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1. Estimated sea-level-rise between 2003 and 2009 
The rate of sea level rise over our period of study, 2.50 ± 0.54 mm yr-1, is determined as 

the average of the trends in the 10-day estimates of sea level provided by CU Sea Level 

Research Group (2.23 mm yr-1: http://sealevel.colorado.edu/) and Aviso (2.77 mm yr-1: 

http://www.aviso.oceanobs.com/en/news/ocean-indicators/mean-sea-level/) between 

September 31, 2003 and September 31, 2009. We take the uncertainty in this estimate to 

be the difference between the two rates.  

 

2. Global mass changes from GRACE for 2003-2009 
We use GRACE observations (August 2003 - August 2009) of time-variable gravity 

provided by the Center for Space Research (CSR). The GRACE satellite orbit data are 

processed by CSR to produce solutions of the Earth's gravity field using a spherical 

harmonic formalism. After processing, the data are provided as sets of Stokes coefficients 

at quasi-monthly intervals. We use two different mascon-fitting methods (Methods A and 

B) to extract glacier mass anomalies from these coefficients, in contrast to other studies 

which estimate mascons directly from the GRACE inter-satellite range-rate data [e.g. (10, 

25)]. Method A is a simple recalculation of previously published results (4) for the period 

August 2003 through August 2009 using improved glacier mascon locations consisting of 

0.5° by 0.5° cells that contain more than 100 km2 of glacierized area according to the 

Randolph Glacier Inventory RGI (6). This approach recovers glacier mass changes by 

fitting mascon anomalies in spectral space to the monthly Stokes coefficients. Method B 

recovers glacier mass anomalies in a slightly different way by fitting the same mascons to 

the GRACE solution in the spatial domain instead of the spectral domain following the 

methods of Wouters et al. (12). Method B also uses a different approach to estimate 

uncertainties in Glacial Isostatic Adjustment (GIA) and filtering methods based on 

empirical orthogonal function analysis (37) to remove spurious correlation between 

Stokes coefficients of even and odd degrees for constant order. Method A uses the 

mascon fitting approach described by Jacob et al. (4). GRACE solutions are also 

available from other processing centers but previous work (4) has shown that extracted 

glacier mass balances are relatively insensitive to the solution used. Further details on the 

respective methods are provided below. 
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GRACE Method A 

Jacob et al. (4) used a mascon-based analysis method to determine trends in mass change 

for all the world’s glaciers for the period January 2003 to December 2010. They 

simulated and removed changes in the storage of liquid water and snow outside of the 

glaciers, and changes due to glacial isostatic adjustment (GIA) in the solid Earth. The 

GIA corrections do not include the effects of post-Little Ice Age (LIA) isostatic rebound, 

which were separately evaluated and removed. They computed uncertainty intervals as a 

combination of 2-sigma formal errors and the estimated errors in their water storage, GIA 

and LIA predictions. 

 

We have used Jacob et al.’s method to compute mass trends for August 2003 through 

August 2009 in the regions of the RGI and with updated mascons. This allows direct 

comparison with the 2003-2009 results from other methods discussed in this paper. 

Results are provided in Table S1. For consistency with Jacob et al. (4) we use the CSR 

release four (CSR RL04) gravity fields, which give glacier mass loss results that differ 

little from those obtained using the more recent CSR RL05 fields when processed using 

the same method (< 3 Gt yr-1 difference within regions and ~2 Gt yr-1 difference 

globally). For further details on methods and errors see Jacob et al. (4) and their 

Supplementary Information. 

 

GRACE Method B  

In Method B we use the updated CSR release five GRACE solution (CSR RL05) that was 

recently made available by the mission's science team. The new solution includes 

improved alignments between the star camera, accelerometer and K-band ranging system 

and the use of updated background models for the atmospheric and non-tidal ocean 

variability, the mean gravity field, ocean tides and pole tide in the processing of the 

satellite data (38). Comparison of the RL05 GRACE data to an ocean model shows a 

reduction of the residuals by 50-80 % with respect to the RL04 data, over the majority of 

the ocean (39). As in Jacob et al. (4), the GRACE observations are complemented with 

degree-one coefficients based on the approach of Swenson et al. (40). The C20 



	  

	   4	  

coefficients, which are poorly resolved by the GRACE satellites, are replaced by values 

from satellite laser ranging (41). Following Jacob et al. (4), a 150-km Gaussian 

smoothing kernel is applied to the GRACE data. Despite the improvement made in the 

reprocessed RL05 data, significant noise remains at lower latitudes. Therefore, a mild 

filtering based on empirical orthogonal function (EOF) analysis is applied to the Stokes 

coefficients (37), rejecting the principal components that cannot be distinguished from a 

white-noise signal with 95% confidence. This choice of cutoff is based on earlier work 

(12-14, 37) and is a trade-off between removing as much noise as possible from the 

gravity signal without compromising the real, physical signals of interest. 

 

To recover the glacier mass balances for August 2003 to August 2009, we expand the 

method of Wouters et al. (12). In contrast to Jacob et al. (4), this approach fits the 

mascons in the spatial rather than in the spectral domain. To this end, the GRACE Stokes 

coefficients are translated to maps of surface mass anomalies using elastic loading theory 

(42). In an iterative process, the mass anomalies in predefined mascons grouped by RGI 

regions are adjusted until an optimal agreement in a least-squares sense is reached with 

the GRACE maps of surface mass anomalies. The mascons used are based on the RGI at 

a 0.5 degree resolution and are identical to those used for the updated Jacob et al. (4) 

results, as described above.  

 

The glacier mass changes need to be separated from solid Earth and hydrology mass 

changes that are also represented in the GRACE data. As in Jacob et al. (4), GIA effects 

are removed using the model of A et al. (43) based on the ICE5G ice loading history and 

VM2 viscosity profile (44). The uncertainty of this correction is based on the 2-sigma 

range of the GIA signal in a set of models using a range of viscosity profiles (0.3×1021 to 

1.0×1021 Pa s and 0.3×1021 to 1.0×1022 Pa s for the upper and lower mantle, respectively) 

and alternative loading histories from the models ICE-3G (45) and ANU (46). The 

resulting uncertainties are comparable in magnitude to those given in Jacob et al. (4), who 

use ±50% of the GIA correction as a measure of uncertainties. An exception is the 

Western Canada/US region, where the deglaciation histories disagree on the location and 

size of the Laurentide and Cordilleran Ice Sheets, resulting in a 2-sigma range of ±14 Gt 
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yr-1. For solid Earth signals related to the Little Ice Age (LIA), the corrections from Jacob 

et al. (4) are used. 

 

Contributions from hydrology were removed using the average correction estimated from 

two models: the Community Land Model version 4.0 (CLM4) and the GLDAS-NOAH 

model (47) in its 0.25 degree configuration. Note that Jacob et al. (4) used a different 

version of the GLDAS model (NOAH 2.7.1) at a coarser resolution but the same CLM4 

model. Grid points showing unrealistic water storage, mainly located in mountainous 

terrain and glaciated areas, were masked in the model data. The uncertainty in the 

hydrology correction is taken to be the difference between the trends in the two models. 

The regions with the largest uncertainty in the hydrology correction are High Mountain 

Asia (22 Gt yr-1), the Low Latitudes (12 Gt yr-1), the Southern Andes (7 Gt yr-1) and 

Alaska (6 Gt yr-1). Hydrological corrections for all regions are provided in Table S2. 

 

Recently, a number of spurious jumps were revealed in the atmospheric products used to 

de-alias the GRACE data, most likely originating from a change in the resolution of the 

European Centre for Medium-Range Weather Forecasts (ECMWF) model used to 

produce these data (48). The atmospheric data from this model (surface pressure, multi-

level temperature and humidity and geopotential height at the surface) is used to remove 

short-term non-tidal atmospheric mass data from the satellite gravity data. Therefore, 

these jumps may affect the GRACE estimates of surface mass change. To assess the 

potential effect of these spurious signals on our glacier mass trends, we converted the 

monthly atmospheric correction data as provided by the GRACE science teams to 

equivalent surface water height anomalies and applied the mascon fitting method at the 

locations of the glacier mascons. Inspection of the resulting time series revealed no 

significant effects; for all regions, trends were below < 0.5 Gt yr-1. Uncorrected mascon 

anomalies, correction factors (LIA, GIA, Hydrology), and estimated glacier mass budgets 

determined using Method B are provided in Table S2. 

