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Abstract. Most glaciers and ice caps (GIC) are out of balance with the current climate. To 

return to equilibrium, GIC must thin and retreat, losing additional mass and raising sea 

level. Because glacier observations are sparse and geographically biased, there is an 

undersampling problem common to all global assessments. Here, we further develop an 

assessment approach
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 based on accumulation-area ratios (AAR) to estimate committed mass 

losses and analyze the undersampling problem. We compiled all available AAR 

observations for 144 GIC from 1971–2010 and found that most glaciers and ice caps are 

farther from balance than previously believed. Accounting for regional and global 

undersampling errors, our model suggests that GIC are committed to additional losses of 

 of their area and  of their volume if the future climate resembles the 

climate of the past decade. These losses imply global mean sea-level rise of 163 , 

assuming total glacier volume of 430 mm sea-level equivalent. To reduce the large 

uncertainties in these projections, more long-term glacier measurements are needed in 

poorly sampled regions. 

32 ±12% 38 ±16%

± 69 mm
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1.  Introduction 47 
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Averaged over a typical year, glaciers accumulate snow at upper elevations and 

ablate snow and ice at lower elevations. When the total accumulation is equal, on average, 

to the total ablation, a glacier is in balance with its local climate. If accumulation exceeds 

ablation over a period of years to decades, glaciers must thicken and advance; if ablation 

exceeds accumulation, glaciers must thin and retreat. Most of the Earth’s glaciers are 

retreating (e.g., Meier et al., 2007; Bahr et al., 2009; WGMS, 2012). 

Glacier annual mass balance has been measured by direct field methods for about 

340 glaciers and ice caps, of which about 70 have uninterrupted records of 20 years or 

more (Dyurgerov, 2010; WGMS, 2012). This is a very small fraction of the Earth’s 

estimated 200,000 or more GIC (Arendt et al., 2012). Globally integrated GIC mass 

changes cannot be measured directly, but must be estimated by upscaling observations 

from a small number of glaciers and ice caps. Several analyses (Dyurgerov and Meier, 

2005; Kaser et al., 2006; Meier et al., 2007; Cogley, 2009a, 2012) based on direct and 

geodetic measurements suggest that GIC mass loss is currently raising global mean sea 

level by about 1 mm yr-1. This is about one-third of the total rate of sea-level rise inferred 

from satellite altimetry, with ocean thermal expansion and ice-sheet mass loss accounting 

for most of the remainder (Cazenave and Llovel, 2010). GRACE gravity measurements 

from 2003–2010 suggest a smaller GIC sea-level contribution of about 0.4 mm yr-1, 

excluding GIC peripheral to the Greenland and Antarctic ice sheets (Jacob et al., 2012). 

These GRACE estimates, however, have large regional uncertainties and rely on the 

performance of global hydrologic models. Gardner et al. (2013) recently combined satellite 

gravimetry and altimetry with local glaciological measurements to estimate that the Earth’s 

GIC raised sea level by 0.71 ± 0.08 mm yr-1 during 2003–2009.  
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Several modeling studies have projected global-scale transient glacier mass 

changes in response to forcing from climate models (e.g., Raper and Braithwaite, 2006; 

Radić and Hock, 2011; Marzeion et al., 2012; Slangen et al., 2012). Based on output from 

ten global climate models prepared for the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change (IPCC AR4), sea level is projected to rise by 

124 ± 37 mm during the 21
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st century from GIC mass loss, with the largest contributions 

from Arctic Canada, Alaska, and Antarctica (Radić and Hock, 2011). Another study 

(Marzeion et al., 2012) used 15 global climate models prepared for the IPCC Fifth 

Assessment Report (AR5) to project that GIC mass loss by 2100 will range from 148 ± 35 

mm to 217 ± 47 mm, depending on the emission scenario. For model calibration and 

validation, these studies used direct and geodetic mass balance observations available for 

much fewer than 1% of the Earth’s glaciers. Undersampling is a significant problem for 

these studies and for all methods that project global sea-level rise from GIC. 

Bahr et al. (2009; henceforth BDM) developed an alternative approach for 

projecting global glacier volume changes. This approach is based on the accumulation-area 

ratio (AAR), the fractional glacier area where accumulation exceeds ablation. For a glacier 

in balance with the climate, the AAR is equal to its equilibrium value, AAR0. Glaciers with 

AAR < AAR0 will retreat from lower elevations, typically over several decades or longer, 

until the AAR returns to the equilibrium value. In the extreme case AAR = 0, there is no 

accumulation zone and the glacier must disappear completely (Pelto, 2010). From the ratio 

α = AAR / AAR0 , BDM derived pA and pV, the fractional changes in area A and volume V 

required to reach equilibrium with a given climate. They showed that for a given glacier or 

ice cap, 

91 

92 

pA = α −1 and , where γ  is the exponent in the glacier volume-area 

scaling relationship, 

pV = α γ −193 

V ∝ Aγ  (Bahr et al., 1997). Data and theory suggest γ = 1.25  for ice 

caps and γ = 1.375 for glaciers. Using AAR observations of ~80 GIC during 1997–2006 

94 
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(Dyurgerov et al., 2009), BDM computed a mean AAR of 44 ± 2%, with AAR < AAR0 

for most GIC. They estimated that even without additional warming, the volume of 

glaciers must shrink by 27 ± 5%, and that of ice caps by 26 ± 8%, to return to equilibrium. 
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The AAR method provides physics-based estimates of committed GIC area and 

volume changes and complements techniques such as mass balance extrapolation (Meier et 

al., 2007) and numerical modeling (Oerlemans et al., 1998; Raper and Braithwaite, 2006). 

