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In the version of the Supplementary Information originally posted online, there were 

minor errors in Supplementary Tables 2 and 4, and in Supplementary Fig. 8. These have 

been corrected in the new version of the Supplementary Information; see Supplementary 
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Methods 

Interpolation 

 We used ICESat GLA12 Release 28 data
32

 (at the highest calibration level 4), 

for all lasers in all available years from February 2003 up to November 2007. To 

quantify elevation change, we began by grouping ICESat height measurements into 

two-year epochs (2003-4, 2004-5, 2005-6 or 2006-7). We interpolated surfaces between 

all elevation measurements in an epoch that have two neighbours lying within 300 m 

distance, using triangular irregular networks (TINs). This ensures an interpolation 

distance never greater than 260 m, typically much shorter. For comparison, crossover 

analysis interpolates over ~172 m and uses four points rather than our three. Our 

scheme produces long, ribbon-like, linearly-interpolated surfaces between closely-

spaced, near-parallel tracks representing surface height for each epoch. To account for 

the difference in timing of the measurements, we performed the same interpolation on 

acquisition date (Supplementary Figure 1 and 2).  

 

 Where these ribbon-like TINs were crossed by ground-track footprints from a 

later or earlier epoch, we extracted the interpolated elevation and acquisition date from 

the TIN at the new sample-point. This yields comparable elevation measurements: one 

interpolated, one measured precisely (crossover analysis compares pairs of interpolated 

heights), from which we calculated Δh/Δt (Supplementary Figure 1). We repeated this 

for all possible date combinations forwards and backwards in time. The interval, Δt, 

ranges from 1 to 4.5 years, mean 746 days over Greenland, 728 days over Antarctica. 

Within a given epoch, this approach assumes linear elevation change both spatially 
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between adjacent points, and through time. It sacrifices temporal resolution to gain 

spatial coverage. A broadly similar approach has been developed independently and 

applied to several Greenland glaciers
33

. 

 

Uncertainty estimate 

 ICESat elevation precision and accuracy are slope-dependent and the dominant 

biases come from pointing errors, saturation errors and forward scattering. Pointing 

errors have been found to cause height bias across the range of ice sheet surface slopes 

of up to ±0.2 m over a period of days, causing height change errors of -0.03 to +0.11 m 

(mean ~0.03 m) between two orbit periods separated by one year, but such errors are 

now largely corrected in calibration
34,35,36

. Signal saturation causes heights to be biased 

low by up to 1.5 m in this data release and affects 38% of our data, but this is mitigated 

by applying a saturation correction
37

. Only 1% of data required a correction >0.4 m and 

the RMS of the correction is 0.13 m. A further low bias is introduced by forward-

scattering of the signal through cloud, measured as, respectively, -0.16 m through thick 

cirrus
32

 and in excess of -0.2 m
38

, which can appear as prominent height anomalies that 

vary locally and temporally. Measurement precision over the ice sheets for preliminary 

ICESat data, not corrected for pointing errors, saturation or forward scattering, was 

found to vary with surface slope from 0.14 to 0.59 m
39

. Release 28 data for the laser 

periods 3A and 3B, when corrected for pointing errors, have a crossover standard 

deviation of 0.2 m, and this falls to below 0.1 m when the saturation correction is 

applied
36

.  

 In some studies
39,40,41

, waveforms suspected of cloud contamination are removed 

before processing. To maximize coverage in data-sparse coastal areas with potentially 
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high rates of change, we retained these data at this stage. We removed gross height 

errors that exceeded a threshold relative to existing DEMs. To limit further the error 

from forward scattering and any residual error from the other sources, we filtered the 

Δh/Δt results, rejecting those outside ±0.75 times the inter-quartile range from the 

median over a 25 km radius of each point (typically rejecting 30% of measurements). 

This reduced the Δh/Δt standard deviation from 0.24 to 0.10 ma
-1

 in West Antarctica. 

We then took the spatial mean of the filtered points over a radius of 10 km (typically 

several thousand points).  