 

Results used in main manuscript [JW12] 
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There is very close agreement between the two GRACE estimates (Table S1 & S2) so we 

simply present the average of both methods in the main manuscript. We refer to this 

averaging as JW12. Regional errors are taken to be the average regional error of both 

methods. 

 

3. Global mass changes from glaciological records 2003-2009 [C09] 
Glaciological measurements of the glacier mass budget are made on the glacier surface, 

most often by measuring the density in snow pits and changes in relative surface 

elevation with a network of stakes; frontal ablation (calving and subaqueous melting) is 

most often estimated from measurements of ice velocity and ice thickness near the glacier 

front and of frontal position. Local geodetic measurements of the mass budget are made 

by measuring the mean change of glacier surface elevation between two surveys and 

converting the resulting volume change to mass change by assuming a value for, or 

modeling, the density of the mass gained or lost. Here we use the term “local” to 

distinguish geodetic estimates for single glaciers and sub-regions from geodetic estimates 

for entire regions. The distinction is somewhat subjective, but the largest “local” 

measurement covers ~5,600 km2, and all such measurements cover small fractions of 

their RGI regions. 

 

Regional mass-budget estimates by interpolation (2) are made by fitting inverse-distance-

weighted cubic polynomials, in the horizontal coordinates of an azimuthal equidistant 

map projection, to all available glaciological and local geodetic measurements. Each 

glacierized cell of a 1°×1° grid is occupied in turn, the map projection being centred on 

the grid cell. Regional budgets are sums of the area-weighted grid-cell budgets. The 

effect of the distance weighting is to give much greater weight to nearby measurements, 

but where there are no nearby measurements it causes interpolated estimates to converge 

on the arithmetic average of all the distant measurements. The global rate of mass change 

by inverse-distance-weighted interpolation is -491 Gt yr-1 for 2003-2009 (-329 Gt yr-1 

excluding Greenland and the Antarctic) and the arithmetic average of all measurements is 

–543 Gt yr–1 (-433 Gt yr-1 excluding Greenland and the Antarctic). Fig. 6 shows pentads 



	  

	   7	  

of the rate of mass change for both methods (inverse-distance-weighted interpolation and 

arithmetic average). Regional errors for both methods are considered fully correlated. 

 

Our calculations (Table S3) rely on a database containing only glaciological and local 

geodetic measurements, updated from Cogley (2). Globally for 2003–2009, 686 

glaciological measurements of glacier-wide mass balances, mostly annual, are available 

from 135 different glaciers. Another 172 measurement years are available for 71 glaciers 

from local geodetic measurements, most of which are multi-annual; some are from 

glacierized regions with extents up to 5,600 km2. Any geodetic measurement of which 

the multi-annual span contains part of the 2003–2009 period is included. Its uncertainty, 

when it is treated as an estimate for 2003–2009, is calculated following (2) by estimating 

the interannual variability of the mass budget as a function of the climatological 

temperature at the average elevation of the glacier. The geographical distribution of the 

measurements is very uneven. In units of measurement years per 1000 km2 yr-1, summed 

over the six-year period and counting each year of any multi-annual measurement once, 

the density of measurements was 1.18 for the globe. It was zero in the Russian Arctic, 

and ranged upwards to 85 in Central Europe (Table S3). All of the regions in which C09 

can be shown to disagree markedly with JW12 and with ICESat altimetry have 

measurement densities less than ~4 (1000 km2)–1 yr–1. For these large regions with few 

measurements the inverse-distance weighting of the interpolation algorithm gives very 

low weight to all of the measurements, because all are far away. The result is that the 

interpolated estimate tends to converge on the global average of the measurements, and 

although such estimates are automatically assigned large uncertainty they are now shown 

to be inaccurate in several extensively glacierized regions (e.g. Antarctica). Such low 

densities are evidently inadequate to resolve spatial variability of the magnitude 

suggested by Fig. 3, whether by simple averaging of the few in-situ measurements or by 

spatial interpolation. Conversely, except for the Southern Andes where the fair agreement 

of C09 with JW12 may be fortuitous, all those regions where the interpolated estimates of 

C09 appear reliable by comparison with other sources of information (Section 6) have 

measurement densities greater than ~4 (1000 km2)–1 yr–1. 
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4. Mass changes of peripheral glaciers in Antarctica and Greenland 
Glacier area 

The peripheral glaciers of Antarctica and Greenland are not easily distinguishable from 

the ice sheets unless they are physically separate. We base our analysis of mass changes 

in these regions on two newly published glacier inventories of Antarctica (15) and 

Greenland (16) which are also incorporated into the RGI. The Antarctic periphery is 

defined to include all islands between the shoreline of the Antarctic mainland and latitude 

49°S, excluding those near New Zealand and South America (Fig. 2). No glaciers on the 

mainland are included. The total area of glaciers in the Antarctic inventory is 133 200 

km2, and almost all of the delineated glacier basins terminate into the ocean as grounded 

ice fronts or floating ice shelves. The Greenland peripheral glaciers are classified 

according to their connectivity with the ice sheet, i.e. no connection (~65 500 km2), weak 

connection (~24 200 km2) and strong connection (~40 400 km2). We only include the two 

first classes in our domain (Fig. 2) since the strongly connected glaciers are likely 

influenced by the dynamics of the main ice sheet although they drain from different 

topographic rises, e.g. the Geikie Plateau (49). 

 

Analysis of elevation and volume changes 

Our elevation change estimates are based on ICESat laser altimetry and follows the 

approaches of similar studies in the High Arctic (8, 13, 14). We used data from Release 

533 of the similarly processed GLA12 and GLA06 altimetry products that we merged 

according to availability (50). We added a correction for saturated return waveforms 

which occurred for near specular reflections where the high return energy overloaded the 

detector, leading to distorted waveforms and biased elevations (51). The effect has been 

empirically modeled to within the mission accuracy requirements, and the correction is 

provided within the data products. Forward scattering in clouds cannot be easily 

corrected, but is sometimes mitigated by filtering out potential cloud-affected returns 

(52). We found that although such filtering improves the elevation precision, it also 

removes usable data that are important to achieve sufficient spatial and temporal 

coverage in cloudy regions like the Antarctic Peninsula Islands where a lot of data are 
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lost entirely due to impenetrable clouds. Regardless of choice, the differences in the 

resulting mass budgets (< 3 Gt yr-1) for the peripheries are well within the error bounds. 

 

ICESat was operated in a campaign mode in which a 33-day sub-cycle of the satellite 

orbits was repeated 2-3 times a year between October 2003 and October 2009. Surface 

elevations were determined from ~70 m footprints spaced at ~170 m along each ground 

track (53). Repeated ground-tracks can be separated by several hundred meters in the 

cross-track direction, so it is necessary to correct for surface slope in order to derive 

accurate elevation changes. We applied a well-established regression technique that 

estimates surface slope and average elevation change rate (dh/dt) for planes that are fitted 

to 700 m long segments of near-repeat tracks (8, 52). The input data were seasonally 

filtered to ensure that each dh/dt spans an integer number of years (8). Potential outliers 

were removed in an iterative process in which the regression was re-run until all elevation 

residuals were brought within a threshold of ±5 m with respect to the fitted surface slope 

and average dh/dt. This value was chosen as a compromise between keeping real 

elevation change signals (e.g. rapidly thinning outlet glaciers) and removing anomalous 

elevation measurements from cloud reflections, large crevasses and extreme topography. 

Overall, the results are insensitive to the choice of this filtering threshold. We also 

removed planes that contained fewer than four repeat tracks and those with a time span 

shorter than two years. The resulting dh/dt estimates can be seen in Fig. 2 as an overview 

of all peripheral glaciers and in Fig. S1a and b as a close-up view for two selected areas. 