Compared to direct mass balance measurements, AARs are relatively easy and inexpensive 

to estimate with well-timed aerial and satellite images, which could potentially solve the 

undersampling problem. Here we adopt the BDM approach and develop it further. Instead 

of assuming that a sample of fewer than 100 observed GIC, mostly in Europe and western 

North America, is representative for the global mean, we test the foundations of this 

assumption and quantify its uncertainties. We aim not only to provide a revised estimate of 

committed global-scale glacier mass losses, but also to assess the sampling errors 

associated with the limited number of available AAR observations. 

 

2.  Data and Methods 

We compiled a data set of AAR (%) and mass balance ( kg m ) for 144 GIC 

(125 glaciers and 19 ice caps) from 1971–2010, mainly from the World Glacier Monitoring 

Service (WGMS, 2012) but with additional data from Dyurgerov and Meier (2005), Bahr 

et al. (2009), and individual investigators. (See Sheet A in the Supplementary Material.) 

Thus we expanded and updated the data set used by BDM. We found that the BDM data 

set generally omits AARs for glaciers with net ablation at all elevations (hence AAR=0) in 

a particular year. Including these values lowers the mean AAR. Figure 1 shows the 

locations of GIC in the updated data set, and Fig. 2 shows the number of GIC with AAR 

observations in each year.  

-2  yr-1
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These data were distilled from a larger data set that included several dozen 

additional glaciers in the WGMS database. For each glacier or ice cap we computed AAR
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by linear regression of the AAR with mass balance (Fig. 3 and Sheet B of the 

Supplementary Material). We retained only those GIC for which the linear relationship is 

statistically significant ( , based on a linear regression t-test) in order to remove 

GIC with short time series and those for which AAR methods are not applicable. Instances 

of  and  were excluded from the regressions (but included for the 

broader analysis), since AAR and mass balance are not related linearly when net ablation 

occurs at all elevations or when net accumulation occurs at all elevations. Following 

Dyurgerov et al. (2009), we assumed that AAR

p < 0.10

AAR = 0 AAR = 100%

0 does not change in time. 

We then computed annual, pentadal, and decadal averages of AAR and α  for 

selected regions (Fig. 1) and for the full data set, along with the fractional change in area 

131 

132 

pA  and volume  required for GIC to reach equilibrium with a given climate. (See 

Appendices A and B for details.) The arithmetic mean AAR and 

pV133 

α  have fallen during 

each decade since the 1970s (Fig. 4). We found a decadal-average 

134 

α < 1, implying future 

retreat if recent climate conditions continue, for 93 out of 96 GIC with observations during 

the 2000s. The mean AAR for 2001–2010 is 34 ± 3%. This is well below BDM’s estimate 

of , indicating that the observed GIC are farther from balance than previously 

reported. (Here and below, error ranges computed from our data set correspond to a 95% 

confidence interval, or 1.96 times the standard error. Uncertainty ranges in other published 

work may not be directly comparable. BDM, for example, expressed uncertainties as plus 

or minus one standard error, corresponding to a 68% confidence interval.) 
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44 ± 2%

GIC observations are sparse and geographically biased, thus complicating any 

extrapolation of global glacier mass loss from the available data. Direct AAR and mass-

balance measurements have focused on small to mid-size glaciers in accessible regions 
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such as the Alps, Scandinavia, and the western U.S. and Canada (Fig. 1). Based on Radić 

et al. (2013), we divided the Earth’s glaciated regions into eight high-mass regions (each 

with an ice volume V ) and eight low-mass regions (V ).  The 

data set includes 38 GIC in high-mass regions (Arctic Canada, Antarctica, Alaska, 

Greenland, the Russian Arctic, Central Asia, Svalbard, and the Southern Andes) and 106 

GIC in low-mass regions (Iceland, W. Canada/U.S., the Northern Andes, Central Europe, 

Scandinavia, North Asia, the Caucasus, and New Zealand). The high-mass regions 

collectively contain about 97% of the Earth’s glacier mass. 
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> 5,000 km3 < 5,000 km3

Area is not correlated significantly (p > 0.10) with AAR or α  for observed GIC 

spanning a range of ~0.1 km
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2 to 1000 km2 (Fig. 5), suggesting that glacier size is not a 

large source of bias. Geographic bias, on the other hand, could be important. In our data set, 

only 23 of 96 GIC with observed AAR during 2001–2010 are in high-mass regions. Table 

1 shows the decadal mean α  for each of 14 regions with one or more GIC in the 2001–

2010 data set. Among regions with at least three observed GIC, the highest values are in 

Alaska (α = 0.89 ± 0.28) and Antarctica (α = 0.89 ± 0.28), with the lowest values in 

Svalbard (α = 0.49 ± 0.15) and Central Europe (α = 0.47 ± 0.06). Three regions with low 

glacier mass (Central Europe, Scandinavia, and W. Canada/U.S.) contain more than half 

the GIC in the data set and have relatively low 

158 
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162 

α . These regional differences suggest that 

the full data set may not be spatially representative and that projections based on the 

arithmetic mean 

163 

164 

α  could overestimate committed GIC losses. 165 

166 

167 

168 

169 

170 

To show how geographical bias and undersampling can affect estimates of global 

glacier mass balance and AAR, we applied three different averaging methods: (1) the 

arithmetic mean for the full data set; (2) the arithmetic mean for the GIC in high-mass 

regions only; and (3) a mean obtained by upscaling the regional mean values, with each 

value weighted by the region’s GIC area or volume. Because method 3 assumes GIC to be 
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representative only of their regions and not of the entire Earth, it is the least likely to be 

geographically biased. This method, however, is limited to the past decade, because several 

high-mass regions had no observations in earlier decades.  

