The green line extending from the 
island between DIS and CrIS is the Bear Ridge iceberg “wall” from Bett et al. (2020). (b) Time series of monthly melt rate corresponding to Pine Island, Thwaites, and 
Dotson/Crosson ice shelves in the baseline run.

Experiment Steady runoff component Time-Dep. Runoff component Modified cfric

Baseline — — —

Runoff domain — —

Hi runoff increased τbub — —

Time dependent runoff τbub only Malczyk et al. (2020) —

Thwaites only Thwaites catchment only — —

Increased cfric — — 0.0055 (PIIS, TIS, DIS/CrIS only)

Increased Thwaites cfric — — 0.01 (TIS only)

Table 1 
A Listing of All Experiments Carried out in This Study, in Terms of Steady and Time-Dependent Runoff Forcing and 
Modification of Melt Parameters
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It is inferred that the adjustment time of the system to the input of a tracer (such as freshwater runoff) is approxi-
mately 8 years. Therefore any “non-local” effects of runoff on melt may not be fully realized until after this time, 
whereas the response of melt to “local” runoff is much faster (Nakayama et al., 2021). Therefore, in our study 
“local” impacts of runoff on ice-shelf melt and overturning are analyzed for the full 1995–2015 period, whereas 
“non-local” effects on ice-shelf melt, and sea-ice and ocean characteristics on the continental shelf, are analyzed 
over the 2003–2015 period. In the time dependent runoff experiment, which is inherently transient, there is no 
assumption of adjustment to the episodic runoff.

2.6.  Limitations of Approach

The inclusion of subglacial runoff in a three-dimensional ocean model of ice-ocean interaction is relatively new; 
only a handful of studies have done so (e.g., Cowton et al., 2016; Gwyther et al., 2023; Nakayama et al., 2021; 
Slater et al., 2015). Thus we consider the assumptions and potential limitations in our approach. Here we limit 
our discussion to how we represent transport of subglacial water underneath the ice sheet, and its introduction to 
the cavity at the grounding line.

As discussed above, a routing approach is used to assess transport of melt to the grounding line. This routing 
model takes a very simplistic view of subglacial hydrology. In reality, ice-sheet subglacial flow exhibits distrib-
uted and channelized regimes, and effective pressures which depend on both subglacial flux and ice-sheet dynam-
ics (Brinkerhoff et al., 2021; Nienow et al., 2017), and a model which resolves these processes might be necessary 
to fully represent the subglacial environment of Amundsen ice streams. We note that grounding line flux in our 
runoff experiment compares well with a recent study of Thwaites using a more sophisticated model of hydrology 
(Hager et al., 2022). Our calculated grounding line flux (4.6 Gt/a) is within the range found by their study, and 
exits at a similar location (their Figure 5). Still, we emphasize that our routing model does not give a complete 
picture of the subglacial environment.

The design of our time dependent runoff experiment implicitly assumes a one-to-one correspondence between 
lake drainage and runoff. This is unlikely due to transit time, subglacial storage, and the potential for unobserved 
lakes or drainage out of the Thwaites catchment. It also neglects additional subglacial melt due to frictional heat-
ing associated with channelized flow. Very little is still known about the Antarctic subglacial environment, and 
our representation captures to leading order the evidence that areas close to the grounding line exhibit efficient 
drainage (Hager et al., 2022; Schroeder et al., 2013). Still, it should be kept in mind that the runoff response to 
lake drainage may be lagged or muted—neither of which is represented here—and that the contribution may be 
larger or smaller than that considered.

Finally we emphasize that neither the runoff, hi runoff nor the time dependent runoff forcings are intended as 
the “correct” representation of subglacial runoff in a spatial or temporal sense. Rather, we present our scenarios 
as end-members representing time-constant and episodic modes of runoff. Furthermore, our model resolution 
may be too coarse to capture detailed melt patterns of ice-shelf melt response to runoff and near the grounding 
line (Holland et al., 2023; Nakayama et al., 2021). Our focus is rather on the hydrographic impacts of runoff 
within and externally to ice-shelf cavities, and the influence they have on ice-shelf melt and sea-ice reduction.