 

Complex glacier terrain and relatively sparse track coverage make it difficult to apply 

geostatistical interpolation in unmeasured areas. Instead we parameterized dh/dt as a 

function of elevation within a set of sub-regions as defined in Table S4 and Fig. 2. In 

Greenland, we estimated sub-regional volume change rates (dV/dt) by multiplying the 

average dh/dt within 50 m elevation intervals (Fig. S2) by the corresponding glacier area 

as determined from the GIMP (54) digital elevation model (DEM) at 90 m resolution. In 

this process, we weighted the dh/dt estimates according to an empirical function of the 

satellite orbit convergence at high latitudes. In Antarctica, the relationship between dh/dt 

and elevation is weak (Fig. S3), and there is no uniform DEM of high accuracy, so we 



	  

	   10	  

simply multiplied the latitude-weighted average dh/dt by the sub-regional glacier areas to 

obtain dV/dt. We also tested hypsometric dh/dt extrapolation with the RAMP 200 m 

DEM (55), and found that the difference in dV/dt between the two approaches was small 

(0.5 km3 yr-1). This is explained by the good agreement between the ICESat elevation 

sampling and the regional hypsometry (Fig. S4). 

 

We also estimated area-averaged elevation changes between individual ICESat 

campaigns based on the residuals of the plane fits (8). The resulting cumulative time 

series for selected regions can be seen in Fig. S5. The temporal fluctuations in elevation 

change for the Greenland regions are likely due to seasonal variations in accumulation 

and ablation. The largest seasonal amplitude and the most negative elevation trend are 

both found in southeast Greenland, which is consistent with particularly large mass losses 

from the ice sheet in this region (12, 56). Elevation trends vary widely from region to 

region, but are relatively stable within each region. This gives us confidence that the 

relatively short time span of ICESat is adequate to determine real trends in glacier surface 

elevation. 

 

Uncertainties  

The uncertainty of individual elevation measurements and dh/dt estimates can be 

evaluated at crossover locations between ascending and descending tracks (8). For 

measurements used in the dh/dt analysis, we estimate an elevation uncertainty of 0.97 m 

in Antarctica and 0.90 m in Greenland based on the root-mean-square (RMS) elevation 

difference at linearly interpolated crossover points (195 in Antarctica and 1530 in 

Greenland) within individual observation campaigns (dt < 35 days). Similarly, we obtain 

a dh/dt uncertainty of 0.31 m yr-1 (43 crossovers) in Antarctica and 0.35 m yr-1 (195 

crossovers) in Greenland based on a crossover analysis of our plane fits. These findings 

are in line with similar studies in other polar regions (8, 13, 14).  

 

Area-averaged dh/dt values and uncertainties for each sub-region are shown in Fig. 2. We 

estimated each of those sub-regional 2-sigma uncertainties (θdh/dt) from the Root-Sum-

Squares (RSS) of all known error components in an area-averaged dh/dt: 
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          Equation S1 
 

where: 

θSTDE = standard error of area-averaged dh/dt within elevation intervals 

θBIAS = systematic error due to inter-campaign biases and crustal uplift (0.03 m yr-1) 

θSPAT = error due to uneven spatial sampling (0.03 m yr-1) 

θTEMP = error due to uneven temporal sampling (0.03 m yr-1) 

θAREA = error in glacier area used for spatial extrapolation (10% of dh/dt) 

 

A detailed description and quantification of each error component can be found in the 

auxiliary material of Moholdt et al. (14). The largest error component is θSTDE, which 

varied from 0.04 m yr-1 to 0.46 m yr-1 when assuming a measurement decorrelation 

length of 5 km within each sub-region. This error accounts for measurement noise and 

random variations in spatiotemporal sampling. In addition, there might be systematic 

effects from uneven spatial sampling θSPAT (e.g. less data from cloudy or high-relief 

areas) and temporal sampling θTEMP (e.g. cloudy periods or campaigns with less data). 

The largest issue with θTEMP is the reduced quantity of data from October 2009 when the 

laser instrument abruptly failed. However, we see no clear anomaly in the 2009 data in 

the area-averaged elevation time series (Fig. S5). We addressed the possibility of a large 

θSPAT by doing separate calculations for ascending and descending tracks. The two 

independent samples yielded area-averaged dh/dt values within 0.03 m yr-1 of the full 

data set in both Antarctica and Greenland. Based on this and other studies (8, 13, 14), we 

set both θSPAT and θTEMP to a constant value of 0.03 m yr-1. Systematic elevation biases 

(θBIAS) can potentially be corrected for, but their temporal trend is poorly defined, so we 

only account for them in terms of added uncertainty. Instrumental elevation biases of up 

to 0.10 m have been detected for individual ICESat campaigns (57), but with no clear 

long-term drift (<0.02 m yr-1). Measured and modeled crustal uplift rates in Antarctica 

(58) and Greenland (59) show large spatial variability and are typically within ±0.01 m 

yr-1. Combining this information, we assign a total θBIAS of 0.03 m yr-1.  

 

θdh/dt = θSTDE
2 +θBIAS

2 +θSPAT
2 +θTEMP

2 +θAREA
2
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We estimated volumetric mass budgets and their uncertainties (ΔMvol, i.e. mass budget 

assuming that all of the measured volume change is due to gain or loss of ice)  by 

multiplying the area-averaged dh/dt and θdh/dt by the sub-regional glacier areas and a 

density of 900 ± 17 kg m-3 (Table S4). Determining ΔMvol allows us to later show the 

impact of the firn correction on the assumption that all of the measured volume changes 

are due to gain or loss of ice (Table S4). The total volumetric mass budget errors for 

Antarctica and Greenland were determined from the RSS of the total sub-regional errors 

except from the instrumental part of θBIAS, which we added cumulatively since it is fully 

correlated. Mass budget corrections and uncertainties due to density variations were 

treated separately as described below.  

 

Volume to mass conversion 

Conversion from volume change rates (dV/dt) to actual mass change rates (dM/dt) is 

complicated due to unknown variations in firn-pack density, thickness and extent. For 

Antarctica we used output from a semi-empirical firn densification model (FDM) (18) 

forced at the surface by the regional atmospheric climate model RACMO2 (60), both of 

which have been extensively validated against independent observations (17, 18, 60-63). 

The FDM simulates changes in surface elevation at a ~27 km horizontal grid resolution 

assuming steady ice divergence at a rate equal to the 32-year (1979-2011) mean surface 

mass budget. The FDM accounts for firn densification, vertical heat transport, meltwater 

percolation and refreezing processes. We estimated the uncertainty in the FDM by taking 

0.01 K yr-1 as the upper limit for a possible temperature trend of the spin-up period, 

which results in an 8% change in accumulation. Through additional model runs we 

determined a sensitivity of 0.004 m yr-1 to the possible temperature trend. We also 

estimated a ±20% error in RACMO2 snowmelt amounts, which directly influences the 

surface height through the surface density. Combined, these accumulation and snowmelt 

uncertainties are greatest, up to 0.15 m yr-1, in areas with high rates of melt such as the 

Antarctic Peninsula. More information on the error analysis can be found in the 

Supplementary Information of Pritchard et al. (17).  
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Based on the model, we extracted sub-regional means for simulated firn thickness change 

(dhfirn/dt) and surface mass budget anomaly (dmfirn/dt) relative to the 32-year mean. The 

corrected sub-regional mass budgets (ΔMtot) were then estimated from: 

 

                       Equation S2 

 

where dhICESat/dt is the sub-regional average elevation change rate, ρice is the density of 

ice (900 ± 17 kg m-3), and Aglac is the sub-regional glacier area. The results are shown in 

Table S4. The volumetric mass budget (ΔMvol) corresponds to the first term on the right 

of the equation, while the mass budget correction (ΔMcorr) corresponds to the sum of the 

last two terms. According to the FDM, the firn pack has been thinning on the Antarctic 

Peninsula Islands (positive correction) and thickening on the Palmer Land and Ellsworth 

Land Islands (negative correction), which is consistent with the ICESat elevation trends. 

The mass budget correction for the sub-Antarctic Islands was set to 0 ± 0.2 Gt yr-1 since 

they are outside the model domain. Uncertainties were combined as RSS. 

 

For Greenland we lack the measurements and model estimates required to correct for 

changes in firn depth and density. We instead rely on density assumptions for elevation 

changes in the firn area. We approximate the firn area as the glacier area above a 

modeled equilibrium line altitude (ELA) or above an observed snowline at the end of 

summer. Surface mass budget fields were obtained from the regional atmospheric climate 

model RACMO2, provided at ~11 km horizontal resolution. The model output has 

previously been validated against in situ observations (64). We estimated sub-regional 

ELAs by fitting second order polynomial functions to the 2003-2009 surface mass budget 

fields grouped within 200 m elevation intervals. Additionally, we extracted observational 

snowline altitudes from the October 2012 release of the Greenland MODIS snowline 

product of J. Box and C. Chen of the Byrd Polar Research Center 

(http://bprc.osu.edu/wiki/Greenland_Ice_Sheet_Snowline). We took the average of all 

2003-2009 snowlines within 50 km of a glacier as a proxy for the ELA of each glacier 

sub-region. Using these two approaches, we found that the extracted ELAs varied 
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unreasonably from region to region. We therefore decided to use the average 

accumulation-area ratio (AAR, the area above the ELA divided by the total glacier area) 

of all sub-regions for both products as a proxy for the accumulation area of each region. 