171 

172 

173 

174 

175 

176 

The method 3 errors are dominated by errors in a few large undersampled regions, 

including Arctic Canada, Antarctica, Greenland, and Alaska. We estimated regional errors 

by subsampling GIC in two well-represented regions, Central Europe and W. Canada/U.S., 

and computing the difference between the mean α  of each subsample and of the full 

sample. (See Appendix B.) The spread of differences as a function of subsample size 

(Fig.6) gives an estimate of the error 

177 

178 

δα  in poorly sampled regions with small area (e.g., 

New Zealand, Caucasus, and Svalbard). For poorly sampled regions with large area (e.g., 

Greenland, Arctic Canada, the Russian Arctic, and Antarctica, whose glaciers experience 

different climate regimes within the region) we carried out the same analysis but using two 

combined regions: (1) Central Europe and Scandinavia, and (2) W. Canada/U.S. and 

Alaska. All errors are derived as root-mean-square-errors, RMSE, at 95% confidence 

interval.  
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Figure 7 shows pentadal average global glacier mass balance for 1971–2010 as 

estimated by each method (see Sheet D of the Supplementary Material), along with the 

estimates of Kaser et al. (2006), Cogley (2012), and Gardner et al. (2013).  (No published 

benchmarks exist for global average α . However, α  and mass balance are closely 

correlated, as shown in Fig. 8, suggesting that a method which is representative for mass 

balance is also representative for 

189 

190 

α .) The multi-decade time series in Fig. 7 show 

significant trends toward more negative mass balance. The estimates of Cogley (2012) are 

based on both geodetic and direct measurements and are more negative by 100–200 kg m

191 

192 

193 
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195 

-2 

yr-1 than the direct-only estimates from Kaser et al. (2006), probably because the direct 

measurements exclude rapidly thinning calving glaciers (Cogley, 2009a). Gardner et al. 
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(2013), who combined satellite observations with local glaciological measurements, 

estimated a mass balance of -350 ± 40 kg m

196 
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209 

-2 yr-1 for 2003–2009, more than 100 kg m-2 yr-

1 less negative than the other published estimates for the past decade. They found that local 

measurements tend to be negatively biased compared to satellite-based measurements. 

Method 1 (the mean of all observed GIC) gives a post-2000 mass balance more 

negative than the published estimates, suggesting a bias due to high melt rates in over-

represented low-mass regions. Method 2 (the mean from high-mass regions) agrees closely 

with the direct-based estimates of Kaser et al. (2006) and, as expected, gives a less negative 

mass balance than the direct-plus-geodetic estimates of Cogley (2012). Method 3 (based on 

regional upscaling) agrees closely with method 2 in 2001–2005 and 2006–2010, but with 

large uncertainty ranges due to propagation of errors from undersampled high-mass 

regions. Both method 2 and method 3 give mass balances less negative than that of 

Gardner et al. (2013) during the past decade.  

This comparison suggests that to a good approximation, methods 2 and 3 are 

globally representative for glacier mass balance (and hence α ), but with two caveats. First, 

the direct-plus-geodetic results of Cogley (2012) imply that the exclusion of calving 

glaciers could result in a positive bias of 100 to . On the other hand, the 

results of Gardner et al. (2013) suggest that mass loss inferred from direct measurements is 

negatively biased compared to satellite measurements. The Gardner et al. (2013) estimate 

of  for 2003–2009 is 100 to 150  less negative than our 

method 2 and 3 estimates for the past decade. A mass-balance bias of 100  

would be associated with biases of about 0.06 in p

210 

211 

212 

213 

214 

215 

216 

217 

218 

219 

200 kg m-2  yr-1

 350 ± 40 kg m-2  yr-1  kg m-2  yr-1

 kg m-2  yr-1

A and 0.08 in pV  (Fig. 8). 

 

3.  Results and discussion 
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To estimate committed GIC area and volume losses based on present-day climate, 

we applied method 3 to observations of 

220 

α  from 2001–2010. A window of about a decade 

is optimal because it is long enough to average over interannual variability but short 

compared to glacier dynamic time scales. We adjusted for geographic bias by weighting 

each regional mean value by the region’s total GIC area (for computing p

221 
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228 

229 
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233 

A) or volume (for 

computing pV), based on Radić et al. (2013). Errors were estimated based on the number of 

observed GIC per region and are dominated by a few under-represented regions (see 

Appendix B). We found α = 0.68 ± 0.12 for 2001–2010, implying committed area losses of 

32 ± 12% and volume losses of 38 ± 16% if climate conditions of 2001–2010 continue in 

the future. The resulting sea-level rise scales linearly with the initial glacier volume. 

Assuming a total GIC volume of 430 mm sea-level equivalent (SLE) (Huss and Farinotti, 

2012), these committed glacier losses would raise global mean sea level by 163 ± 69 mm. 

Using a larger value of 522 mm SLE (Radić et al., 2013), global mean sea level would rise 

by 198 ± 84 mm.  