3.  Results
3.1.  Ice-Shelf Melt

We center our discussion around the high-melting ice shelves in the Amundsen Sea, namely Pine Island, Thwaites, 
and Dotson and Crosson (or Dotson/Crosson). Figure 3a shows the additional melt under these shelves in the 
runoff experiment, relative to baseline, averaged over the 20-year run. The strongest melt impacts appear close 
to subglacial inputs (as seen from comparison with routing results)—although as mentioned in Section 2.6, care 
should be taken in drawing inference from spatial melt patterns in such a coarse model. Melt time series from 
baseline are shown in Figure 3b. Pine Island and Dotson melt are similar to shipboard observations (Naughten 
et al., 2022), but Thwaites melt rates are much lower than other published results, which are in the range of 
70–80 Gt/a for modeling studies (Holland et al., 2023; Seroussi et al., 2017) and 60–100 Gt/a for satellite studies 
(Adusumilli et al., 2020; Depoorter et al., 2013; Rignot et al., 2013).

Figure 4 shows melt increase relative to baseline melt for the other experiments under the various ice shelves. 
Here and in Section 3.2, results are presented as percent anomalies rather than absolute change. Of all shelves, 
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Thwaites sees the strongest proportional response in the runoff experiment due to its low baseline melt (Figures 3b 
and 4a). There is a marginal increase when runoff is increased in hi runoff, and similar is seen for Pine Island 
(Figure 4b). Note that the relative responses in Thwaites and Pine Island are very large in 2014–15, but this is due 
to the low melt rates in baseline in this year.

At Dotson and Crosson shelves, the melt increase in runoff is substantial (reaching 20% in most years and some-
times much more), considering the relatively small runoff input (Figure 4c). From the runoff results it is difficult 
to attribute increased melting at Dotson/Crosson to either locally (within the cavity) or non-locally sourced runoff. 
However, in the Thwaites only experiment, where runoff is released only from Thwaites, the melt anomalies under 
Dotson/Crosson are very similar to those in runoff. Meanwhile, the melt under Pine Island is slightly decreased 
relative to baseline. In the time dependent runoff experiment, when the runoff reaches its peak in summer 2013, 
the Thwaites melt anomaly is approximately 2.5 times that of the runoff experiment—though at the same time, 
runoff is nearly an order of magnitude larger. The other ice shelves' melt response to this episodic runoff is minimal.

Getz ice shelf is another high-melting ice shelf in the Amundsen—however, melt anomalies under Getz are small 
in the perturbation experiments, and so we do not include results for Getz in Figures 3b and 4. We also do not plot 
results from the time-dependent runoff and increased cfric experiments for Dotson/Crosson so that the effects 
of increasing runoff and allowing only Thwaites runoff can be seen more clearly. We present results from all ice 
shelves, and all experiments, in Figure S4 and S5 in Supporting Information S1.

3.2.  Sea Ice

We examine the effects of ice-shelf freshwater fluxes (both runoff and melt) on effective sea ice thickness, the 
volume of sea ice per unit area within a grid cell. In this analysis we predominantly compare the increased cfric 
and runoff experiments. In terms of combined freshwater anomaly from Pine Island, Thwaites and Dotson/Cros-
son between 2003 and 2015, there is a moderate correlation between the experiments (0.54), and the means differ 
by ∼6%. (As mentioned in Section 2.5, 1995–2003 is considered spinup from the perspective of sea ice influence).