The resulting AAR of 33% (41% for RACMO and 26% for MODIS snowline) was then 

used to estimate sub-regional firn line altitudes based on the glacier hypsometries.  

 

Using these sub-regional firn lines (Fig. S2), each dh/dt observation from ICESat was 

multiplied by an average density of 700 ± 200 kg m-3 in the accumulation area and 900 ± 

17 kg m-3 in the ablation area. The density for the accumulation area was chosen as the 

average of a range of plausible densities between that of firn at ~500 kg m-3 and that of 

ice at ~900 kg m-3, depending on whether the elevation changes are of climatic or 

dynamic origin. Firn density is difficult to constrain and highly uncertain but has little 

impact on our overall estimate of mass change; taking the widest possible range in firn 

densities, from aged snow (300 kg m-3) to glacier ice (900 kg m-3), results in a mass 

change difference of only 3 Gt yr-1. This is because the firn area only accounts for about 

one third of the total area of Greenland peripheral glaciers [compared with eight tenths 

for the Greenland Ice Sheet (65)] and approximately 85% of all measured volume change 

occurs below the equilibrium line where the density of the volume change is well 

constrained. To account for the additional influence of unknown density changes in the 

firn column, we adopt a 2-sigma uncertainty of 0.034 m yr-1 applied to each sub-regional 

accumulation area. This is the mean conversion uncertainty (2 × 0.017 m yr-1) determined 

by Morris and Wingham (66) for CryoSat calibration sites below 3000 m elevation along 

the EGIG line in western Greenland. With all these considerations, we obtain a total mass 

budget of -37.2 ± 6.6 Gt yr-1 for RACMO2’s AAR of 41%, and 38.2 ± 6.6 Gt yr-1 for 

MODIS’s AAR of 26%. The final mass budget estimates (ΔMtot) in Table S4 are the 

means of these two approaches. The relatively small influence of firn pack changes on 

the total mass budget (total ΔMcorr of 1.7 ± 1.3 Gt yr-1) is consistent with what was found 

for the major glacier regions in Arctic Canada (13).  
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The total mass budgets (ΔMtot ) after applying firn corrections (ΔMcorr) are shown in total 

and are-averaged units in the two rightmost columns of Table S4. The total errors were 

determined from the RSS of the volumetric and density-related uncertainties.  

 

5. Mass changes of glaciers in High Mountain Asia 
Background and data 

Mass changes of glaciers in High Mountain Asia have previously been estimated from 

GRACE gravimetry (4, 67) for the whole region (120 200 km2 of glaciers) and from 

ICESat laser altimetry (23) for about half of the region. To make an independent 

comparison with GRACE estimates, we analyzed elevation changes from ICESat for the 

entire region using slightly modified methodologies from Moholdt et al. (8) and Kääb et 

al. (23). Both methods compare ICESat elevations to a DEM to account for topographic 

differences between ICESat footprint locations. Pure repeat-track methods, that use the 

ICESat data itself to resolve topographic differences between tracks, do not work 

properly in this region because of imprecise repetition of ground tracks at low latitudes. 

Cross-track separation distances of 1-2 km are common in High Mountain Asia, whereas 

they are typically within a few hundred meters in polar regions. Other major challenges 

are sparse track coverage, steep glacier slopes, extensive debris cover and crevasse fields, 

and complex variations in climate and glacier dynamics (Fig. S1c).  

 

The characteristics and basic processing of ICESat data are described in the previous 

section. In this analysis we used WGS84 orthometric elevations that we obtained by 

subtracting the EGM2008 geoid from the ellipsoidal elevations of the GLA06 product 

Release 33 (26) and converting them from the Topex/Poseidon datum to WGS84. Glacier 

data were selected using the Randolph Glacier Inventory (6) for the regions Central Asia, 

South Asia West and South Asia East, here collectively referred to as High Mountain 

Asia. The inventory is compiled from several data sources and contributors (6). Most 

glaciers within China and many of the glaciers in the Karakoram and Eastern Himalaya 

are based on digitized topographic maps and represent the period of roughly 1980 (68, 

69). Glacier outlines in other parts of the region are mainly based on semi-automated 

methods using band-ratio classification of satellite imagery and manual adjustments for 
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debris-covered glacier surfaces [cf. (70, 71)]. The inventory is sub-divided into 15 

smaller regions which we combined into 11 glacier sub-regions (Fig. 4 and Table S5) in 

order to obtain a sufficient sample of ICESat data to infer statistically significant glacier 

elevation trends.  

 

In order to compare the ICESat elevations through time, one needs a DEM of high 

relative accuracy. The two high-resolution DEMs available for the whole region are the 

~90 m DEM from the Shuttle Radar Topography Mission (SRTM) flown in February 

2000 and the ~30 m ASTER Global DEM (GDEM) which is averaged from stacks of 

DEMs made from stereoscopic ASTER imagery acquired between 2000 and 2011. We 

used version 4 of the void-filled SRTM DEM from the Consultative Group on 

International Agricultural Research (http://srtm.csi.cgiar.org/) and version 2 of the 

ASTER GDEM from METI and NASA (http://gdem.ersdac.jspacesystems.or.jp/). For the 

analysis, we extracted elevations and surface slopes from each DEM at each ICESat 

footprint location based on bi-linear interpolation from the grids. DEM elevations that 

deviated by more than ±150 m from ICESat were removed (3). We also excluded SRTM 

elevations from void-filled grid cells. This amounted to 10% of the ICESat data over 

glaciers, resulting in about 90 000 and 100 000 remaining footprint elevations for 

elevation change analysis with respect to SRTM and GDEM, respectively. 

 

There are too few crossover points to validate ICESat elevations and elevation change 

rates (dh/dt) over glaciers, so instead we extracted a similar sample of ICESat data from 

surrounding land surfaces. We selected all ICESat data within a buffer zone starting 1 km 

from the glacier outlines and ending 5 km away. We then compared histograms of 

surface slopes between the glacier and land samples. The slope histogram for land was 

then equalized to the slope histogram for glaciers by randomly removing land data from 

overrepresented, mainly steep, slopes (23). This provides a data sample comparable to the 

glacier sample but with elevations that we expect to be relatively stable with time except 

for elevation fluctuations due to seasonal snow. Fig. S6 shows the cumulative time series 

of median elevation change over land and ice for both DEMs. For SRTM, the ICESat-

DEM elevation differences are 2-3 m more positive over ice surfaces than over land 
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surfaces, whereas the opposite is the case for GDEM. This indicates a significant 

penetration of the C-band SRTM signal into glacier snow and ice, which confirms earlier 

findings (23, 72). However, since the DEM acquisition periods of SRTM and GDEM are 

different, we cannot rule out the possibility of rapid glacier elevation changes before and 

after the ICESat period. The elevation time series are relatively stable for land surfaces, 

whereas the glacier elevation trends are slightly negative over glaciers. In the following, 

we will investigate these elevation trends on a sub-regional scale and finally use them to 

derive glacier mass budgets. 

 

Analysis of elevation and volume changes 

We performed three separate elevation change analyses on both DEMs to test how 

reliably we can determine glacier dh/dt. The first method (A) operates on a local scale, 

comparing neighbor footprints acquired in different years, whereas the other two methods 

(B and C) operate on a sub-regional scale by fitting elevation trends by robust regression 

to all data within each sub-region acquired during the autumn (October/November) and 

winter (February/March) campaigns respectively.  