 In summary, our Δh/Δt measurements are derived from height measurements 

largely corrected for pointing and saturation errors. We believe the residual uncertainty 

(1-sigma) is <0.1 m
36

. We assume forward scattering error to be temporally 

uncorrelated, affecting either the earlier or later data in a Δh/Δt measurement, and so 

becomes random in sign. We filter out Δh/Δt measurements that are anomalous relative 

to a large neighbourhood and assume a remaining forward-scattering uncertainty of 0.1 

m (1-sigma). Our Δh/Δt measurements come from combinations of typically 3 from 14 

orbit periods assumed independent in error. From this budget, we estimate the combined 

Δh/Δt uncertainty in our spatially averaged measurements to be ±0.07 ma
-1

 at the 1-

sigma level (this is similar to the uncertainty of 0.1 ma
-1

 reported for a comparable 

along-track Δh/Δt method
33

). 

We validate our measurements against independent, coincident field GPS data 

and by calculating the track-to-track Δh/Δt RMS (Supplementary Table 1, locations in 

Figure 1b)). Our comparison to GPS Δh/Δt measurements from 2005 to 2007 is limited: 

the mean ICESat Δt within this time window is only 376 days, compared to a minimum 

threshold of 365 days and a mean of 734 for this study as a whole. One GPS site lies on 
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an orbit crossover but the other two are ~7km from the nearest ICESat data, which are 

also distributed rather than single-location measurements. Nonetheless, the discrepancy 

ranges from 0.06 to 0.21 ma
-1

. 

 

As a further test of the potential magnitude of uncertainty, we calculated the 

ground-track to ground-track RMS in our filtered and averaged dataset, along three de-

trended profiles of ~300 km length that run approximately perpendicular to visible 

track-to-track variations in West Antarctica. Profile 1 is in a higher accumulation area 

(300-400 mm w.e. a
-1

, profiles 2 and 3 are in relatively low-accumulation areas (<200 

mm w.e. a
-1

) 
3
 (Figure 3 (profile 3 crossing the GH and E’E’’ divide not shown)). The 

Δh/Δt RMS for profile 1 was 0.08 ma-1
, for profile 2, 0.01 ma

-1
 and for profile 3, 0.02 

ma
-1

. These signals will contain some genuine temporal variability in surface elevation 

plus measurement errors associated with each track, but support our uncertainty 

estimate. 

  

Volume and mass calculations 

 Our measurements incorporate elevation changes caused by trends in glacier 

flow rate (dynamics) and SMB on a multi-annual timescale, superimposed with 

seasonal accumulation, compaction and melt of the snowpack, and sporadic, short-lived 

snowfall and drifting events. We aim to study the longer-term ice sheet trends, in 

particular those driven by changing dynamics. Our technique to measure volume change 

suppresses short-term sub-annual signals by combining many measurements from 

multiple stages within a 2-year epoch, differencing them from a similar sample from, on 

average, 2 years later, and spatially averaging the results. The largest seasonal signal in 
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our study is Greenland summer melt. To estimate the magnitude of the residual summer 

melt signal in our results, we performed a Monte Carlo analysis based on the ICESat 

measurement-date probability distribution, our interpolation rules and an idealised, 

regular summer melt. We found the residual variability on Δh/Δt estimates to be 12% of 

summer runoff (where melt occurred, the Greenland mean summer runoff for 1991 to 

2000 was 0.51 m w.e.a
-1(42)

).  

 From elevation change we can calculate volume change directly, but converting 

to mass is more complex, requiring knowledge of the density of material lost or gained. 

Only rarely is density known or can be reasonably inferred but it is highly significant: in 

combination, fluctuations in accumulation and trends in snow/firn density could have 

raised or lowered the Antarctic ice sheet surface by up to 0.20 ma
-1 

between 1980 and 

2004
43

. Within the longer-term multi-annual trends, it remains difficult to distinguish 

between volume changes driven by glacier dynamics and by sustained surface mass-

balance change. We take three approaches to making this distinction: 1) we compare 

our height change measurements to available SMB data and identify areas with changes 

greater than the variability in SMB; 2) we segregate our measurements into fast and 

slow-flowing classes on the drainage-basin scale using available flow-rate data and 

identify significant differences between these classes; 3) we use our high-resolution 

results to compare directly the rates of elevation change on fast-flowing ice to 

neighbouring slower areas on the local, sub-glacier scale, an important advantage of 

these high-resolution data. Where we detect dynamic volume change, we can convert 

this to a mass change using the density of ice (917 kg m
-3

). Elsewhere, where we are 

unable to make this distinction, we refrain from making the conversion from volume to 

mass. 
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Supplementary Figures 

 

Supplementary Figure 1. ICESat interpolation scheme. 