 Method 2 yields similar estimates. The mean α  during 2001–2010 for GIC in 

high-mass regions is 0.70 ± 0.10, implying committed area losses of 30 ± 10% and volume 

losses of 37 ± 12% (where the error estimates are based on the assumption that these GIC 

are globally representative). The close agreement with method 3 suggests that method 2 

does not have a large geographic bias with respect to 

234 

235 

236 

237 

α . 238 

239 

240 

241 

The Earth is expected to warm further (e.g., Meehl et al., 2007), making it likely 

that long-term GIC area and volume losses will exceed estimates based on the climate of 

the past decade. From method 2, there is a significant negative trend (p < 0.01, based on a 

t-test) in average annual α  of  from 1971–2010 (Fig. 4). The trend 

is nearly identical for the subset of GIC with observations in all four decades, implying that 

the changing composition of the data set does not substantially bias the trend. The trend in 

−0.0052 ± 0.0033 yr−1242 

243 

244 
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α  has been much steeper since 1990; there is a significant negative trend (p < 0.01, based 

on a t-test) of −  for 1991–2010, whereas the 1971–1990 trend is not 

significantly different from zero (p > 0.10). By extrapolating these trends, we can estimate 

the losses required to equilibrate with the climate of future decades. Taking α = 0.68 ± 0.12 

as the 2005 value and extending the 40-year trend, the average would fall by 0.18 ± 0.12 

over 35 years, reaching 0.50 ± 0.17 by 2040. The Earth’s GIC would then be committed to 

losing 50 ± 17% of their area and 60 ± 20% of their volume. (See Appendix A.) Relative to 

present-day GIC volume, which is decreasing by about 2% per decade, the losses would be 

somewhat greater. These error ranges may understate the true uncertainties, because of 

natural interdecadal variability and because the method 2 data set may not be globally 

representative. 
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269 

0.0078 ± 0.0082 yr−1

Glacier area and volume losses will occur on decade-to-century time scales. The 

AAR method does not directly predict rates of retreat and thinning, but theory 

(Jóhannesson et al., 1989) predicts that the volume response time for a typical glacier with 

a mean thickness of 100–500 m is on the order of 100 years. Scaling analysis (Bahr and 

Radić, 2012) implies that glaciers thinner than 500 m contain a majority of the Earth’s total 

glacier volume (see Appendix C), suggesting that a large fraction of committed glacier 

volume losses will occur within a century. However, larger GIC with longer response 

times will continue to lose mass and raise sea level after 2100. 

This analysis has focused on global ice losses and sea-level rise, but glacier retreat 

and thinning will also have regional impacts associated with changes in seasonal runoff 

(Immerzeel et al., 2010; Kaser et al., 2010) and glacier hazards (Kääb et al., 2005). In some 

regions, fractional area and volume ice losses will exceed the global average. Assuming 

that the observed GIC are regionally representative, GIC in Central Europe will lose 

 of their volume if future climate resembles the climate of the past decade (which 64 ± 7%
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included several record heat waves). We also project substantial volume losses in 

Scandinavia ( ), W. Canada/U.S. (

270 

56 ± 7% 53 ± 7%) and Iceland ( 35 ±11%). Projections 

elsewhere are less certain because of the smaller sample sizes. 
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4.  Conclusions 

AARs are declining faster than most glaciers and ice caps can respond dynamically. 

As a result, committed area and volume losses far exceed the losses observed to date. 

Based on regional upscaling of AAR observations from 2001–2010, we conclude that the 

Earth’s glaciers and ice caps will ultimately lose 32 ± 12% of their area and 38 ± 16% of 

their volume if the future climate resembles the climate of the past decade. Committed 

losses could increase substantially during the next few decades if the climate continues to 

warm. These relative losses are larger than those estimated by BDM, reflecting the lower 

AARs in data that have become available since the earlier study. Our projections, however, 

have large uncertainties (40% relative error in the projected mass loss) that are dominated 

by under-represented high-mass regions, including Arctic Canada, Antarctica, Greenland, 

and Alaska.  

To reduce the uncertainties, more observations are needed in poorly sampled 

regions. Direct mass-balance and AAR measurements are inherently labor-intensive and 

limited in coverage. AARs can be estimated, however, from aerial and satellite 

observations of the end-of-summer snowline (e.g., Fig. 9 and Rabatel et al. (2013)). 

Deriving AAR0 from observations requires mass-balance measurements for about a decade, 

but BDM found that the global mean AAR0 can be used for most GIC with only moderate 

loss of precision. Huss et al. (2013) recently showed that simple mass balance modeling, 

combined with terrestrial and airborne/spaceborne AAR observations, can be used to 
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determine glacier mass changes. Also, AAR methods could be extended to tidewater 

glaciers, incorporating calving as well as surface processes. 
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Appendices 402 

403  

Appendix A.  Means and errors of α , pA, and pV   404 

405 The first section of Sheet C in the Supplementary Material (All GIC – alpha, pA, pV) 

shows values of α = AAR / AAR0  for the full data set. For each year i, the annual mean α  

is found by averaging over N

406 

407 i values: 

 α i =
α ni

n=1

Ni

∑
Ni

, (A1) 408 

where α ni denotes the value for glacier n in year i. The variance for each year is computed 

as 

409 

410 

 σ i
2 =

1
Ni −1

(α ni
n=1

Ni

∑ − α i )
2 , (A2) 411 

412 resulting in a standard error of 

 δα i =
σ i

Ni

. (A3) 413 

414 

415 

416 

The annual values and running 10-year means are shown in Fig.4.  

Arithmetic means for the full data set were computed for four 10-year windows: 

1971–1980, 1981–1990, 1991–2000, and 2001–2010. For the full data set we computed a 

mean α  of 0.93 ± 0.06, 0.85 ± 0.06, 0.83 ± 0.07, and 0.59 ± 0.05 during the 1970s, 1980s, 

1990s, and 2000s, respectively. Suppose that for a given glacier n, we have measurements 

in M

417 

418 

419 

420 

421 

n out of 10 years (1 ). In order for each measurement to be weighted equally, 

glaciers with more measurements receive greater weight than those with fewer 

measurements. Thus the decadal mean for the data set is computed as 

≤ M n ≤ 10

 α =
fn

n=1

N

∑ α n

N f

, (A4) 422 
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where , fn = M n /10 α n is given by 423 

 α n =
α ni

i=1

Mn

∑
M n

, (A5) 424 

425 

426 

427 

428 

429 

430 

431 

and 

 . (A6) N f = fn
n=1

N

∑

Equation (A4) is equivalent to the arithmetic mean of all measurements, with each 

measurement weighted equally. We can think of Nf as the equivalent number of glaciers; it 

is equal to the total number of measurements divided by the number of years. The variance 

is given by 

  

 σ 2 =
1

N f −1
fn (α n

n=1

N

∑ − α )2 , (A7) 432 

433 and the standard error is 

 δα =
σ
N f

. (A8) 434 

435 

436 

437 

The arithmetic mean AAR and its standard error, shown in the second section of Sheet C 

for 2001–2010 only, are computed analogously. 

