


1.  Introduction
Pine Island Glacier, in the Amundsen Sea sector of West Antarctica, experienced large grounding line re-
treat, thinning, and acceleration over the past four decades (Depoorter et al., 2013; Mouginot et al., 2014; 
Paolo et al., 2015; Rignot et al., 2013, 2019; Shepherd et al., 2012, 2018), contributing the equivalent of 
3.0 mm of global sea-level rise between 1979 and 2017 (Rignot et al., 2019). These changes were triggered 
by increasing amounts of sub-ice shelf melt under Pine Island ice shelf (PIIS), caused by intrusions of 
warm modified Circumpolar Deep Water (mCDW, about 3E C warmer than the in situ freezing point) that 
is transported onto the continental shelf through submarine glacial troughs (Dutrieux et al., 2014; Jacobs 
et al., 2011; Nakayama et al., 2013; Pritchard et al., 2012). Satellite-based estimates of ice shelf melt rate 
close to the grounding line of Pine Island reach E 200 m  1yrE   locally (Shean et al., 2019) and the rapid melting 
close to the grounding line impacts its grounding line evolution as well as its future contribution to sea-level 
rise (Cornford et al., 2015; Favier et al., 2014; Joughin et al., 2014; Nias et al., 2016; Seroussi, Nakayama, 
et al., 2017).

Ocean simulations of ice shelf melt rates are, however, not yet able to reproduce such high melt rates (Jour-
dain et al., 2019; Nakayama et al., 2019; Schodlok et al., 2015; Seroussi, Nakayama, et al., 2017), as they 
face several challenges: (a) a fine-scale grid resolution is required to accurately resolve the ice shelf cavity 
geometry, (b) coupled ice-ocean models that capture the feedback between these two components are only 
starting to emerge, and (c) limited in situ observations are available in ice shelf cavities, especially close 
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The horizontal distributions of glacial meltwater along the 27.4 and 27.6 isopycnal surfaces (Figure 3) show 
the pathways of glacial meltwater toward the open ocean. Water with high meltwater fraction (E 1.5%) can 
be identified in the ice shelf channels on the 27.4 isopycnal (Figure 3g). Some of these channels extend 
along the flow direction of PIIS (red arrows and region enclosed by red lines in Figure 1b). On the 27.6-iso-
pycnal, glacial meltwater fraction is smaller with peak values of E 1%. The spatial pattern presents rather 

Figure 2.  Ten-day average (day 20–29) potential temperature (a, d, g, j, m), salinity (b, e, h, k, n), and glacial meltwater fraction (c, f, i, l, o) along section X-Y for 
the control (CTRL) (a–c), Qsg (d–f), 2*Qsg (g–i), 10*Qsg (j–l), and 50*Qsg (m–o) experiments, respectively. Thick black lines on the panels (c, f, i, l, and o), show 
the 27.4 kg  3mE   and 27.6 kg  3mE   isopycnals. Red arrows indicate the region close to the grounding line.
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Figure 3.
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different pathways of glacial melt-mCDW mixture toward the ice shelf front (Figure 3j), likely influenced 
by cavity scale circulation.

The vertical sections A-B, C-D, and E-F are somewhat perpendicular to the ice flow direction of Pine Island 
Glacier (black arrow in Figure 1) and show the vertical structures of glacial meltwater outflow at different 
locations in the cavity. We observe two local maxima of glacial meltwater close to the grounding line along 
section E-F (see red arrows in Figure 4i). These two peaks are formed because of the high ice shelf melt rate 
in these areas (see Figure 3d), corresponding to R1 and R2 in Figure 1. A thick portion of the ice shelf with a 
deep draft between them prevents glacial meltwater from merging into one channel (Figure 4i). Consistent 
with Nakayama et al. (2019), topographically constrained boundary currents are found transporting mCDW 
toward the grounding line. East-southeastward current (toward the grounding line) is found over the north-
ward-shallowing slopes (magenta arrows in Figure 4l), while west-northwestward current (toward the ice 
shelf front) is found over the northward-deepening slopes (cyan arrows in Figure 4l) of the two small-scale 
troughs.

Section C-D, located E 70 km downstream, shows a clear two-layer structure. The thermocline is located 
at E 400-m depth, separating mCDW from the upper colder and fresher Winter Water (Figures 4b and 4e). 
Glacial meltwater is concentrated above the thermocline (Figure 4h). Although the velocity structure is 
more complex than for section E-F, east-southeastward currents are predominantly found over the north-
ward-shallowing slopes (the magenta arrows in Figure 4k), while west-northwestward currents are found 
over the northward-deepening slopes, similar to section E-F. This topographically constrained current plays 
an important role in determining the pathways of ice shelf meltwater.