Our Δh/Δt measurements are made between one measured and one interpolated point, 

each with the attribute of elevation and measurement date. In the example above, a 

triangular facet is fitted between three ICESat measurements that were acquired within 

the same two-year period (in this case from three separate passes). We do this for both 

height and measurement date. The maximum separation between points is 300 m (often 

shorter). A later ICESat pass overflies the facet and we compare the newly measured 

height and date to the linearly interpolated values to calculate Δh/Δt. Note that the 

triangular interpolation accounts for both across-track and along-track slope and linearly 

weights the height and date by proximity to a measured point. Our assumptions are that 

the slope covered by the facet is not curved and that the rate of height change between 

the three measurement dates that make up the facet is constant through time. Violation 
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of these assumptions is mitigated by spatial and temporal averaging of Δh/Δt 

measurements. An example of this interpolation scheme is given below. 

 

 

Supplementary Figure 2. Detail of melt pond filling and Δh/Δt measurement 

technique. 

Figure 1 (main text) showed measurements of a melt pond filling in western Greenland. 

Here we show further detail of how these measurements were made, with a close-up of 

the melt pond (dark patch in background SAR image) and an individual Δh/Δt 

measurement (blue dot, inset). This individual Δh/Δt measurement was made using a 

single ICESat spot height of 1473.76 m from 15
th

 March 2004, which was differenced 

from a triangular surface linearly interpolated from two points measured on 17
th

 

November 2005 (green stars, both 1478.72 m) and one measured on 20
th

 November 

2006 (yellow star, 1478.17 m). The interpolated height is 1478.47 m, the interpolated 

date is May 2
nd, 2006, the Δh/Δt measurement is +2.21 ma-1

. This example shows the 

weaknesses and strengths of our technique: low temporal resolution but high spatial 

resolution, plus extensive coverage.  
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Supplementary Figure 3. Dynamically-driven elevation changes of Greenland outlet 

glaciers. 

Rates of elevation change on Greenland outlet glaciers after removal of surface-mass-balance 

and density-change signals. Scale is metres per year, red shows thinning, blue thickening. Black 

crosses show surveyed glaciers where the dynamic rate of change is less than ±1 ma
-1

. The 

combined SMB and density-change signal was measured over slow-flowing ice at the same 

altitude and as close as possible to measurements made on outlet glaciers. Measurements on 

outlet glaciers are maxima for data averaged over 2 km, and where data coverage allows. Full 

details are given in Supplementary Table 5. 
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Supplementary Figure 4. Elevation change rates for the major land-terminating 

Greenland Ice Sheet margins. 

Mean elevation change rates for the main slow-flowing, land-terminating margins, in 100 m 

altitude bins. Slow flow was identified from an interferometric velocity mosaic
44

. The green, 

solid line represents the northern margin (80 to 84°N), where the thinning maximum is at 900 m 

altitude (n=166568); the blue, dashed line represents the south-west margin (60 to 65°N), where 

thickening dominates throughout (n=110260); the red, dotted line represents the western margin 

(65 to 70°N), with a transition from strong thinning to slight thickening at high altitude 

(n=22274). Error bars are the standard errors of the mean combined with the estimated 0.07 ma
-

1
 measurement error for a spatially averaged sample. The standard deviation of Δh/Δt in each 

altitude bin ranges from 0.13 to 0.33 (80 to 84°N), 0.58 to 0.78 (60 to 65°N) and 0.31 to 0.78 

(65 to 70°N). Changes over these slow-flowing areas are probably driven by SMB anomalies 

over the observed period. 
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Supplementary Figure 5a 

This figure shows the ICESat-derived absolute Δh/Δt values (tracks of data) for 

Jakobshavn Isbræ drainage basin as absolute values, overlaid on a continuous grid of 

the height variability due to interannual variation (the interannual standard deviation, 

