
Supplementary informa0on 
 
1. Ac%ve subglacial lake discharge %meseries 

 
In addition to the 4 already documented active subglacial lakes, we identified a further 3 
lakes showing activity during the 2013 lake discharge episode, lake Thw44, Thw270, and 
Thw408 (Figure 1, Figure S1). Lake Thw270 drained about 1 km3, lakes Thw44 and Thw408 
drained 0.3 km3 and 0.1 km3 respectively. 

 

 
Figure S1: Volume change 3meseries over the 7 subglacial lakes iden3fied as being ac3ve in 2013. The number following 
“Thw” indicates distance of the lake from the grounding line. 

 
2. Basal melt %me-series 

 

 
Figure S2: Basal melt 3me-series for Thwaites and Pine Island ice shelves (see figure 1 for loca3on and extent of sectors). 
“Thwaites” corresponds to the sector including both TEIS and TWITgl. 

 
3. Ice shelf basal melt rate anomaly components 

 



 
Figure S3: Basal melt and components used for its deriva3on. Cumula3ve melt anomaly, “Thwaites” corresponds to the 
sector including both TEIS and TWITgl (see figure 1),  (a), surface eleva3on anomaly (b), Surface Mass Balance anomaly 
(c), Firn compac3on anomaly (d). The ver3cal lilac shading across all 5 plots marks the onset of lake drainage taking 
place some3mes between January and April 20131,2. 

Temporal variability in calculated basal melt rate derives from variability in eleva9on, Surface 
Mass Balance, and firn compac9on. See sec9on b. for discussion on ice velocity. Eleva9on 
change drives in large parts the basal melt variability, variability of surface components is an 
order of magnitude lower.  
 

 
4. DraB depth  

 



 
Figure S4: Depth of the ice draX (D)3 over TEIS and TWITgl (leX), and correla3on (Pearson correla3on of 0.81, Pvalue of 0) 
between D and basal melt rates 𝑚̇. Linear rate shown in pink corresponds to 𝑚̇ = −54.1 − 	0.1642𝐷.  

 
 
 

5. Variability within TEIS 
 

 
Figure S5: Time series of eleva3on change anomalies. Same as figure 2b but with TEIS split into two sectors with dis3nct 
distance from the grounding and dis3nct ice draX, showing li[le differences in eleva3on anomaly.  

 
6. Eleva%on change and hydrosta%c equilibrium assump%on near the grounding line 

 



 
Figure S6: Eleva3on change for the various Thwaites sectors of floa3ng ice discussed in the study. Impact of excluding ice 
shelf near the grounding line and the  pinning point on change in surface eleva3on is shwon.  We consider a 5 km exclusion 
zone for the grounding line, and 2km for the pinning point i.e. 3 3mes the ice thickness. The impact is rela3vely minor at the 
scale of the chosen sectors. Dashed line is the linear regression through the 2010-2013 period, prior to the 2013 thinning. 

 
 

7. Hydrographic moorings 
 

 
 

 
Figure S7: Timeseries for the individual hydrographic moorings used to derive the thermocline depth shown in Figure 2e 
(black dashed line).  

 
 

8. MODIS images of the Thwaites western ice tongue polynya 



 

 
Figure S8: Time-series of MODIS image in the Thwaites sector between 2011 and 2021. It illustrates the forma3on of a 
localised Polynya (indicated by blue circle) in 2013 near the TWITgl sector star3ng in September 2013, this was an 
excep3onal event during the 2011-2021 period. These are NASA Worldview Snapshots hence the outlines differ from those 
shown in e.g. Figure 1 of the main manuscript. 

 
9. Change in eleva%on and velocity at the TWIT grounding line embayment 

 
Figure S9: Grounded ice – floa3ng ice transi3on in the TWIT sector. Rapid change in surface eleva3on and velocity near 
the area of the 2013 ungrounding (centre of the image) LeX: between December 2013 and July 2017 (Fig. 1 of 4), middle: 
between June 2011 and December 20185, used to determine the extent of the area over which eleva3on 3meseries in 



Figure 2c is calculated. Right:  change in ice velocity between January 2012 and January 2020 (Fig. A2 of 4).  The black 
polygon in the 3 images depicts the boundary of the TWITgl sector (Figure 2a). 

 
10. Lag between Thwaites basal melt rate and subglacial flux 

 
 

 

 
Figure S10: Varia3on in Pearson correla3on between Thwaites’ basal melt rate and subglacial flux. Maximum correla3on 
is found for a lag of 3 months (Figure 3).  

 
11. Modeling the impact of rapid subglacial discharge on ocean and ice shelf basal melt 

rate 
 
 



 
Figure S11: Modelled melt rates, ocean circula3on, and Sea Surface Temperature (SST), near the TWITgl sector (Figure 2a). 
Loca3on of imposed subglacial lake ouglow is indicated by the cyan semi-circle in panel d). The rows show mel3ng, ice draX 
and sub-ice currents, and SSTs.  The columns show results for no subglacial discharge (a, e, i), a subglacial discharge of 80 
m3/s corresponding to the expected steady-state subglacial discharge (b, f, j), a subglacial discharge of 640 m3/s 
corresponding to the combined peak discharge during lake drainage (c, g, k), and the difference between the peak discharge 
and the steady-state (d, h, l). Note that the spa3al pa[ern of predicted melt, in par3cular its loca3on along the grounding 
line, is uncertain as it is strongly influenced by the shape of the cavity, which under Thwaites ice shelf, is poorly known 

 
 

 
 

12. CryoSat-2 data coverage 



 
Figure S12: Number of CryoSat-2 eleva9on measurements falling into each of the seven 
subglacial lake perimeters every month. 