The next sections of Sheet C show the 2001–2010 arithmetic mean values of pA and 

pV for the full data set. BDM showed that for a given glacier or ice cap, pA = α −1 and 

,  where 

438 

pV = α γ −1 α = AAR / AAR0  and γ  is the exponent in the glacier volume-area 

scaling relationship, V

439 

= cAγ (Bahr et al., 1997). Data and theory suggest γ = 1.25  for ice 

caps and 

440 

γ = 1.375  for glaciers. Thus pV depends on γ but not on the poorly constrained 

constant c, and p

441 

442 

443 

A is independent of both c and γ. We compute means of pA and pV first for 

glaciers, then separately for ice caps. (In the text below, we generally refer to “glaciers”, 

 20



but the same analysis applies to ice caps with the appropriate value of γ .) For a single 

glacier we have 

444 

pAn = α n −1 and pVn = α n
γ −1, where α n  is the mean value of α  for 

glacier n over the decade. Suppose we have at least one 

445 

α  value during the decade for 

each of N glaciers. To give greater weight to glaciers with more measurements, we 

compute the decadal mean

446 

447 

pA  and pV  as 448 

 pA =
fnα n

n=1

N

∑
N f

−1 (A9) 449 

450 and  

 pV =
fnαn

γ

n=1

N

∑
N f

−1, (A10) 451 

The variance associated with pA  is  452 

 σ 2
pA

=
1

N f −1
fn(α n

n=1

N

∑ −α )2 , (A11) 453 

454 and the variance associated with  is pV

 σ 2
pV

=
1

N f −1
fn (α γ

n
n=1

N

∑ − α γ )2. (A12) 455 

456 The standard errors are 

 δ pA =
σ pA

N f

 (A13) 457 

458 and 

 δ pV =
σ pV

N f

. (A14) 459 

460 

461 

462 

If these data are taken to be globally representative, as assumed by BDM, then we 

compute that the Earth’s glaciers must lose 44 ± 6% of their area and 51 ± 7% of their 

volume, and ice caps must lose 32 ± 9% of their area and 38 ± 10% of their volume, to 
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reach equilibrium with the climate of the past decade. As discussed in the main text, 

however, the data are likely to be geographically biased. 

463 

464 

To assess the data for size biases, we plotted the mean value of α  for each glacier 

against the log of glacier area. As shown in Fig. 5, the correlation is slightly positive 

(

465 

466 

r2 = 0.03) but statistically insignificant (p > 0.10). The correlation between α  and glacier 

area is also insignificant. A positive correlation between glacier area and the change in 

467 

α  

(relative to the equilibrium value of 1.0) would be expected if (1) larger glaciers have 

greater elevation ranges than smaller glaciers, (2) for a given lifting of the equilibrium line 

altitude (ELA), the AAR decreases less for glaciers with large elevation ranges than for 

glaciers with small elevation ranges, and (3) the average lifting of the ELA in a warming 

climate is independent of glacier size. The lack of a significant correlation between glacier 

area and 

468 

469 

470 

471 

472 

473 

α  suggests that one or more of these assumptions does not apply to the observed 

GIC. We checked for area-range bias (i.e., the first assumption) by comparing plots of 

glacier area vs. elevation range for (1) the observed GIC and (2) more than 100,000 GIC in 

the World Glacier Inventory (Cogley et al., 2009b). We did not find evidence of a 

significant bias. 

474 

475 

476 

477 

478 

479 

480 

481 

Sheet E in the Supplementary Material (High mass regions) is similar to sheet C, 

except that it includes only the 38 GIC in high-mass regions: Arctic Canada, Antarctica, 

Alaska, Greenland, the Russian Arctic, Central Asia, Svalbard, and the Southern Andes. 

The first three sections show AAR, mass balance, and α , respectively. Decadal mean 

values of 

482 

α , pA , and  and the associated standard errors are shown for 2001–2010. 

These are the “method 2” averages cited in the text. The arithmetic mean and 10-year 

running mean are shown in Fig. 4, and the 40-year linear trend (1971–2010) and two 20-

year linear trends (1971–1990 and 1991–2010) of the mean values are given in Sheet E. 

We used a t-test to determine significance. The 1970–2009 and 1990–2009 trends are 

pV483 

484 

485 

486 

487 
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significant negative at the 1% level, whereas the 1970–1989 trend is not significantly 

different from zero at the 10% level. In the last section of Sheet E, we repeated the annual 

mean and trend calculations for the 11 GIC in high-mass regions with observations in all 

four decades, to assess the effect on the trends of the changing composition of the data set. 

The trends are similar to those computed for all 38 GIC. 

488 

489 

490 

491 

492 

To estimate future values of the global mean α , we took αglobal = 0.68 ± 0.12 (the 

global mean value estimated for 2001–2010, given in Section 3) as a best estimate for 2005. 