We examine sea ice on the continental shelf only. Although the model domain extends far beyond the shelf, 
sea ice cover on-shelf is particularly important because it affects surface processes which could have impacts 
on CDW properties at depth; and in the spring and summer months it controls the light available for photosyn-
thesis. Figure 5a shows mean ice thickness anomalies relative to the baseline run over a region with depth less 

Figure 4.  Monthly difference in melt relative to the baseline experiment, shown in per cent, for the perturbation experiments 
under (a) Thwaites, (b) Pine Island, and (c) Dotson/Crosson. Gray shaded regions represent the “spinup” period over which 
the continental shelf adjusts to freshwater input, and the red shaded regions indicate where runoff in the time dependent 
runoff experiment does not include the lake drainage. Only the runoff, hi runoff, and Thwaites only experiments are shown 
for Dotson/Crosson. Note the differing scales of the y-axes.

 21699291, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

019823 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [06/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

GOLDBERG ET AL.

10.1029/2023JC019823

9 of 18

than 1,500 m between 125 and 100°W (the approximate zonal extent of the summer ice-free region in Naughten 
et al., 2022). Averaged over the 2003–2015 period, the sea ice anomalies for the both runoff and increased cfric 
are negative, but mean sea ice thinning in runoff is larger (2 cm vs. 3 mm). Overall the runoff anomaly is the 
most negative in summer, again with greater losses than increased cfric. This is made clearer by examining a 
climatology of mean sea ice thickness anomaly for both experiments (Figure 5b). In the winter (June/July/August, 
i.e., JJA) months, the climatological area-averaged thinning is similar between the two experiments, and is rela-
tively small. In the spring (September/October/November, i.e., SON) and summer (December/Januarly/February, 
i.e., DJF) months, the climatologies diverge, with larger thinning in the runoff experiment.

The behavior exhibited in Figure 5b is explored further in Figures 5c–5f, which show spatial patterns of sea 
ice anomalies for each experiment, averaged over winter (Figures 5c and 5d) and summer (Figures 5e and 5f) 
months, respectively. As expected from Figure 5b the winter thinning is relatively small for both increased cfric 

Figure 5.  (a) Monthly change in mean effective sea ice thickness on the continental shelf, relative to baseline, in the experiments shown. The ocean-model spinup 
period is excluded, and the red-shaded period indicates where time-dependent runoff is nonzero. Results in panels (b)–(f) correspond to the period shown. (b) A 
monthly climatology for 2003–2015 of mean effective sea ice thickness relative to baseline in the runoff and increased cfric experiments. (c) Change in winter (JJA) 
sea ice effective thickness relative to baseline in the increased cfric experiment. Black contours indicate 95% significance, based on a t-statistic with degrees of freedom 
equal to the number of months. (d) Similar to (c) for runoff. Panels (e), (f) similar to panels (c), (d) for summer sea ice thickness.
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(Figure 5c) and runoff (Figure 5d). In the summer months, thinning is mostly localized around the coast in 
the increased cfric experiment (Figure 5e). Meanwhile, there is fairly large thinning in the runoff experiment 
(Figure 5f): ∼10% over most of the continental shelf, which amounts to 5–10 cm.

Jourdain et al. (2017) examined the impact of ice-shelf melt on sea ice across an ensemble of experiments with 
different ice-shelf melt parameters (their Figure 10b). Their result is qualitatively similar to the patterns in 
Figures 5c and 5e, with strong thinning close to the coast. However, theirs was an annual result, and also used 
a different ocean model and a different experimental design, so it is not a straightforward comparison. Still, 
our results suggest that freshwater sourced subglacially has a qualitatively different effect on sea ice than water 
sourced from submarine melt. In the discussion below we explore potential reasons for this.

While our main focus in this section and in the discussion below is on how equal volumes of subglacial runoff and 
submarine melt can have potentially differing impacts, we briefly note that Figure 5a also shows sea-ice impacts in 
the time dependent runoff experiment. The effect is quite strong, but only for a single season when subglacial runoff 
is at its peak. The results suggest that episodic runoff can have significant, but short-lived, effects on sea ice thickness.