 

Method A: Elevation difference between nearby footprints 

Method A is a modified version of the DEM-projection method of Moholdt et al. (8). We 

differenced pairs of ICESat elevations from different tracks after subtracting their 

respective DEM elevations to account for topographic differences between the two 

locations. We estimated dh/dt between nearest-neighbor points whenever their temporal 

separation (dt) was 3 or more integer years, i.e. autumn-autumn or winter-winter 

comparisons. Due to the wide spacing of repeat-tracks, we expanded the search radius for 

neighbor points to a maximum of 5 km. An example of the resulting dh/dt points is 

shown in Fig. S1c for a sub-area of glaciers in the Central Tien Shan where long-term 

glacier thinning is known to occur in the southern part (57). We also performed these 

calculations over land surfaces and tested if there was any relation between dh/dt and 

elevation. Fig. S7 shows the resulting mean dh/dt and standard deviations within 200 m 

elevation intervals after outlier removal. The spread around the binned means is large, 

especially over glaciers and when the reference DEM is the GDEM. Variations in 
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elevation over land are introduced by both retrieval error and real elevation changes (e.g. 

snow cover, vegetation, glacier patches that are not in the RGI inventory, and lake 

surfaces). Still, there is a clear and coherent relation (73) between glacier dh/dt and 

elevation, which is not present in the land data. This indicates that we are indeed able to 

capture glacier signals despite the high noise level.  

 

Spatial averages of dh/dt are sensitive to gross errors, and median values may 

underestimate thinning rates due to histogram skewness (8). We removed outliers with an 

iterative 3-standard-deviation edit at a convergence of 5%. This worked well for the 

SRTM, removing 13% of the data and all dh/dt values in excess of ±10 m yr-1. The 

GDEM was however too noisy to get the iterations started, so we reduced the threshold to 

2 standard deviations, which resulted in a 25% removal and a similar dh/dt range of ±10 

m yr-1. We found that the mean dh/dt values were not very sensitive to the editing 

thresholds as long as the largest outliers were removed. The remaining 50 000 - 60 000 

dh/dt points for each data sample were averaged within 5 km clusters to reduce potential 

biases due to uneven spatial sampling. These ~1200 dh/dt clusters were then the basis for 

calculating dh/dt averages for each sub-region. Due to the high noise level of the GDEM, 

we only used dh/dt estimates with SRTM as the reference for the final mass budget 

estimates. Hypsometric extrapolation of dh/dt was deemed unsuitable due to the high 

noise level and limited elevation sampling within individual sub-regions. The elevation 

sampling of ICESat does however resemble the glacier hypsometry for the region as a 

whole (Fig. S4). Resulting sub-regional dh/dt with respect to elevation is shown in Fig. 

S8. For visualization purposes, we also calculated average dh/dt within 50 km clusters 

(Fig. 4). 

 

Method B/C: Elevation trends within each sub-region 

Methods B and C follow the method outlined by Kääb et al. (23) except that we used 

glacier outlines from the RGI (6) instead of image-based classification of individual 

ICESat footprints. For that reason, we cannot separate elevation changes over clean 

glacier ice from changes over debris-covered ice, though the difference has not been 

found to be significant (23, 24). The method estimates sub-regional average dh/dt by 



	  

	   19	  

fitting a robust linear trend through the ICESat-DEM elevation differences. Observations 

are iteratively re-weighted according to the closeness to a least-squares fit until the 

regression coefficients converge. We used a bisquare weighting function. The advantage 

of the method is that all data can be utilized since potential outliers get lower weights 

than those that fit well to the model. Similar to Kääb et al. (23), we also applied constant 

campaign-wise weights to the regression in order to account for uneven temporal 

sampling between the ICESat campaigns. Non-weighted least-squares fitting was also 

tested after applying a 3-standard-deviation edit, and the results were not significantly 

different. 

 

Kääb et al. (23) only used data from autumn campaigns (October/November) in their 

final mass budget estimates. To increase the robustness of our estimates, we chose to also 

use the winter campaigns (February/March) although they are more sensitive to inter-

annual snow-pack variations. Thus, we made separate robust fits for all autumn 2003-

2008 campaigns (Method B) and all winter  2004-2009 campaigns (Method C). The 

results are shown in Fig. S9. We excluded the incomplete autumn 2009 campaign (2F) 

because the small quantity of data would lead to biased sampling in some sub-regions. 

We also tested robust fits using all campaigns (winter and autumn), and found that the 

results typically fell between those of Methods B and C.  

 

Method Summary 

Summing up, we made three separate calculations of sub-regional dh/dt averages that are 

based on either different methodology or different data sets, and slightly different time 

spans: 

 

-‐ Method A (8): Nearest-neighbor elevation differencing using all data (2003-2009) 

-‐ Method B (23): Robust elevation trend through all autumn campaigns (2003-2008)  

-‐ Method C (23): Robust elevation trend through all winter campaigns (2004-2009) 

 

Method A has the advantage that all elevation comparisons are done locally within a 

maximum distance of 5 km and an average distance of 1.2 km. This mitigates the effect 
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of spatial inconsistencies in the ICESat temporal sampling and in the DEMs themselves 

due to, for example, spatially-varying SRTM signal penetration in snow and ice. Methods 

B and C have the advantage of using all available ICESat data even if there are no 

comparable neighbor profiles that satisfy the requirements of Method A. The spread in 

the sub-regional dh/dt averages from the three methods can be large (up to 6 Gt yr-1) 

(Table S5), but they do agree about the main spatial patterns, which are not apparent in 

the data sample over land. We therefore have confidence that we are able to capture real 

elevation change signals and spatial patterns. In order to make our results as robust as 

possible, we took the average of all three methods for the final area-averaged estimates of 

sub-regional dh/dt (Fig. 4). Volume change rates (dV/dt) were then estimated by 

multiplying the sub-regional dh/dt averages with their respective glacier areas.   

 

Uncertainties 

Uncertainties for the sub-regional dh/dt averages were calculated as for the peripheral 

glaciers in Equation S1 except that we multiplied all the values of the constant error 

terms (θBIAS, θSPAT and θTEMP) by a factor of 2 to account for the sparser data sampling and 

the higher complexity of this region (i.e. 0.06 m yr-1 instead of 0.03 m yr-1). ICESat inter-

campaign biases should theoretically be similar everywhere, but steep surface slopes in 

combination with degrading laser energy could enhance erroneous elevation trends. 

Additional uncertainties are introduced from unknown rates of crustal uplift, although 

rates are typically smaller than ±0.02 m yr-1 (74). The robust-fit elevation-trend through 

all ICESat autumn campaigns over land surfaces is 0.00 m yr-1 for the GDEM and -0.02 

m yr-1 for the SRTM, both of which are well within our assigned θBIAS of 0.06 m yr-1. 

Uncertainties due to uneven spatial (θSPAT) and temporal (θTEMP) sampling were set to 

similar sub-regional values of 0.06 m yr-1. Random observational errors (θSTDE) can be 

estimated from the standard errors of the robust fits (23) . However, these errors were 

typically much lower than the differences we obtained between the three methods of sub-

regional dh/dt calculation. We therefore took the standard error of the three dh/dt 

averages in each sub-region as the estimate of θSTDE. All these error components and an 

area error (θAREA) of 10% of dh/dt were then combined as RSS (Equation S1) to estimate 
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uncertainties for the sub-regional dh/dt averages in Fig. 4. Uncertainties in mass budgets 

due to density variations were treated separately as described below.  

 

Volume to mass conversion 

We do not have any reliable information about firn pack changes and ELAs for the whole 

region during the ICESat period. We therefore used the typical density of glacier ice (900 

kg m-3) to convert the sub-regional dV/dt estimates into mass budgets (Table S5). We did 

not assign a specific uncertainty to this density, but instead we added a sub-regional firn 

change uncertainty of ±0.034 m yr-1 (similar to Greenland peripheral glaciers but applied 

to the entire glacier area here) to the other dh/dt uncertainties in Equation S1. The total 

glacier mass budget was then obtained by summing the sub-regional mass changes. Sub-

regional mass budget uncertainties were combined as RSS except for the instrumental 

part of θBIAS which we added cumulatively. The SRTM-derived mass budget of -29.0 ± 

13.4 Gt yr-1 agrees well with a similarly derived mass budget of -30.3 Gt yr-1 for the 

GDEM. The GDEM-derived results are however much noisier on a sub-regional scale 

and are therefore not included in any of our final results. 