SD) in surface mass balance for the period 1991-2000
42

. We used a conservative density 

of 400 kg m
-3

 to convert from metres water equivalent per year (m w.e. a
-1

) to surface 

height variability (m a
-1

). Note that the ICESat Δh/Δt values over Jakobshavn are 

actually negative and that they go far beyond the 1.5 ma
-1

 scale shown here. Surface 

lowering is apparent in the ICESat data at rates beyond those expected from interannual 

SMB variability at altitudes up to around 1600 m (arrowed). Furthermore, the ICESat 

surface lowering in this area is greater than the lowering of areas at a similar altitude 

adjacent to but outside of the main glacier drainage. At the arrowed location, mean 

annual SMB was 0.04 m w.e. a
-1

 (SD=0.19) and mean accumulation was 0.27 m w.e. a
-1
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(SD=0.09). Mean Δh/Δt was -0.80 ma
-1

 (n=335, SD=0.29) over the faster flowing 

glacier, and -0.07 ma
-1

 (n=909, SD=0.22) over the slow neighbouring areas. SMB 

variability can explain the change over slow-flowing ice but not the much larger signal 

on Jakobshavn, which we therefore ascribe to dynamic thinning. This location is around 

120 km from the glacier front. 

 

 

Supplementary Figure 5b 

As for Supplementary Figure 5a, for Helheim and Kangerdlugssuaq glaciers. For 

Helheim, thinning above the expected SMB-driven height variability (and at rates 

greater than the neighbouring, slow-flowing ice) is evident up to the 2000 m contour 

(note that a number of other dynamically-thinning glaciers lie to the south, hence slow-

flowing reference areas must be chosen with care in this figure). At this altitude, mean 

SMB was around 0.74 ma
-1

 (SD=0.15) and mean Δh/Δt was -0.79 ma
-1

 (n=1136, 
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SD=0.28) over the fast-flowing glacier, -0.41 ma
-1

 (n=1331, SD=0.24) over 

neighbouring slow flow. The 2000 m contour is around 95 km from the front. 

 

For Kangerdlugssuaq, surface lowering is also apparent at rates beyond those expected 

from interannual SMB variability at an altitude above 2000 m. The mean SMB at this 

altitude was 0.46 ma
-1

 with SD=0.13 (1991-2000) and for 2003 to 2008, Δh/Δt on the 

fast-flowing glacier averaged -0.89 ma
-1

 (n=1366, SD=0.26) while on the slow-flowing 

neighbouring areas, it was -0.34 ma
-1

 (n=1186, SD=0.20). Penetration of dynamic 

thinning is detectable to around 100 km from the glacier front.  

 

 

Supplementary Figure 6. Dynamic thinning detail, northwest Greenland. 

Elevation change (colour) and flow rate for Tracy and Heilprin glaciers, northwest Greenland 

(77.6 N). Black shows area of flow >100ma-1. Sites 1-5 are described in Supplementary Table 

4. Contours are altitude (m). 
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Supplementary Figure 7. Thinning of Smith, Kohler and Pope glaciers, Amundsen 

Sea Coast, West Antarctica. Upstream of the grounding line (black), these glaciers are 

thinning rapidly (colour bar) over areas of fast flow (grey shading and contours 

(interferometric velocity mosaic, partial coverage)), with the fastest thinning (9 ma
-1

) 

coinciding with the fastest flow (~400 ma
-1

). The lower reaches of multiple smaller, 

independent shelf-tributary glaciers (arrowed) are also thinning while adjacent, slow 

flowing areas change little or thicken. This spatial pattern is diagnostic of dynamic 

thinning driven by weakening of the floating ice shelf, which has been found to be 

thinning at up to 18±8 ma
-1 (45)

. In the case of Smith Glacier, dynamic thinning is 

detectable to 160 km upstream of the grounding line.  
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Supplementary Figure 8. Thinning of Totten Glacier, East Antarctica.  

Totten Glacier, with the highest flux in East Antarctica, is thinning at up to 1.9 ma
-1

 

over areas of fast flow (grey shading and grey velocity contours lines (partial 

coverage)). This thinning rate is approximately three times greater than reported for the 

decade to 2004
45

. Neighbouring Vanderford Glacier and a small outlet of Law Dome 

(arrowed) also show a clear association between thinning and fast flow, indicating a 

common, ocean-driven cause of regional ice loss through dynamic thinning. 
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Supplementary Figure 9. Thinning of an East Antarctic outlet glacier, Oates Land 

coast. Thinning increases down-flow on the fast-flowing glacier trunk in contrast to 

neighbouring, slow-flowing areas. A nearby site (arrowed) independently shows similar 

behaviour. Velocity scale and velocity contours as for Supplementary Figure 8. 