We applied the 40-year trend (

493 

494 

−0.0052 ± 0.0033 yr-1) given in Sheet E for the 38 high-

mass GIC (method 2). Extending this trend for 35 years gives a change of , 

resulting in α

495 

496 

497 

−0.18 ± 0.12

global = 0.50 ± 0.17 by 2040. (It is possible that the downward trend in 

α would slow as α  reaches 0 for an increasing number of glaciers. With this 35-year 

mean trend, however, only three of 96 glaciers with data in 2001-2010 would have 

498 

499 

α = 0by 2040, with a negligible effect on the results.) We set pVglobal = αglobal( )γ
−1, with 500 

γ = 1.31 ± 0.05  to reflect an uncertain partitioning of volume between glaciers and ice caps. 

The error δ

501 

502 Pvglobal = 0.20 was calculated as 

 (δ pV )2 =
∂ pV

∂α
⎛
⎝⎜

⎞
⎠⎟ α

2

(δα )2 +
∂ pV

∂γ
⎛
⎝⎜

⎞
⎠⎟ γ

2

(δγ )2 . (A15) 503 

504 

505 

506 

507 

508 

509 

510 

511 

 

Appendix B.  Regional calculations 

 Sheet F (Regional mass balance) shows the average mass balance during 2001–

2010 for each of 14 regions (Table 1), the estimated GIC area in the region (Radić et al., 

2013) and the corresponding fraction of the Earth’s total GIC area. For the past decade the 

data set has no observations from the Russian Arctic, which contains an estimated 8% of 

global GIC area, or from North Asia, which contains much less than 1%. For purposes of 

regional upscaling, we used Svalbard (which is climatically similar) as a surrogate for the 
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Russian Arctic, and we neglected North Asia. Thus the regional area fractions are relative 

to a global total that omits the small GIC area in North Asia. The global average mass 

balance is computed as 

512 

513 

514 

 bglobal = wAn
n

∑ bn , (A16) 515 

where wAn  is the fractional area weight for region n, and  is the mean mass balance. 

Sheet F shows the global average mass balance computed for the full decade, for each of 

two pentads, and for the period 2003–2009 (corresponding to Gardner et al. (2013)).   

bn516 

517 

518 

Sheet G (Regional alpha) shows regional mean values of α  in 2001–2010 for the 

same 14 regions (Table 1 in the main text) based on Radić et al., 2013. Again, Svalbard is 

used as a surrogate for the Russian Arctic, and North Asia is neglected. Decadal mean 

519 

520 

α  

for each glacier and ice cap are shown in Sheet G. Measurements of 

521 

α  are averaged, with 

each measurement weighted equally, to obtain the regional means 

522 

α n . The estimated area 

and volume losses per region are 

523 

pAn = α n −1 and pVn = α n( )γ n −1, where γ n  is estimated 

as described below. The upscaled global estimates are obtained by summing over regions, 

with each regional value weighted by the estimated total GIC area in the region (for 

524 

525 

α  and 526 

pA ) and total volume (for ): pV527 

 pAglobal = wAn
n

∑ pAn, (A17) 528 

 pVglobal = wVn
n

∑ pVn . (A18) 529 

530 The upscaled values, with errors, are shown in Sheet G. The regional area and volume 

weights, wAn  and , are also shown in Sheet G.   wVn531 

532  The errors for these global estimates are given by 

 δ pAglobal( )2
= (wAnδ pAn )2

n
∑ , (A19) 533 

 δ pVglobal( )2
= (wVnδ pVn )2

n
∑ , (A20) 534 
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where δ pAn  and δ pVn  are the regional errors. For each region we have δ pAn = δα n, where 535 

δα n  (shown in column V) is estimated by the following method. We subsampled GIC in 

two well-represented regions, Central Europe and W. Canada/U.S.  For 2001–2010 we 

considered  glaciers with continuous records in Central Europe, and  glaciers 

with continuous records in Western Canada/U.S. The full samples per region provide 

reference mean values <

536 

537 

538 

539 

n = 15 n = 14

α > for each region. For each region we computed means for all 

possible subsamples containing 1 to 

540 

n −1 glaciers. For a subsample of one glacier, 

regional 

541 

α  is equal to α  from each glacier, and therefore this subsample gives the largest 

range of possible values. We also calculated the regional mean 

542 

α  for all possible 

subsamples of two glaciers, three glaciers, and so on. For each subsample size, Figure 6a 

shows the maximum range of results (i.e., subsampled regional 

543 

544 

α minus the reference 545 

< α >). The range is largest for a subsample of one glacier and slowly decreases as we 

approach the maximum of 14 glaciers (and would reach zero for the total of 20 in this case). 

For each subsample size we computed the standard deviation of the 

546 

547 

α  values. Fig. 6a 

shows the 95% confidence interval (1.96 * standard deviation), which provides an estimate 

of 

548 

549 

δα n in poorly sampled regions with small spatial area (Iceland, Svalbard, Northern 

Andes, the Caucasus and New Zealand). For regions containing more than 10 glaciers with 

observed AAR (Central Europe, Scandinavia and W. Canada/U.S.) we assigned an error 

based on a subsample size of 12. (A number > 10 was chosen arbitrarily, but the error does 

not decline significantly for sample sizes > 10; any number from 11–14 would give a 

similar error estimate). Based on the data from Central Europe, which has a wider spread 

of differences than W. Canada/U.S., the errors (values of n shown in parentheses) are: 

Iceland (10), δα = 0.09; Svalbard (6), δα = 0.15; Northern Andes (4), δα = 0.21; Caucasus 

(2), δα = 0.32; New Zealand (1), δα = 0.47; Central Europe (19), Scandinavia (18) and W. 

Canada/U.S. (18), δα = 0.06.  