4.  Discussion
4.1.  Ice-Shelf Melt

In the hi runoff experiment, runoff from Thwaites is approximately 50% larger than in runoff, while the melt 
perturbation increases by 28% (s.d. 14%). At the same time, in time dependent runoff, the runoff at its larg-
est is ∼13 times larger than in runoff, while the summer 2013–2014 melt rate is increased by a factor of 2.5. 

Figure 6.  Left column: Hovmöller diagrams of temperature anomaly at depth relative to the baseline experiment, width-averaged over the box at the Dotson front in 
Figure 3a, for the (a) runoff experiment, (c) increased cfric experiment, and (e) Thwaites only experiment. Right column: as in the left column but for salinity.

Figure 7.  As in Figure 6, but for the Pine Island ice shelf front box in Figure 3a.
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These results are qualitatively similar to theoretical and modeling studies of runoff-forced plume melting at 
tidewater glaciers (Cowton et al., 2015; Jenkins, 2011; Slater et al., 2015; Xu et al., 2013), which find sub-linear 
dependence of melt on runoff flux. The theoretical results of Jenkins (2011) come from an idealized model of 
small-scale processes near the grounding line, however, whereas we are considering cavity-integrated melt within 
a large-scale, sophisticated ocean model, so a rigorous comparison cannot be made.

For the majority of the time period studied, Pine Island and Dotson/Crosson ice shelves exhibit melt responses 
of similar magnitude in the runoff experiment (Figures 4b and 4c), despite an order of magnitude difference in 
runoff flux at their respective grounding lines. This suggests a “non-local” influence of runoff on the Dotson/
Crosson ice shelves. The idea is reinforced by the Thwaites only experiment, which leads to a very similar 
response in melt rates under Dotson/Crosson even when there is zero runoff at the Dotson and Crosson ground-
ing lines (Figure 4c). The elevated melt under Dotson/Crosson in runoff is likely due to a warm anomaly found 
at depth at the Dotson ice-shelf front (Figure 6a), where temperatures below 500 m are increased up to 0.4°C 
relative to baseline. The warm anomaly is not steady, but exhibits strong seasonal and interannual variability. 
Meanwhile there is freshening of 0.02–0.04 g/kg above 500 m (along with a slight cooling), with comparatively 
little change in salinity at depth (Figure 6b).

The warming at depth coincident with surface freshening suggests a mechanism where increased stratification 
prevents surface-driven cooling of CDW. Bett et al. (2020) showed that freshwater fluxes from icebergs (crudely 
represented as an ocean surface freshwater flux) can increase stratification and prevent cooling of CDW due to 
surface processes at Dotson ice shelf—and freshwater sourced from either distal runoff and/or increased ice shelf 
melt may play a similar role. The warming effect at depth therefore depends not only on freshwater flux but on 
surface forcing and how strongly the column is preconditioned for deep mixing, both of which vary interannually.

Meanwhile, the increased cfric (Figures 6c and 6d) and Thwaites only (Figures 6e and 6f) experiments also show 
surface freshening and episodic warming at depth. In each case the freshening is less extensive, as is the warming 
(runoff and Thwaites only both show intermittent warming between 2009 and 2013 while increased cfric shows 
mild cooling). Still, both experiments reinforce the influence of stratification on the presence of CDW in the 
Dotson cavity.

At the front of Pine Island, and aside from isolated periods, warming at depth is largely absent in the runoff and 
increased cfric experiments (Figures 7a and 7c, respectively). In fact, there is cooling in some years. Therefore, 
although Pine Island melt increases in the runoff experiment, it is unlikely this is attributable to deep warming 
(with the exception of 2013–2014, discussed below), but rather that melt is locally runoff-forced. Cooling at 
depth is seen in Thwaites only as well, and could be the cause of the negative Pine Island melt anomaly in that 
experiment, which is not “hidden” by a local runoff source.