Location is 69.3952°S, 157.3915°E. 
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Supplementary Figure 10. Thinning of Sjögren Glacier, Antarctic Peninsula.   

Following collapse of the Prince Gustav Ice Shelf in 1993, Sjögren Glacier is still 

thinning strongly right up to the glacier headwall (contours are altitude (m), white line 

shows current ice front). Full-resolution, non-averaged data.  

 

 

doi: 10.1038/nature08471 SUPPLEMENTARY INFORMATION

www.nature.com/ nature 16



 

  

 

Supplementary Tables 

Supplementary Table 1. ICESat to GPS measurement comparison. 

Location 

GPS Δh/Δt  

(2005-2007) 

(ma
-1

) 

ICESat Δh/Δt  

(2005-2007) 

Mean 

(ma
-1

) 

SD 

(ma
-1

) 

Sample 

size 

Jurassic Nunatak (JN) 

(74º26S, 74º26W) 

+0.005 ± 

0.05  

+0.13 0.18 286 

Dyer Plateau (DP) 

(70º40S, 64º52W) 

-0.015± 0.05 +0.04 0.19 218 

Gomez Nunatak (GN) 

(73º59S, 70º36W) 

-0.047± 0.44  +0.14 0.08 430 

 

Comparison of a subset (2005-2007 only) of  our ICESat results to GPS field 

measurements of height change rate on sites chosen as flat and distant from rock 

outcrops (locations JN, DP and GN in Figure 1b (inset)). Jurassic Nunatak GPS site lies 

on an ICESat crossover but Dyer lies at 7.5 km and Gomez at 6.5 km from the nearest 

Δh/Δt measurements, that are taken from within a 20 km radius of the GPS sites. 

Although the sample sizes are small, the time interval short (average of 376 days, only 

half the average period used throughout) and the GPS are point measurements while 

those from ICESat are distributed, the comparison shows reasonable agreement. 
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Supplementary Table 2. Elevation change rate by flow rate, compared to surface 

mass balance, Greenland Ice Sheet. 

 Fast flow 

>100 ma
-1 

Slow flow 

<100 ma
-1 

Mean SD Mean SD 

Accum. (m w.e. a
-1

) (1991-2000) 0.24 0.04 0.16 0.02 

Runoff (m w.e. a
-1

) (1991-2000) 0.34 0.10 0.32 0.08 

SMB (m w.e. a
-1

) (1991-2000) -0.12 0.13 -0.18 0.10 

Mean height (m) 930 473 1190 457 

Area (km
2
) 62500 291400 

 

SMB/runoff variability (ma
-1

) 0.18 0.12 

Detection threshold (ma
-1

) 0.19 0.14 

 

Δh/Δt (ma
-1

) (2003-2007) -0.84 1.97 -0.12 0.66 

Samples 243041  1209642  

 

Here we compare elevation change rates (2003 to 2007) with available surface mass 

balance (SMB) statistics for Greenland (from 1991 to 2000)
42

, for fast and slow-flowing 

areas (greater and less than 100 ma
-1

 respectively) for which flow data are available
44

 

(primarily along the coast). The accumulation, runoff and SMB standard deviations are 

interannual, not spatial. They cover a period preceding our Δh/Δt measurements and so 

we use them only to indicate the expected magnitude of interannual variability in these 

parameters for our study area. The ‘SMB/runoff variability’ value shows the expected 

variability in surface height for the slow and fast classes respectively that is due to the 
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combined effects of this expected interannual variation in surface mass balance and our 

sampling of the seasonal runoff signal, for the available data (for 1991-2000) and 

assuming an average snow density of 500 kg m
-3

 (see the Volume and Mass Calculation 

section of the Methods regarding our sampling of the runoff signal). The ‘Detection 