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 
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For poorly sampled regions covering large spatial area (Central Asia, Alaska, 

Antarctica, Arctic Canada, the Southern Andes, and Greenland), we carried out the same 

analysis but using two combined regions: (1) Central Europe and Scandinavia; and (2) W. 

Canada/U.S. and Alaska (Fig. 6b). Thus, in addition to n

560 

561 

562 

= 15  glaciers from Central 

Europe we included  glaciers from Scandinavia; and in addition to  glaciers 

from W. Canada/U.S. we included 

563 

564 n = 5 n = 14

n = 2  glaciers from Alaska. For each of these two 

extended regions we carried out a correlation analysis. Although there are a few 

correlations of ~0.5 for glaciers > 1500 km apart, most time series of α are not significantly 

correlated when the distance between glaciers exceeds ~300 km (Fig. A1). Therefore, the 

glacier sampling in the combined regions is representative for poorly sampled regions 

covering large spatial area whose glaciers experience different climatic regimes within the 

region. Based on the data from Central Europe and Scandinavia (which has a wider spread 

of differences than W. Canada/U.S. and Alaska), the errors at 95% confidence interval 

(values of n shown in parentheses) are: Central Asia (7), δα = 0.16; Alaska and Antarctica 

(3), δα = 0.28; Arctic Canada (2), δα = 0.35; Greenland and Southern Andes (1), δα = 0.51. 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

Since  is a function of both pV α  and γ , the regional errors δ pVn  depend on both 575 

δα n  and δγ n : 576 

 (δ pVn )2 =
∂pV

∂α
⎛
⎝⎜

⎞
⎠⎟ αn

2

(δα n )2 +
∂pV

∂γ
⎛
⎝⎜

⎞
⎠⎟ γ n

2

(δγ n )2 , (A21) 577 

where α  and γ  are best estimates. Evaluating the derivatives, this becomes 578 

 (δ pVn )2 = γ n  αn
γ −1γ −1( )2

(δα n )2 + α n
γ ln(α n )( )2

(δγ n )2 . (A22) 579 

We estimated γ n  and δγ n  as follows. Drawing from existing glacier inventories (Cogley, 

2009b), we tabulated the total number of GIC and the number of ice caps in each region. 

Regions with relatively few ice caps (less than 1% of the total number of GIC in the 

regional inventory) were assumed to have most of their volume contained in glaciers. For 

580 

581 

582 

583 
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these regions we assumed γ = 1.36 ± 0.02 , where the error corresponds roughly to the 

difference between the observed value of 1.36 for valley glaciers and the theoretical value 

(Bahr et al., 1997) of 1.375. For regions where at least 1% of the GIC are classified as ice 

caps, we assumed 

584 

585 

586 

γ = 1.31 ± 0.05  to reflect an uncertain partitioning of volume between 

glaciers and ice caps. (Because ice caps can be much larger than typical glaciers, a 

relatively small number of ice caps can contain a substantial fraction of a region’s volume. 

BDM, for example, estimated that 53% of total GIC volume is contained in ice caps and 

47% in glaciers, although there are many more glaciers than ice caps.) A more complete 

analysis would use scaling relationships to estimate the total glacier and ice cap volume in 

each region. Existing inventories, however, do not contain complete lists of glaciers and 

ice caps in all regions, nor do all GIC fall clearly into one category or the other.  

587 

588 

589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 

601 

602 

Although the partitioning between glaciers and ice caps is only approximate, our 

results are not sensitive to the details of this partitioning. The errors δpVn are dominated by 

the term containing δαn (the first term on the RHS of Eq. (A22)), with much smaller 

contributions from the term containing δγn (the second term on the RHS of Eq. (A22)). 

 

Appendix C.  Glacier volume response times 

The volume response time for a glacier, defined as the time scale for exponential 

adjustment to a new steady-state volume following a mass-balance perturbation, can be 

estimated as , where H is a thickness scale (e.g., mean glacier thickness) and 

b

603 

604 

605 

606 

607 

T is the mass balance at the terminus (Jóhannesson et al., 1989). For typical glaciers with 

thicknesses of 100 to 500 m and terminus melt rates of 1 to 5 m yr-1, the response time is 

on the order of 100 yr.  The mean terminus melt rate for our data set is ~3 m yr-1, as shown 

in Sheet I (Terminus mass balance). 
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Bahr and Radić (2012) showed that the fraction of total volume contained in 

glaciers of area less than A

608 

609 min is given to a good approximation by  

 Θ =
Amin

Amax

⎛
⎝⎜

⎞
⎠⎟

γ −β +1

, (A23) 610 

where Amax is the area of the largest glaciers, γ = 1.375  is the exponent in the volume-area 

scaling relationship 

611 

V ∝ Aγ , and β = 2.1 is the exponent in the power law , 

which predicts the number of glaciers N of size A. Volume-area scaling implies 

N(A) ∝ A−β612 

h ∝ Aγ −1, 

where h is the mean ice thickness.  Therefore 

613 

614 

 Θ =
hmin

hmax

⎛
⎝⎜

⎞
⎠⎟

γ −β+1
γ −1

. (A24) 615 

616 The largest glaciers and ice caps have a thickness of about 1000 m. Setting hmin = 500 m 

and hmax = 1000 m in Eq. (A24), we obtain Θ = 0.60 , implying that approximately 60% of 

total glacier volume resides in glaciers thinner than 500 m. This analysis suggests that 

glaciers with response times on the order of a century or less contain a majority of the 

Earth’s total glacier volume. 
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Appendix D.  Contributing investigators 