 



13. Impact of using a constant ice velocity 
 
Change in ice velocity and ice thickness impact the calcula9on of basal melt via the 
calcula9on of ice advec9on and ice divergence. In this work we apply a constant velocity 
field to the 2011-2020 period for both the advec9ve and divergence term of the basal melt 
equa9on, the velocity field is from ITS_LIVE6,7. The choice of a single velocity composite is 
driven by the fact that ice velocity products are more robust from 2014 onward, that ice 
velocity has remained rela9vely constant during the 9me-period at TEIS, that the changes in 
eleva9on and velocity observed near TWIT’s grounding line are localised and not sufficient 
to significantly impact the calcula9on, that observed eleva9on change would require 
unrealis9c velocity change. 
 
Velocity varia-on near the TWIT grounding line  
During the TWIT grounding line retreat of 2013, ice velocity increased and thinning took 
place, by 2020 ice velocity increase by up to 15%4 (Figure S9). Taking into account the 
change in velocity and thickness between 2013 and 2020 when calcula9ng basal mel9ng 
changes the melt rate es9mate only by 5.3% over the TWITgl sector. Note that the observed 
speed-up and thinning took place progressively between 2013 and 2020, the velocity change 
in 2013 and 2014 was significantly lower than 15%4. 
 
Velocity quality & known velocity varia-on  
Before 2013 and the launch of Landsat-8, the accuracy and temporal resolu9on of ice 
velocity product in this sector is rela9vely poor. The availability of Landsat-8 improved 
accuracy but only during the summer months and when cloud cover is favourable. From 
2015 and the launch of Sen9nel-1 ice velocity could be obtained all year long, even during 
the polar winter. Analysis of the exis9ng products, at annual resolu9on, reveal rela9ve 
stability of the TEIS veloci9es since 20118, with even during rapid change in the velocity 
structure of the remaining of the TWIT area9 (Figure S13).  
 
 



 
 

 

Figure S13: Ice velocity change over TEIS8 (leX), and TWIT9(right). Since 2011, annual  velocity has been rela3vely 
constant over TEIS. Despite rapid change downstream of TWIT, the TWIT sector close to the grounding line sees rela3vely 
li[le (i.e. ~10%) velocity varia3on. 

 
 
 
 



Change in velocity and thickness required to explain the observed 2013 thinning 
Further to the impact of observed changes on determining the melt rate, we also calculate 
the change in velocity needed to explain the observed change in ice thickness of TWITgl, 
TEISgl, and TEIS via advec9on and divergence.  
 
Advec%on 
Ice flow brings thicker ice downstream, a slowdown in ice advec9on therefore could lead to 
the observed ice shelf thinning. Given the slope of the thickness profile of 3.5%, 1%, and 1% 
and mean velocity of 1,306 m a-1, 575 m a-1, and 697 m a-1 respec9vely for TWITgl, TEISgl, 
and TEIS, advec9on alone adds 46 m, 6 m, and 7 m of ice each year to TWITgl, TEISgl, and 
TEIS. For advec9on to explain the observed annual thickness change, ice velocity would 
need to decrease by 35% TWITgl, and would be an impossibility for TEIS and TEISgl as the 
required decelera9on is larger than the current ice velocity (Figure S14). These values are 
unrealis9c given our knowledge and understanding of ice flow at Thwaites glacier. 
 

 
Figure S14: Velocity change needed to explain the observed eleva3on change via change in ice advec3on. Total eleva3on 
change (top), eleva3on change anomaly (bo[om). Ver3cal reference is set to the month of July 2013 when the drop in 
eleva3on occurs. 

Divergence 
Ice flow divergence over ice shelves acts to reduce ice thickness. An accelera9on of the 
glacier, leading to an increase in flow divergence, could therefore cause ice shelf thinning. 
Over Thwaites currently, ice divergence accounts for 11.2 m yr-1, 4.1 m yr-1 and 1.6 m yr-1 of 
ver9cal thinning for the TWITgl, TEISgl, and TEIS sectors respec9vely. For divergence to 
explain the observed thickness change, ice velocity would need to increase by 174%, 520%, 
and 670% respec9vely over the TWITgl, TEISgl, and TEIS sectors (Figure S15). These values 
are unrealis9c given our knowledge and understanding of ice flow at Thwaites glacier. 
 



 
Figure S15: Velocity change needed to explain the observed eleva3on change via change in ice divergence. Total 
eleva3on change (top), eleva3on change anomaly (bo[om). Ver3cal reference is set to the month of July 2013 when the 
drop in eleva3on occurs. 

14. Impact of change in volume scaWering  
 

Volume scattering can lead to apparent change in surface elevation from radar altimetry 
by impacting the depth of the scattering phase centre10. The 2013 elevation change 
observed over TEIS and TWITgl is unlikely to be related to change in volume scattering 
because i) TFMRA retracking is known to be robust against volume scattering change 
even during exceptional changes in surface conditions11, ii) rapid changes in volume 
scattering are associated with presence of liquid water leading to an upward shift in the 
scattering horizon and thus an apparent increase in surface elevation, the opposite of 
what is observed in 2013, iii) such change in scattering depth are usually correlated over 
large areas, however the change in elevation observed here is only taking place over 
Thwaites floating ice, and not in the rest of the Amundsen sector. 
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