The most pronounced warming at depth for Pine Island (∼0.4°C) is seen in 2013–2014. During this period 
there is a cool bias with respect to observations in baseline, which is attributed to convection by Naughten 
et al. (2021). The warming relative to baseline is likely responsible for the increase in melt seen in the runoff 
experiments, and increased cfric as well. It is possible that, similarly to Dotson, surface freshening due to runoff 
and/or melt increases stratification and prevents the strong surface-driven cooling of CDW that occurs during this 
time in baseline. The 2013–2014 warming is seen in the runoff, Thwaites only and increased cfric experiments 
(Figures 7a, 7c, 7e), suggesting that it is driven by freshwater flux regardless of the source.

It is not clear why runoff forcing at Thwaites would drive a cooling at depth in front of Pine Island. Yoon 
et al. (2022) show evidence of a double-gyre system of circulation in front of Pine Island ice shelf which controls 
the conditions within the cavity, and argue that a change in the position of the calving front can alter this double-
gyre pattern and hence the cavity conditions. It is possible that fresh water input from Thwaites ice shelf can 
impact this double-gyre circulation as well, but further investigation is needed.

4.2.  Sea-Ice Reduction

The above discussion of non-local effects of runoff on ice-shelf melt suggests impacts of runoff on hydrography 
are due to their contribution to fresh water fluxes—such that, for instance, an increase in ice-shelf melt may have 
similar effects to a runoff increase of similar magnitude. This does not appear to be the case for sea ice, as an 
increase in freshwater flux due to runoff has a bigger effect on summer sea ice than a much larger increase due 
to melt alone (cf. Figure 5).
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4.2.1.  Influence on Overturning

Jourdain et al.  (2017) suggest that increased overturning in response to elevated melt can bring more heat to 
ice-shelf fronts, where it is brought to the surface through mixing and vertical advection. We investigate the 
relationships between melt rates and overturning, and between runoff and overturning, under Pine Island and 
Thwaites ice shelves. Similar to our assumption regarding adjustment of melt, we assume overturning response 
time to melt is fast. As such, monthly melt rates and overturning are compared using combined output from all 
non-runoff experiments (Figures 8a and 8b). In the runoff experiment, runoff is constant, and so overturning 
response is assessed by finding the difference between experiments in all months, and analyzing the resulting 
distribution (Figure 8c).

For Pine Island, we see increased overturning in response to both melt and runoff (Figures 8a and 8c). Moreo-
ver the responses are similar in terms of overturning per unit of freshwater flux: in the non-runoff experiments, 
the best-fit linear relationship between melt and overturning yields a slope m  =  0.0017  Sv per Gt/a of melt 
(R 2 = 0.56). In the runoff experiment, the mean 1995–2015 increase of Pine Island melt relative to baseline 
is about 4 Gt/a, giving a combined release of ∼7 Gt/a released into the cavity (runoff plus additional melt). 
From the above melt-overturning relationship, the predicted increase in overturning in runoff is thus ∼0.012 Sv, 
whereas  an increase of 0.014 Sv is seen (Figure 8c). In the Thwaites cavity there is a weak relationship between 
melt and overturning (Figure 8a; m = 0.0014, R 2 = 0.15), and a calculation similar to the above predicts an 
increase in ∼0.02 Sv in response to the presence of runoff. Meanwhile, a mean increase of ∼0.1 Sv is seen 
(Figure 8c).

The above comparisons suggest that, for the Pine Island cavity, the response in overturning is agnostic to the 
source of fresh water; while under Thwaites, runoff has a distinct effect on overturning. The reasons for this are 
unclear. It could be that under Pine Island, the runoff and its induced melt is a relatively small perturbation to the 
background state, which is not the case for Thwaites, hence the qualitatively different response. Further investiga-
tion of the mechanism of overturning, with a range of model types and resolution, is needed.