threshold’ value combines this with the 0.07 ma
-1

 measurement uncertainty. The fast 

and slow areas have similar altitudes and SMB characteristics but the fast-flowing area 

had thinning rates substantially greater than the detection threshold. In contrast, the 

average surface height change rate for the slow-flowing area is below the detection 

threshold. Furthermore, the difference in mean Δh/Δt between fast and slow flow (0.72 

ma
-1

) is three times the expected RMS of surface height variability from the combined 

measurement uncertainty and SMB/runoff signals (0.24 ma
-1

) (even under the 

conservative assumption that errors and SMB variations for fast and slow flow are not 

correlated). These observations strongly support the assertion that the fast-flowing areas 

along the Greenland ice sheet margins are thinning dynamically. 
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Supplementary Table 3 

 

Glacier 

Accel.
10

 

2000- 

2005 (%) Site 

Altitude 

(m) 

Δh/Δt 

(ma
-1

) 

Δh/Δt 

SD 

Δh/Δt 

samples 

SMB 

mean (m 

w.e. a
-1

) 

SMB 

SD 

Tracy 40 1 500 -7.29 0.36 61 -0.56 0.19 

  2 600 -5.46 0.32 27 -0.56 0.19 

  3 900 -1.26 0.17 178 -0.02 0.21 

  4 1150 -0.46 0.09 646 -0.06 0.21 

  5 1500 -0.17 0.09 419 0.18 0.08 

Heilprin 18 1 450 -0.77 27 207 -0.48 0.15 

 

Northwest Greenland glaciers Tracy and Heilprin accelerated 40% and 18% between 2000 and 

2005
44

 and also thinned, as shown above.  SMB statistics are for 1991-2000
42

. On Tracy 

Glacier, thinning declines exponentially with altitude but exceeds the likely variability in 

surface mass balance up to at least 900 m altitude, for reasonable density values and accounting 

for a possible 20% decrease in SMB in the 2003-2007 period
46. The spatial distribution of Δh/Δt 

shown in Supplementary Figure 6, however, shows a thinning anomaly at site 4 (1150 m 

altitude), aligned with the fast-flowing trunk of Tracy Glacier, that we also attribute to the 

acceleration in flow. Locations of glaciers are given in Supplementary Table 5. 
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Supplementary Table 4. Antarctic sectors of significant thinning and thickening 

related to flow speed 

 >100 ma
-1

 <100 ma
-1

 % basin 

area 

sampled 

Drainage 

sector 

Mean 

speed 

(ma
-1

) 

Mean 

Δh/Δt 

(ma
-1

) 

SMB 

height 

variab. 

(ma
-1

) 

Detection 

threshold 

(ma
-1

) 

Mean 

speed 

(ma
-1

) 

Mean 

Δh/Δt 

(ma
-1

) 

SMB 

height 

variab. 

( ma
-1

) 

Detection 

threshold 

(ma
-1

) 

AA' 170 0.10 0.12 0.14 29 0.03 0.11 0.13 35 

A'B 195 0.15 0.11 0.13 20 0.07 0.09 0.11 44 

BC 238 -0.01 0.09 0.12 27 0.05 0.06 0.09 27 

CC' 190 -0.08 0.19 0.20 30 0.01 0.13 0.15 45 

C'D 190 -0.10 0.23 0.24 34 0.04 0.18 0.19 28 

DD' 170 0.03 0.17 0.18 22 0.06 0.12 0.14 61 

D'E 169 -0.10 0.11 0.13 13 -0.01 0.08 0.10 71 

EE' 233 -0.03 0.10 0.12 18 0.01 0.06 0.09 14 

E'E" 278 0.03 0.07 0.10 22 0.08 0.08 0.11 67 

E"F 267 0.03 0.07 0.10 17 0.03 0.08 0.11 96 

FF' 166 -0.10 0.15 0.17 21 0.03 0.13 0.15 73 

F'G 216 -0.23 0.21 0.22 32 0.02 0.18 0.19 63 

GH 333 -0.78 0.24 0.25 33 -0.04 0.22 0.23 78 

JJ" 210 0.08 0.16 0.17 21 0.10 0.14 0.16 38 

J"K 208 0.10 0.07 0.10 17 0.07 0.05 0.09 28 

KA 162 0.13 0.14 0.16 18 0.08 0.12 0.14 77 

          

PIG 397 -1.02 0.27 0.28 35 0 0.25 0.26 76 
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Detection of dynamic thinning (beyond the detection threshold calculated from the 

measurement uncertainty and the variability in height due to accumulation variation) in fast 

flowing areas (orange). Blue shows dynamic thickening.  