 

Comparison with other studies 

Our results are not directly comparable to those of Kääb et al. (23) due to different 

divisions into glacier sub-regions. If we sum up Karakoram and Hindu Kush, West 

Kunlun, and the three Himalaya sub-regions, we obtain a total mass budget of -14.1 ± 7.8 

Gt yr-1 for a glacier area of 58 000 km2. Parts of West Kunlun and East Himalaya are not 

included in the study domain of Kääb et al. (23) although they estimate a slightly larger 

area at 60 000 km2. Their total mass budget of -12.8 ± 3.5 Gt yr-1 (1 sigma uncertainty) 

agrees well with ours. If the density of ice is used for their volume-to-mass conversion, 

their mass budget is even closer to ours, at -14.3 Gt yr-1. No sub-regional mass budget 

estimates are published for the other HMA regions. However, in-situ mass balance 

measurements are available for glaciers in Eastern Tibet, e.g. in Qilian Shan, Tanggula 

Mountains, Nyaiqentanghla, and Hengduan Shan, and are all clearly negative. No 

measurements exist for Western Kunlun. However, length measurements show, in 

contrast to the other observed glaciers in Tibet, strong heterogeneity with several 
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advancing glaciers (75). Similar heterogeneity has been observed for the glaciers in 

Pamir (76) and the only available mass balance measurements in recent years, located at 

Mustag Ata (Eastern Pamir), show slightly positive values (75). These observations do 

not confirm but support our observed mass budget estimates for Western Kunlun and 

Pamir, which are on average close to zero but with local differences. The ICESat derived 

mass loss in the entire Tien Shan is consistent with available in-situ and geodetic mass 

budgets (77, 78). Compared with GRACE, our total mass budget for High Mountain Asia 

of -29.0 ± 13.4 Gt yr-1 is within the error bounds of the JW12 estimate of -19 ± 20 Gt yr-1. 

Both studies are however significantly less negative than C09’s estimate of -87 ± 27 Gt 

yr-1. For the consensus estimate of mass budget, we take the error weighted average of 

our ICESat and JW12 estimates, arriving at -26 ± 12 Gt yr-1.  

 

6. Mass changes of regions with small glacierized areas (< 5000 km2) 
North Asia 

JW12 gives a mass gain of +1 ± 4 Gt yr-1 for glaciers in North Asia, implying that 3 400 

km2 of glacier ice have gained mass at an average rate of +220 ± 1060 kg m-2 yr-1. The 

glacierized area of the Kodar Mountains in eastern Siberia shrank by 20±14% from 1979 

to 2007, during which period one of the glaciers had a geodetic mass budget of -640 ± 

120 kg m-2 yr-1, with strong indications of more negative rates towards the end of the 

study period (79). Similarly, a survey of 126 glaciers in the Russian Altai found a 20 ± 

12% reduction in glacier area between 1952 and 2004, with climate records suggesting 

higher rates of retreat after 1980 (80). We therefore adopt the C09 estimate of -2 ± 0 Gt 

yr-1 (-630 ± 310 kg m-2 yr-1). 

 

Scandinavia 

The JW12 inferred glacier mass change for Scandinavia is +2 ± 6 Gt yr-1, or +780 ± 2000 

kg m-2 yr-1). Again, as for all small regions with small-to-moderate total mass change, the 

GRACE uncertainty is large compared to the inferred signal. Scandinavia is one of a very 

few regions that are well covered with long-term glaciological and local geodetic mass-

budget measurements (81). There are continuous annual series from about fifteen glaciers 

since the early 1960s and for two glaciers since 1949 (81). All the measured glaciers lost 
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mass during 2003-2009. Their average mass budget was -510 ± 340 kg m-2 yr-1, or -2 ± 2 

Gt yr-1 when scaled to the entire glacier area (2900 km2). In this region we adopt the C09 

mass budget of -2 ± 0 Gt yr-1 (-610 ± 140 kg m-2 yr-1). 

 

Central Europe 

There is good agreement between C09 (-2 ± 0 Gt yr-1, -1060 ± 170 kg m-2 yr-1) and 

calibrated modeling estimates (82) (-2 Gt yr-1, -1000 kg m-2 yr-1, no uncertainty provided) 

during 2003-2009. The JW12 estimate has large uncertainties (-1 ± 4 Gt yr-1, -360 ± 1480 

kg m-2 yr-1) so we adopt the C09 estimate. 

 

Caucasus and Middle East  

C09 estimates a glacier mass change for 2003-2009 of –1 ± 0 Gt yr-1 (-900 ± 160 kg m-2 

yr-1). No JW12 estimate is made owing to the region’s small glacierized area so we adopt 

the C09 estimate. 

 

Low Latitudes 

For low-latitude glaciers C09 estimates a 2003-2009 mass change of -4 ± 1 Gt yr-1 (-1080 

± 360 kg m-2 yr-1). This estimate is within the range of the 1971-2009 average mass 

budgets for high (> 5400 m) and low (< 5500 m) altitude glaciers of -600 kg m-2 yr-1 and 

-1200 kg m-2 yr-1, respectively (83). The JW12 estimate of +3 ± 14 Gt yr–1 (+610 ± 3430 

kg m-2 yr-1) has very large uncertainty, and we adopt the C09 estimate. 

 

New Zealand 

The uncertainty in the JW12 estimate of mass change for New Zealand (-1 ± 3 Gt yr-1, -

900 ± 2500 kg m-2 yr-1) is very large, and we instead use results of C09 (0 ± 1 Gt yr-1, -

320 ± 780 kg m-2 yr-1). The C09 estimate is not far from a recent estimate for 2003-2008 

(-210 kg m-2 yr-1, no uncertainty provided) based on extrapolation of measured mass 

budget gradients and information on the end-of-summer snowline elevation (84).  
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7. Spatial bias in the glaciological and local geodetic measurement dataset 
Many mass-budget estimates for large glacierized regions that are determined by 

interpolation of glaciological records (C09) are substantially more negative than 

corresponding estimates from ICESat or GRACE data (Fig. 3). To assess if the 

disagreement is due to a spatial sampling bias in the glaciological and local geodetic 

records, we take the mean of all ICESat dh/dt measurements within 100 km of the 

centroids of glaciers with glaciological records. We then compare these local means to 

the mean of all ICESat dh/dt measurements within each glacier’s RGI region. To ensure 

that the regional ICESat dh/dt has representative hypsometric sampling we plot the 

standardized glacier hypsometry (divided by total area) against the latitude-corrected and 

standardized dh/dt sample frequency per elevation interval (Fig. S4). The latitude-

correction is done by weighting individual dh/dt values according to changes in dh/dt 

sample density with latitude following an empirical function of the satellite orbit 

convergence at high latitudes. Results are calculated for all regions with ICESat dh/dt 

data and are shown in Fig. S10. There are no glaciological records for the Russian Arctic 

during the 2003-2009 period. Results indicate that there is a bias in the glaciological 

record toward sampling of glaciers that	  tend	  to	  be	  located	  in	  sub-‐regions	  where	  mass	  

loss	  is	  greater	  than	  the	  regions	  as	  a	  whole. Inferring anything other than a general 

spatial bias in the dataset is greatly complicated by limited ICESat dh/dt coverage within 

sub-sampled areas. 

 

8. Calculation of total glacier and ice sheet mass budgets 

For our consensus estimate of global glacier mass wastage, GRACE and ICESat 

estimates are favored for all regions that have glacierized area greater than 5000 km2, 

while glaciological and local geodetic estimates (C09) are favored in the smaller regions. 

The only exceptions to this are Western Canada / United States where we rely on the C09 

estimates, and Iceland where we use both GRACE and C09. All regions have mass 

change uncertainty less than 1000 kg m-2 yr–1. For regions with multiple estimates from 

the same sensor (GRACE or ICESat) we first take the mean of all sensor specific 

estimates and errors, and then take the error-weighted average of the two sensor means. 
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When summing errors across regions, we assume that regional errors are uncorrelated 

except for C09 error estimates that we assume are fully correlated.  

 

Shepherd et al. (36) provide an estimate of the total mass change from Greenland and 

Antarctica of -304 ± 49 Gt yr-1 for the period 2003 to 2008 (their Table S2). This is the 

average of estimates determined using three different methods in Greenland and four 

methods in Antarctica. Sampled land-ice area is not consistent between methods and 

therefore each method must be treated differently in order to separate mass changes of 

peripheral glaciers from ice sheet mass changes. More specifically, the GRACE estimates 

include peripheral glaciers while the other methods do not. To determine a best estimate 

of the total ice loss from ice sheets and to avoid double counting of peripheral glaciers, 

we subtract our estimates of peripheral glacier mass change from the GRACE estimates 

of Greenland and Antarctic mass change provided in Table S2 of Shepherd et al. (36). 