Nevertheless, we examine the effects of this increased overturning—and the associated heat transport to the upper 
ocean—on temperatures in the upper 400 m, averaged over the region indicated by the mid-shelf rectangular box 
in Figures 5e and 5f. This region is chosen because of its alignment with the Amundsen Polynya, which supports 
extremely high rates of productivity in summer months due to the relative availability of light (Yager et al., 2012). 
The results are presented as a Hovmöller diagrams for the runoff, increased cfric, and Thwaites only experiments 
(Figures 9a, 9c, and 9e, respectively). In the runoff experiment, there is a strong seasonal surface warming (rela-
tive to baseline) that extends down to ∼50–100 m in most years, as well as a periodic warming of approximately 
0.1°C which extends from ∼100–400 m. The strong surface warming is likely due to increased radiative heating 

Figure 8.  (a) Plot of calculated overturning versus ice-shelf melt for Pine Island in the non-runoff experiments. Each data point represents a different month between 
1995 and 2015. (b) Similar to (a) for Thwaites. (c) Histograms of increase in overturning (relative to baseline) for Pine Island and Thwaites in the runoff experiment. 
The samples represent monthly values between 1995 and 2015.
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from reduced sea ice cover, and as such is a result rather than a cause of lowered sea ice. The deeper warming, 
on the other hand, likely arises from upwelling and export of CDW from within the ice-shelf cavity, rather than 
vertical mixing. It can be seen from salinity Hovmöller diagrams for the same location (Figures 9b, 9d, and 9e) 
that vertical mixing of seasonal surface freshening does not extend to these depths; rather, winter mixing erodes 
the signal at depth.

We propose that relatively warm waters brought to mid-depths by ice-shelf overturning in the runoff experiment 
occupy large parts of the continental shelf (e.g., Figure 9a). Mixing over the upper 100–200 m resulting from 
winter brine rejection (e.g., Figure 9b) then brings this heat to the near-surface, where it limits sea ice growth in 
later seasons. The temperature elevation is very minor (<0.1°C) but enough to have an effect on sea ice—which 
may be amplified by other feedbacks in the ice/ocean system such as radiative heating. In the increased cfric 
experiment, in which Thwaites overturning is relatively weak, this mid-depth warming at 100–400 m is mostly 
absent (Figure 9c). There is still a small surface warming signal due to there being some summer ice loss in this 
region (Figure 5f), though to a lesser extent than in runoff. In the Thwaites only experiment, there is again 
mid-depth warming (Figure 9e), but it is less persistent than in runoff. We therefore attribute the loss of summer 
sea ice in the runoff experiment to runoff-driven overturning under Thwaites ice shelf, and to a lesser extent 
under Pine Island ice shelf. Importantly, for similar freshwater volume fluxes, there appears to be a qualitatively 
different response in mid-depth ocean temperatures depending on the source.

We briefly note that the melt-overturning relationships in Figures 8a and 8b give regression slopes roughly twice 
of those found by Jourdain et al. (2017), and a far weaker linear relationship for Thwaites. However, it is a differ-
ent model with different forcings, and their results are time-averaged across an ensemble of model parameters 
(whereas ours are monthly). Moreover our overturning calculation is distinct (though similar) to that study. Given 
that our model is of similar resolution, complexity and scale, we do not feel these differences diminish our findings.

4.2.2.  Influence on Cavity Temperatures

While both ice-shelf melt and subglacial runoff lead to freshening, thermal effects differ since melting involves 
cooling due to latent heat. We therefore examine the role of water transformation under the ice shelves by consid-
ering temperature-salinity (T-S) diagrams under Pine Island and Thwaites for June 2011 (Figure 10), a month in 
which total Thwaites freshwater flux is very similar between the runoff and increased Thwaites cfric experiments 
(Figure S7 in Supporting Information S1). While sea-ice reduction is largest in the summer months (cf. Figure 5), 
choosing a winter month removes water masses resulting from surface processes which complicate the diagram. 
Figure 10a overlays the T-S diagram from baseline on that of runoff and increased cfric, restricted to Pine Island. 
Here a locus of points can be seen extending from (34.7 g/kg, 1°C) to (34.2 g/kg, −0.5°C) and approximately 
following a Gade line (blue line), indicative of water mass transformation due to ice-shelf melt (Gade, 1979). 
Little difference can be seen among the experiments.