 

Here we classify our Δh/Δt measurements as from fast or slow flowing ice (defined as greater or 

less than 100 ma
-1 (47)

). We obtained glacier flow rate measurements from a synthetic aperture 

radar interferometry mosaic covering 75% of Antarctica  (after
48,49,50,51,52

). For the fast and slow-

flowing areas respectively, we compare mean elevation change rate with the expected surface 

height variability due to inter-annual variations in accumulation combined with the 

measurement uncertainty. Surface height can also vary due to changes in temperature that affect 

the firn compaction rate, but this effect is far less significant than variations in accumulation
43

. 

The expected accumulation variability is based on accumulation rate measured from passive 

microwave emissivity
53

 with a mean annual relative variability of 30%
54

, scaled to the mean 2-

year measurement interval of our Δh/Δt results. We use a snow density of 350 kgm-3
 to calculate 

conservatively the resulting variability in surface height. The drainage sectors are shown in 

Figure 2. This table shows that the fast-flowing areas of drainage sectors F’G and GH (which 

includes Pine Island Glacier (PIG)) are thinning at a rate greater than the inter-annual 

accumulation variability, hence the thinning is dynamic in cause. In contrast, the slow-flowing 

parts of these sectors show no significant change. Sector C’D, which includes Totten Glacier, is 

thinning but at a rate that is not significant on the 2-year time scale. This, however, is partly the 

result of incomplete coverage in flow rate measurements over the lower glacier where thinning 

is greatest, and where the spatial pattern of change indicates that the cause is dynamic 

(Supplementary Figure 8). Similarly for sector HH’, where we detect rapid thinning consistent 

with a dynamic cause, flow rate data is absent. The sector highlighted in blue is thickening at or 

above the detection level. Note though that for the Siple Coast sector E’E”, where Kamb Ice 
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Stream is thickening while Whillans Ice Stream thins (Figure 4), these strong contrasting signals 

average to show no significant change on the drainage-sector scale.   

 

 

Supplementary Table 5. Inventory of dynamic change in coastal Greenland.  

This table shows the elevation change rate (ma
-1

) due to dynamic thinning (Δh/Δt D) (after 

removal of SMB and density change effects (Δh/Δt  SMB)) at the locations (Lat D, Long D) and 

altitudes specified, for outlet glaciers of the Greenland Ice Sheet. Some glaciers have multiple 

measured sites (hence glacier names are repeated). The combined SMB and density change 

signal was defined as the change measured over nearby slow-flowing ice at the same altitude as 

measurements on the outlet glaciers, on a case-by-case basis. The values from this study are the 

maximum rates of change identified along the available ICESat tracks for each glacier; 

unsampled areas of the glacier may exceed these. 
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Supplementary Table 6. Comparison of Greenland outlet glacier Δh/Δt rates to other 

studies
33,55,56

 

This table compares Δh/Δt values for glaciers studied by Thomas et al. (2009)
55

 and, where 

noted, Joughin et al. (2008)
56

 and Howat et al. (2008)
33

. The comparison is approximate as 

surveys may differ in time and measurement locations in other studies are not precisely defined. 

These other studies do not distinguish the dynamic component of their height-change signal 

(ours are presented as ‘Δh/Δt D’). Where samples come from a similar part of the glacier at a 

similar time, the values are broadly similar. A notable exception is Hagen Bræ, which appears 

to go from quiescence to surging between the studies. The values from this study are the 

maximum rates of change identified along the available ICESat tracks for each glacier. 

 

Glacier Thomas et 

al. Δh/Δt 

(ma
-1

) 

Comments This 

study 

Δh/Δt 

(ma
-1

) 

This 

study 

Δh/Δt  D 

(ma
-1

) 

Comments 

Eqalorutsit kitdlit 

sermiat 

~ -1 2001-2006 

~ 5km inland 

-0.6  -1.7 Alt. 1100 m 

~20 km 

inland 

Kangiatamunata 

sermia 

Up to -8  1998-2001 

Seaward 3 km. 