We then average respective method estimates in the same way as Shepherd et al. (36) to 

determine a total ice sheet mass change of -290 ± 50 Gt yr-1 for the period 2003-2008. 

This number is comparable to our global glacier estimate of -259 ± 28 Gt yr-1 (including 

peripheral glaciers in Greenland and the Antarctic). 
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 Figures: 
 

	  
Fig. S1: Examples of estimated elevation change rates (dh/dt) for 100×100 km sub-areas 
with different glacier characteristics and ICESat sampling. The panels show (a) the Hans 
Tausen Ice Cap (82.5ºN, 37.5ºW) in northern Greenland which has dense ICESat track 
coverage but relatively small elevation changes, (b) Adelaide Island (67.1ºS, 68.1ºW) off 
the western coast of the Antarctic peninsula which has poor track coverage but relatively 
large thinning rates, and (c) a part of the Central Tien Shan (42.1ºN, 80.2ºE) in High 
Mountain Asia which has complex glaciation, steep topography and noisy dh/dt 
estimates. 
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Fig. S2. Mean elevation change rates (dh/dt) and standard deviations within 200 m 
elevation intervals for peripheral glaciers in Greenland. Green and blue dots show ELAs 
for AARs of 41% as determined from RACMO and 26% as determined from MODIS 
snowlines, respectively. Sub-regional mean dh/dt and mass budgets are provided in Fig. 2 
and Table S4. Values have been adjusted to correct for latitudinal changes in ICESat 
sample density. 
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Fig. S3. Mean elevation change rates (dh/dt) and standard deviations within 200 m 
elevation intervals for peripheral glaciers in Antarctica. Sub-region mean dh/dt and mass 
budgets are provided in Fig. 2 and Table S4. Values have been adjusted to correct for 
latitudinal changes in ICESat sample density.
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Fig. S4. Standardized regional glacier hypsometry and latitude adjusted ICESat dh/dt 5	  
retrievals per 100 m elevation interval for all regions with ICESat-derived estimates of 
glacier mass change. 
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Fig. S5. Time series of area-averaged cumulative elevation change for (a) all  10	  
sub-regions in West Antarctica and (b) a combination of sub-regions in Greenland; 
namely North (North West, North Central and North East), FIIC (Flade Isblink Ice Cap), 
FBSS (Foster Bay and Scoresby Sound), DSSE (Denmark Strait and South East) and 
West (South West, Disko Bay and Melville Bay). The location, area and mass budget of 
each glacier sub-region can be found in Fig. 2 and Table S4. 15	  
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Fig. S6. Time series of median elevation differences between ICESat observation 
campaigns and digital elevation models (DEMs) from SRTM and ASTER GDEM over 20	  
glaciers (glac) and land surfaces in High Mountain Asia. The data sample over land is 
extracted from a 5 km buffer around the glacier outlines where the distribution of surface 
slopes is similar to that of glaciers. 
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Fig. S7. Mean elevation change rates (dh/dt) and standard deviations for data averaged 
within 5 km clusters and 200 m elevation intervals over glaciers and land surfaces in 
High Mountain Asia. The data sample over land is extracted from a 5 km buffer around 30	  
the glacier outlines where the distribution of surface slopes is similar to that of glaciers. 
The dh/dt statistics are based on Method A using elevation differences between neighbor 
ICESat footprints that have been topographically corrected using digital elevation models 
from SRTM (a,b) and ASTER GDEM (b,c). Note that outliers have been removed with a 
3 and 2 standard deviation edit for SRTM and GDEM, respectively.  35	  
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Fig. S8. Mean elevation change rates (dh/dt) and standard deviations for data averaged 
within 5 km clusters and within 200 m elevation intervals for glaciers in High Mountain 
Asia computed using Method A (see Section 5). Sub-regional mean dh/dt and mass 
budgets are provided in Fig. 4 and Table S5. Values have been adjusted to correct for 40	  
latitudinal changes in ICESat sample density.
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 45	  

Fig. S9. Time series of median elevation differences between ICESat observation 
campaigns and the SRTM digital elevation model as determined by Method B/C for each 
glacier sub-region in High Mountain Asia. Dots show median campaign-wise elevations 
with respect to the first campaign in autumn 2003. Lines show the robust trends through 50	  
all data which were used to derive sub-regional dh/dt estimates as provided in Fig. 4 and 
Table S5. Red dots and lines are for autumn campaigns (October/November, Method B) 
and blue are for winter campaigns (February/March, Method C).  
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55	  
Fig. S10. ICESat elevation change anomalies (dh/dt)all - (dh/dt)100, where (dh/dt)all is the 
latitude-weighted average of all regional measurements of dh/dt and (dh/dt)100 is the 
average of all dh/dt measurements within 100 km of the glaciologically and geodetically 
measured glaciers named at left. Fig. 5 shows the average anomaly for each of the six 
regions distinguished in this figure by different colors. 60	  
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Tables: 
 
Table S1. Estimates of regional glacier mass change from GRACE determined using the 
methods of Jacob et al. (4) but recomputed for August 2003 – August 2009 with updated 65	  
mascons derived from the RGI (GRACE Method A). Uncertainties are ± 2 sigma. 
 

id region mass budget 
[kg m-2 yr-1] 

mass budget 
[Gt yr-1] 

1 Alaska                           -479 ± 123 -43 ± 11 
2 Western Canada and USA  481 ± 343 7 ± 5 
3 Arctic Canada North  -277 ± 67 -29 ± 7 
4 Arctic Canada South  -758 ± 147 -31 ± 6 
5 Greenland                        - - 
6 Iceland                          -1085 ± 271 -12 ± 3 
7 Svalbard                         -206 ± 59 -7 ± 2 
8 Scandinavia                      1403 ± 2455 4 ± 7 
9 Russian Arctic  -233 ± 97 -12 ± 5 
10 North Asia  354 ± 1770 1 ± 5 
11 Central Europe  -485 ± 1939 -1 ± 4 
12 Caucasus and Middle East  - - 
13-15 High Mountain Asia  -117 ± 141 -14 ± 17 
16 Low Latitudes  491 ± 3682 2 ± 15 
17 Southern Andes  -983 ± 369 -32 ± 12 
18 New Zealand  -2580 ± 4300 -3 ± 5 
19 Antarctic and sub-Antarctic  - - 
 Total excluding Greenland 

& Antarctic -332 ± 63 -170 ± 32 
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Table S2.  Estimates of regional glacier mass change from GRACE and corrections 70	  
determined using the methods of Wouters et al. (12) (GRACE Method B). The GRACE-
only column gives the uncorrected mascon anomaly retrieved from the CSR RL05 
solution. LIA corrections are from Jacob et al. (4). Uncertainties are ± 2 sigma. 
 

id region 
glacier mass budget GRACE only  

[Gt yr-1] 
mass corrections [Gt yr-1] 

[kg m-2 yr-1] [Gt yr-1] GIA LIA hydrology 

1 Alaska -460 ± 120 -41 ± 10 -37 ± 7 +1 ± 2 -7 ± 4 +2 ± 6 
2 Western Canada/US 450 ± 1020 7 ± 15 11 ± 5 -5 ± 14 -0 ± 0 +1 ± 1 
3 Arctic Canada North -280 ± 50 -29 ± 5 -27 ± 4 -3 ± 2 -0 ± 0 +1 ± 2 
4 Arctic Canada South -710 ± 180 -29 ± 7 -22 ± 4 -5 ± 6 -0 ± 0 -2 ± 0 
5 Greenland - - - - - - 
6 Iceland -950 ± 200 -11 ± 2 -10 ± 2 -0 ± 0 -0 ± 0 -1 ± 1 
7 Svalbard -130 ± 120 -5 ± 4 -2 ± 1 -2 ± 4 -0 ± 0 -1 ± 1 
8 Scandinavia 170 ± 1580 1 ± 5 6 ± 2 -5 ± 4 -0 ± 0 -1 ± 1 
9 Russian Arctic -260 ± 170 -14 ± 9 -8 ± 3 -5 ± 8 -0 ± 0 -1 ± 1 
10 North Asia 150 ± 660 1 ± 2 -1 ± 2 -1 ± 0 -0 ± 0 +3 ± 1 
11 Central Europe -240 ± 1060 -1 ± 2 0 ± 2 -0 ± 0 -0 ± 0 -1 ± 1 
12 Caucasus & Middle East - - - - - - 
13-15 High Mountain Asia -190 ± 200 -23 ± 24 -27 ± 8 -6 ± 4 -3 ± 1 +13 ± 22 
16 Low Latitudes 730 ± 3210 3 ± 13 -1 ± 5 -0 ± 2 -0 ± 0 +4 ± 12 
17 Southern Andes -840 ± 280 -27 ± 9 -16 ± 5 -4 ± 2 -9 ± 5 +3 ± 7 
18 New Zealand 830 ± 830 1 ± 1 1 ± 1 -0 ± 0 -0 ± 0 -0 ± 0 
19 Antarctic & sub-Antarctic - - - - - - 