Figure 10b compares the experiments under the region of Thwaites west of 106° W, the approximate location 
of runoff entry. In the runoff experiment there appears to be a freshening of water masses identified by a locus 

Figure 9.  Left column: Hovmöller diagrams of temperature anomaly at depth relative to the baseline experiment, width-averaged over the box on the continental 
shelf in Figures 5e and 5f, for the (a) runoff experiment, (c) increased cfric experiment, and (e) Thwaites only experiment. Right column: as in the left column but for 
salinity.
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of points above the blue Gade line originating at approximately salinity 34.6 g/kg and temperature 0.5°C. The 
locus originates at a potential density of ∼1,027.8 kg/m 3, that of the grounding line cell with the largest runoff 
flux. The feature is qualitatively similar to that seen in recent mooring data under Thwaites ice shelf (Davis 
et al., 2023) (their Figure 3d), which was also identified as subglacial runoff—although their hydrography anal-
ysis was far more localized than ours. Such a feature is absent from the part of Thwaites east of the runoff entry 
(Figure 10c). The effect is relatively minor, but could result in slightly warmed buoyant water masses that can 
cause upper-ocean warming on the continental shelf.

The effects are far more obvious in the time dependent runoff experiment. Figure  10d plots a similar T-S 
diagram for western Thwaites for June 2013, when runoff is at its peak. There is a strong freshening where runoff 
enters the cavity, identified by the locus of points extending leftward at ∼0°C. Due to subsequent transformation 
this then results in warmer waters, relative to the other experiments, at a range of densities. To put another way: 
since runoff freshens water without phase transformation, it does so without transforming along the relatively 
steep Gade line. Submarine melting of an ice shelf consumes latent heat, but for subglacial meltwater this heat is 
consumed beneath the ice sheet instead.

Still, this effective warming within Thwaites cavity alone does not explain the relative reduction in sea ice. 
However, the observations of Zheng et  al.  (2021) suggest that in the summer months, melt-freshened water 
exiting ice shelves can spread tens of kilometers or more away from the coast. Examination of our melt water 

Figure 10.  (a) Temperature-salinity diagrams for the increased cfric (red), runoff (black), and baseline (green) experiments, 
limited to the Pine Island ice shelf cavity, in June 2011. Isolines of potential density in kg m −3 are shown (parula shading). 
The solid blue line has the approximate slope of the Gade line (Gade, 1979). Panel (b) similar to panel (a) but under the part 
of the Thwaites cavity to the east of the channel entering the cavity. Panel (c) similar to panel (b) but under the part of the 
Thwaites cavity to the west of the channel. The thick dashed density isoline indicates the density of the ocean cell where 
runoff is added. Panel (d) similar to panel (c) but for June 2013, with purple dots indicating output from the time dependent 
runoff, rather than the runoff, experiment.
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tracer (Figure S6 in Supporting Information S1) suggests similar behavior in our model. Thus it is plausible that, 
for a given density, runoff leads to warming, and that warming signal spreads across the shelf, giving rise to the 
mid-depth warming in Figure 6e. There may additionally be a positive feedback between ice loss and surface 
radiative heating.

4.3.  Wider Significance

While the summer sea-ice reduction we see as a result of runoff (mean 3 cm, but up to ∼15 cm in places) is small 
compared to mean DJF sea ice thickness on the shelf (mean 70 cm), it is still significant. Reduction of sea ice is 
associated with stronger stratification, which can prevent convection and erosion of warm CDW. Sea ice cover 
is a major factor in biological productivity of the seasonal Pine Island and Amundsen Sea Polynyas, two of the 
most productive seasonal polynyas in Antarctica (Arrigo et al., 2012), and reduced sea ice thickness could modify 
productivity and carbon cycling.