-1.7 -1.1 Alt. 1000 m 

~28 km 

inland 

Jakobshavn upper Over -4 2005-2007 

70 km inland 

-3.5 -3.5 Alt. 1350 m 

~80 km 

inland 
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Jakobshavn lower ~ -14 

 

(over -10*) 

2005-2007 

~30 km inland 

(*2005-2006, 

Joughin et al.
56

) 

-13.1 -11.9 Alt. 490 m 

~30 km 

inland 

Kangerdlugssup Few tens 

of cm 

2005-2006 

Near coastal 

-1.0 +0.8 Alt. 290 m 

~13 km 

inland 

Rink Over -0.8 1998-2006 

Within 40 km of 

coast. 

-1.0 -0.3 Alt. 1070 m 

~42 km 

inland 

Upernavik -1 to -2 1999-2002 

Seaward 20 km 

-3.8 -1.8 Alt. 500 m 

Seaward 20 

km 

Steenstrup Up to -4 1999-2005 

Near coastal 

-6.5 -5.1 Steenstrup 

north. 

Alt. 400 m 

Kong Oscar Up to -1.5 1999-2005 

Seaward 10 km 

-2.0 -1.5 Alt. 410 m 

~16 km 

inland 

Humboldt -1.1 1999-2007 

Seaward 10 km 

-1.9 -1.9 Alt. 80 m 

13 km inland 

Petermann Slight 

thinning 

2002-2007  

Above grounding 

line 

-0.3 -0.15 Alt. 800 m 

~120 km 

inland 

Steensby -0.7 1999-2007 

40 km inland 

-0.55 -0.50 Alt. 870 m 

~65 km 
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Alt. ~650 m inland 

Ryder ~ -1 1999-2007 

~30 km inland 

-2.3 -2.2 Alt. 110 m 

~30 km 

inland 

Hagan Bræ 0 1994-1999 

30-60 km inland. 

Possible quiescent  

surge-type. 

-6.3 -5.9 Alt. 500 m 

Approx. 50 

km inland. 

Possible 

surge in 

progress. 

Nioghalvfjordsbræ -0.3 1999-2007 

Seaward 150 km 

-0.1 -0.15 Alt. 920 m 

~120 km 

inland 

Zachariae Over -2 1999-2007 

Near coastal. 

-4.3 -4.4 Alt. 90 m 

Near margin 

Storstrommen 

lower 

Up to -2 1999-2007 

Seaward 40 km 

-2.0 -1.5 Alt. 80 m 

Near margin 

Storstrommen 

upper 

Up to +3 1999-2007 Inland 

of 40 km from front 

+2.0 +2.0 Alt. 850 m 

~100 km 

inland 

L.Bistrup lower Over -2 1999-2007 Seaward 

40 km 

-2.6 -2.7 Alt. 130 m 

~17 km 

inland 

L.Bistrup upper Up to +2.5 1999-2007 Inland 

of 40 km from front 

+2.15 +2.15 Alt. 630 m 

~50 km 

inland 
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Vestfjord Over -1  After 2001 

Seaward 20 km 

-0.4 +0.3 Alt. 980 m 

~30 km 

inland 

Kong Christian IV -0.5 1998-2006 

Inland of 20 km 

from front 

-0.9 -0.2 Alt. 980 m 

~40 km 

inland 

Kangerdlugssuaq -20 

 

 

 

(~ -20)* 

2005-2007 

25 km inland. 

northern tributary. 

*(2002-2005, 25 

km inland, location 

unspecified, Howat 

et al.
33

) 

-17.7 -18.1 Alt. 840 m 

~25 km 

inland 

southern 

tributary 

Helheim ~ -25 

 

(~ -35)* 

2003-2005 

~13 km inland 

*(2002-2005, ~13 

km inland, Howat et 

al.
33

) 

-23.0 -21.8 Alt. 340 m 

~13 km 

inland 

Bernstorf (~ -8)* *(2002-2005, 750 

m altitude, location 

unspecified, Howat 

et al.
33

) 

-6.75 -5.75 Alt. 750 m. 

(Bernstorf 

South) 
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