Section A-B, located just outside of the cavity, shows two peaks of glacial meltwater fraction concentrated 
between 200 and 400 m on both sides of the section. The locations of glacial meltwater outflows are over the 
northward-deepening slopes (cyan arrows in Figure 4j) similar to section C-D.

3.2.  Impact of Subglacial Freshwater Discharge

We conduct four sensitivity experiments showing transient responses to varying amounts of subglacial 
freshwater discharges (Table  S1). Time series of PIIS cavity's total kinematic energy for Qsg and 2*Qsg 
remain similar compared to CTRL (Figure S1). These results indicate that Qsg and 2*Qsg cases reach qua-
si-steady state during the sensitivity experiments. For all sensitivity experiments, ice shelf basal melt rates 
stabilize within 15 days (Figure S1). The total PIIS melt rates are 58.3 Gt  1yrE  , 61.6 Gt  1yrE  , 63.2 Gt  1yrE  , 
69.2 Gt  1yrE  , and 85.4 Gt  1yrE   for CTRL, Qsg, 2*Qsg, 10*Qsg, and 50*Qsg, respectively (Table S2). The overall 
spatial distributions of ice-shelf melt rate are similar in all experiments (Figures 3 and S2), with patterns 
of melt rates correlating with the channels at the base of the ice shelf and largest melt rates close to the 
grounding line. Differences can be observed especially close to the subglacial water discharge locations. The 
average melt rates in box G (600 m by 600 m area with the center located at 99.6 W and 75.3 S [Figure 1]), 
close to the source of subglacial freshwater discharge R1, are 80.6, 148, 175, 292, and 389 m yr−1 for CTRL, 
Qsg, 2*Qsg, 10*Qsg, and 50*Qsg, respectively (Table S2). The averaged melt rates in box H (600 m by 600 m 
area with the center located at 99.5 W and 75.1 S [Figure 1]), close to the source of subglacial discharge 
R2, are smaller by E 50% compared to the melt rate in box G. However, they increase in a similar way for 
CTRL, Qsg, 2*Qsg, 10*Qsg, and 50*Qsg, confirming the importance of subglacial freshwater discharge. The 
enhancement of melt rates by subglacial discharge relative to the CTRL case is highlighted by the melt ratio 
(Figures 3f and S2). The ice shelf melt ratio is especially high along the path of meltwater plumes initiated 
at R1 and R2, with ratios up to 10 for the 10*Qsg experiment.

Figure 3.  Spatial patterns of 10-day mean simulated basal melt rate under Pine Island ice shelf for the control (CTRL), Qsg, and 10*Qsg cases (a–c). Close-ups 
for the region close to the grounding line are additionally shown. (d) Same as (a) with a different color scale to indicate small-scale features. (e and f) Melt ratios 
of Qsg to CTRL and 10*Qsg to CTRL cases. Horizontal distributions of meltwater fraction along 27.4 kg  3mE   (g–i) and 27.6 kg  3mE   (j–l) on day 29 for the CTRL, 
Qsg, and 10*Qsg cases, respectively. We note that at the model boundary, the passive tracer representing glacial melt is able to exit the model domain. The ice 
front is indicated by the orange lines in the panels (g–l). Red arrows in (g) indicate the locations of sub-ice shelf channels. The pink dashed lines show the 
locations of vertical section E-F (g, j).
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Close to the grounding line, the higher ice shelf melt rates for experiments with subglacial freshwater dis-
charge compared to CTRL can be primarily explained by the increase of ocean currents (Table S2). Currents 
in the uppermost grid cell below the ice shelf are 0.085 m  1sE , 0.15 m  1sE , 0.19 m  1sE , 0.31 m  1sE , and 0.46 m  1sE  
in box G for CTRL, Qsg, 2*Qsg, 10*Qsg, and 50*Qsg, respectively, while the thermal driving remains almost 

Figure 4.  Ten-day average (day 20–29) potential temperature (a–c), salinity (d–f), glacial meltwater fraction (g–i), and east-southeastward ocean current (j–l) 
along the A-B (a, d, g, j), C-D (b, e, h, k), and E-F (c, f, i, l) sections, respectively, for control (see Figure 1 for location of sections). East-southeastward ocean 
current is selected as it aligns with the ice flow direction of Pine Island Glacier and is perpendicular to sections A-B, C-D, and E-F. Red arrows in (i) indicate 
the local maxima of the glacial meltwater fraction. Magenta (cyan) arrows in (j–l) show locations of ocean currents over the northward-shallowing (southward-
shallowing) slopes.
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