The results are also significant because of how little is known about Antarctic subglacial hydrology. The exper-
iments in this study simply represent different estimates of patterns of basal ice melt, and of spatiotemporal 
patterns of runoff. Steady runoff rates are derived based on estimates of geothermal flux, which could be over- or 
underestimates.

The results of our time dependent runoff experiment suggest that when runoff is episodic, the proportionate 
melt increase may be much smaller than the proportionate increase in runoff. As the runoff flux is expected 
to be the same in the long term, and hence the increase in runoff is inversely proportional to the period during 
which runoff occurs, this implies that the long-term impact of runoff on ice shelves is likely larger when runoff is 
sustained, rather than episodic. Meanwhile, episodic runoff has a strong impact on summer sea ice in our results. 
Observations of lake drainages (Hoffman et al., 2020; Malczyk et al., 2020; Smith et al., 2017) suggest episodic 
drainage does occur. If the Thwaites catchment were to transition from episodic to steady runoff in the future, this 
could have significant effects on ice-shelf melt and sea-ice variability.

The mechanism that we suggest above—that runoff leads to warmer sub-ice shelf water masses than an 
equivalent volume of submarine melt—is not specific to the Amundsen Sea Embayment. In other areas in 
Antarctica with strong subglacial activity and warm water under ice shelves (e.g., Dow et al., 2020; Gwyther 
et al., 2023), runoff likely has similar effects. As mentioned above, runoff effectively transfers latent heat 
from the ice sheet to the ocean by adding buoyancy without drawing heat content. With Antarctic-wide 
subglacial melt estimated to be ∼65 Gt/a (Pattyn,  2010), this is equivalent to 0.7 TW. In other words, an 
ocean model which seeks to reproduce fresh water flux from ice shelves without runoff will be deficient by 
this amount. While this is a small value relative to the estimated heat transported to the shelf from the deep 
ocean (∼20 TW, Palóczy et al., 2018), thermal signals associated with deep melting or runoff are likely to 
reach the upper ocean. Thus, subglacial runoff effectively represents a heat source not currently accounted 
for in ocean models.

5.  Conclusions
We carry out a set of regional ocean simulations of the Amundsen Sea Embayment, some of which are forced by 
subglacial runoff with varying magnitudes and temporal character. Subglacial runoff is found to impact ice-shelf 
melt, both due to local and non-local effects. Episodic runoff leads to an increase in melt, but one that is not 
commensurate with the increase in runoff volume, based on expectations from steady simulations.

When normalizing for the input of fresh water to the ocean, the impact of runoff on sea ice is qualitatively 
different than that of increased ice-shelf melt. This sea-ice loss is coincident with an apparent warming under ice 
shelves. We propose this warming is driven by freshening due to runoff, and that the warming signal is brought 
to the surface, causing sea-ice reduction over the continental shelf in the summer months.

The results suggest that Antarctic runoff is a potentially important source of freshwater (and heat) not represented 
in regional and continental ocean models of Antarctica. Progress is impeded by lack of knowledge about Antarc-
tica's subglacial environment. However, as direct observation of ice-shelf cavities and grounding lines increase 
(e.g., Begeman et al., 2018, 2020; Davis et al., 2023), this could lead to better quantification and deeper under-
standing of subglacial impact on the Southern Ocean.
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Data Availability Statement
The MITgcm (mitgcm.org), checkpoint 67v was used for this study. The source is freely available for download 
(https://github.com/MITgcm/MITgcm). The zenodo archive https://doi.org/10.5281/zenodo.8157238 contains 
(a) all modified source code pertaining to the implementation of runoff in MITgcm (folder modified code/), (b) 
all experiment-specific code and inputs (input/ and expt_code/), and (c) all relevant model output (in output/).
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