 Total excluding 
Greenland & Antarctic -320 ± 70 -166 ± 37 -133 ± 16 -35 ± 19 -19 ± 6 +21 ± 27 

 75	  
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Table S3.  Estimates of regional glacier mass change from interpolated glaciological and 
local geodetic data [C09](2) for the period end-of-summer 2003 – end-of-summer 2009. 
Measurement density is the number of measurement years (counting each year of any 
multi-annual measurement once) per 1000 km2 per year. Uncertainties are ± 2 sigma. 
 80	  

id region mass budget 
[kg m-2 yr-1] 

mass 
budget 

[Gt yr-1] 

measurement 
density 

[(1000 km2)-1 yr-1] 
1 Alaska                           -820 ± 250 -72 ± 22 0.9 
2 Western Canada and USA  -930 ± 230 -14 ± 3 9.0 
3 Arctic Canada North  -490 ± 220 -51 ± 23 0.2 
4 Arctic Canada South  -670 ± 230 -27 ± 9 0.1 
5 Greenland                        -640 ± 220 -57 ± 20 0.1 
6 Iceland                          -810 ± 180 -9 ± 2 4.7 
7 Svalbard                         -510 ± 180 -17 ± 6 1.5 
8 Scandinavia                      -610 ± 140 -2 ± 0 38.1 
9 Russian Arctic  -400 ± 250 -21 ± 13 0.0 
10 North Asia  -630 ± 310 -2 ± 1 7.8 
11 Central Europe  -1060 ± 170 -2 ± 0 84.6 
12 Caucasus and Middle East  -900 ± 160 -1 ± 0 10.4 
13-15 High Mountain Asia -720 ± 220 -86 ± 26 0.4 
16 Low Latitudes  -1080 ± 360 -4 ± 1 13.0 
17 Southern Andes  -710 ± 370 -21 ± 11 1.3 
18 New Zealand  -320 ± 780 0 ± 1 5.2 
19 Antarctic and sub-Antarctic  -790 ± 440 -105 ± 59 0.1 
 Total excluding Greenland & Antarctic -650 ± 240 -329 ± 121 1.6 
 Global total  -670 ± 270 -491 ± 200 1.2 
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Table S4. Mass budgets of peripheral glaciers between October 2003 and October 2009. 
The columns give regional glacier areas, volumetric mass budget assuming all volume 
changes consist of pure ice (ΔMvol), mass correction for firn pack changes (ΔMcorr), and 85	  
the total mass budget (ΔMtot = ΔMvol + ΔMcorr). Uncertainties are ± 2 sigma. See text for 
details. 

Glacier region / sub-region Area 
(km2) 

ΔMvol 
(Gt yr-1) 

ΔMcorr 
(Gt yr-1) 

ΔMtot 
(Gt yr-1) 

ΔMtot 
(kg m-2 yr-1) 

Antarctic peripheral glaciers      
   Antarctic Peninsula Islands 19 700 -8.3 ± 3.4 1.0 ± 2.0 -7.3 ± 4.0 -370 ± 200 
   Palmer Land Islands 61 100 1.0 ± 3.2 -4.8 ± 3.9 -3.7 ± 5.0 -60 ± 80 
   Ellsworth Land Islands 15 300 4.6 ± 1.4 -1.6 ± 0.8 3.0 ± 1.6 200 ± 110 
   Marie Byrd Land Islands 16 900 0.2 ± 1.2 0.6 ± 1.1 0.8 ± 1.6 50 ± 90 
   East Antarctic Islands  15 100 0.8 ± 0.9 0.3 ± 0.6 1.1 ± 1.1 80 ± 70 
   Sub-Antarctic Islands 5 100 0.1 ± 3.3 0.0 ± 0.2 0.1 ± 3.3 20 ± 660 
   All Antarctic Peripheral 133 200 -1.5 ±  8.7 -4.4 ±  4.6 -6.0 ±  9.9 -45 ±  70 
Greenland peripheral glaciers      
   North West Coast  6 800 -3.3 ± 0.6 0.1 ± 0.2 -3.2 ± 0.8 -470 ± 120 
   North Central Coast  18 700 -4.1 ± 1.1 0.1 ± 0.7 -4.0 ± 1.7 -220 ± 90 
   North East Coast 9 500 -3.0 ± 0.8 0.2 ± 0.3 -2.8 ± 1.0 -290 ± 110 
   Flade Isblink Ice Cap 9 000 0.0 ± 0.7 0.0 ± 0.3 0.0 ± 0.9 0 ± 100 
   Foster Bay and Scoresby Sound  20 200 -10.7 ± 2.1 0.4 ± 0.7 -10.3 ± 2.5 -510 ± 130 
   Denmark Strait Coast 6 600 -6.9 ± 1.9 0.4 ± 0.4 -6.5 ± 1.9 -980 ± 290 
   South East Coast 6 500 -6.0 ± 2.9 0.2 ± 0.2 -5.8 ± 2.9 -890 ± 450 
   South West Coast 6 700 -2.7 ± 1.2 0.1 ± 0.2 -2.6 ± 1.2 -390 ± 190 
   Disko Bay and Melville Bay 5 600 -2.6 ± 1.3 0.2 ± 0.2 -2.4 ± 1.3 -430 ± 240 
   All Greenland Peripheral 89 700 -39.4 ±  6.5 1.7 ±  1.3 -37.7 ±  6.6 -420 ±  70 
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Table S5. Mass budgets of glaciers in High Mountain Asia estimated by three methods 90	  
(A-C) that use ICESat data with SRTM elevations subtracted. The methodological results 
are: neighborhood elevation comparisons within 5 km clusters (ΔMA); linear fit through 
all autumn data between 2003 and 2008 (ΔMB); and linear fit through all winter data 
between 2004 and 2009 (ΔMC). The average of the three methods is adopted as the final 
mass budget estimate (ΔMave). Uncertainties are ± 2 sigma. 95	  
 

Glacier region / sub-region Area 
(km2) 

ΔMA    
(Gt a-1) 

ΔMB       
(Gt a-1) 

ΔMC     
(Gt a-1) 

ΔMave  
(Gt a-1)  

ΔMave  
(kg m-2 a-1)  

   Pamir and Hissar Alay 16 900 1.8 -3.9 -4.1 -2.1 ± 4.1 -120 ± 240 
   Tien Shan 14 500 -10.3 -4.9 -7.5 -7.5 ± 3.4 -520 ± 240 
   West Kunlun 9 400 2.3 2.0 0.0 1.5 ± 1.7 160 ± 180 
   East Kunlun and Inner Tibet 14 500 -1.5 -0.5 1.6 -0.1 ± 2.2 -10 ± 150 
   Qilian Shan 2 300 -0.5 -0.1 -1.3 -0.6 ± 0.8 -290 ± 330 
   South and East Tibet 7 000 -1.7 -1.2 -2.8 -1.9 ± 1.1 -270 ± 160 
   Karakoram and Hindu Kush 24 700 -6.4 -0.5 -0.8 -2.6 ± 4.4 -100 ± 180 
   West Himalaya 9 100 -5.7 -3.9 -3.6 -4.4 ± 1.6 -480 ± 170 
   Central Himalaya 7 800 -3.2 -1.6 -4.4 -3.1 ± 1.8 -400 ± 230 
   East Himalaya 6 900 -6.2 -4.2 -6.1 -5.5 ± 1.6 -800 ± 220 
   Hengduan Shan 7 100 -1.5 -5.5 -0.7 -2.6 ± 3.1 -360 ± 430 
   All High Mountain Asia 120 200 -32.9 -24.3 -29.7 -29.0 ±  13.4 -240 ±  110 
 
	  