 The principal investigators for the glaciers and ice caps in the WGMS database are 

listed in WGMS (2012) and earlier bulletins. We have supplemented the WGMS database 

with data compiled by Mark Dyurgerov (Dyurgerov et al., 2005; Bahr et al., 2009). In 

addition, we thank the following investigators for providing us with data not previously in 

the WGMS database: 

• Pedro Skvarca: Bahia Del Diablo 

• Andrea Fischer and Gerhard Markl: Hintereisferner, Jamtalferner, 
Kesselwandferner 

• Heinz Slupetzky: Sonnblickkees 
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• Ludwig N. Braun: Vernagtferner 632 
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649 

650 

651 
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654 

655 

656 

657 

658 
659 

• Reinhard Böhm and Wolfgang Schöner: Goldbergkees, Klienfleisskees, Wurtenkees 

• Javier C. Mendoza Rodríguez and Bernard Francou: Charquini Sur, Zongo 

• Alex Gardner: Devon Ice Cap NW 

• Graham Cogley: White 

• Bolívar Cáceres Correa and Bernard Francou : Antizana 15 Alpha 

• Niels Tvis Knudsen: Mittivakkat 

• Finnur Pálsson, Helgi Björnsson, and Hannes Haraldsson: Brúarjökull, 
Eyjabakkajökull, Köldukvíslarjökull, Langjökull S. Dome, Tungnaárjökull 

• Þorsteinn Þorsteinsson: Hofsjökull N, Hofsjökull E, Hofsjökull SW 

• Luca Carturan: Carèser  

• Luca Mercalli: Ciardoney  

• Gian Carlo Rossi and Gian Luigi Franchi: Malavalle, Pendente 

• Bjarne Kjøllmoen: Ålfotbreen, Breidalblikkbrea, Gråfjellsbrea, Langfjordjøkelen, 
Nigardsbreen 

• Hallgeir Elvehøy: Austdalsbreen, Engabreen, Hardangerjøkulen 

• Liss M. Andreassen: Gråsubreen, Hellstugubreen, Storbreen 

• Jack Kohler: Austre Brøggerbreen, Kongsvegen, Midtre Lovénbreen 

• Piotr Glowacki and Dariusz Puczko: Hansbreen 

• Ireneusz Sobota: Waldemarbreen 

• O.V. Rototayeva: Garabashi 

• Yu K. Narozhniy: Leviy Aktru, Maliy Aktru, and No. 125 

• Miguel Arenillas: Maladeta 

• Peter Jansson: Mårmaglaciären, Rabots glaciär, Riukojietna, Storglaciären 

• Giovanni Kappenberger and Giacomo Casartelli: Basòdino 

• Martin Funk and Andreas Bauder: Gries, Silvretta 

• Mauri Pelto: Columbia (2057), Daniels, Easton, Foss, Ice Worm, Lower Curtis, 
Lynch, Rainbow, Sholes, Yawning, Lemon Creek  
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• Jon Riedel: Noisy Creek, North Klawatti, Sandalee, Silver 660 

661 

662 

• Rod March and Shad O’Neel: Gulkana, Wolverine 

• William R. Bidlake: South Cascade 
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Fig. 1. Locations of the 144 glaciers and ice caps (GIC) in the updated data set. The data 

are divided into 16 regions: (1) Alaska, (2) W. Canada/U.S., (3) Arctic Canada, (4) 

Greenland, (5) Iceland, (6) Svalbard, (7) Scandinavia, (8) the Russian Arctic, (9) North 

Asia, (10) Central Europe, (11) the Caucasus, (12) Central Asia, (13) the Northern Andes, 

(14) the Southern Andes, (15) New Zealand, and (16) Antarctica. The data set contains 38 

GIC in high-mass regions (ice volume V ; outlined in blue) and 106 GIC in 

low-mass regions (V ; outlined in green). Volume estimates are from Radić et 

al. (2013). 

> 5,000 km3

< 5,000 km3
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 676 

677 

678 

Fig. 2. Number of glaciers and ice caps with AAR observations per year in the Bahr et al. 

(2009) data set (black) and in the updated data set used in this study (grey). 
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683 

 

Fig. 3. Linear regression of AAR against mass balance for Silvretta glacier, Swiss Alps. 

The y-intercept is AAR0, the equilibrium value of AAR. Each diamond represents one year 

of data. 
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 684 

Fig. 4. Annual average α = AAR / AAR0  for the full data set (thin red line) and for the 

GIC in high-mass regions only (thin blue line), 1971–2010. The thick red and blue lines 

are 10-year running means. Both the full data set and the high-mass-only data sets have 

significant (p < 0.01) negative trends during 1971–2010 and 1991–2010. The 1971–1990 

trends are not significant (p > 0.10). 
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Fig. 5. Linear relation between the log of area (km2) and the 2001–2010 mean 

α = AAR/AAR0  for 96 GIC with observations in the past decade. Each diamond 

represents one glacier or ice cap. The correlation between 

695 

α  and the log of area, although 

slightly positive (

696 

r2 = 0.03), is insignificant (p > 0.10), suggesting that a bias toward 

smaller glaciers does not imply a bias in 

697 

α . 698 
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 699 

700  

Fig. 6. Spread of decadal mean α  as a function of subsample size in well-sampled regions. 

This plot shows the maximum difference between subsample mean 

701 

α  and reference α  

as a function of the number of glaciers in the subsample for: (a) two well-sampled regions, 

region 1: Central Europe and region 2: W. Canada/U.S, and (b) the same regions but 

extended, region 3: Central Europe and Scandinavia and region 4: W. Canada/U.S. and 

Alaska. The reference 

702 

703 

704 

705 

α  is the mean of the full sample, which includes glaciers with 

continuous AAR series during 2001–2010. In red is the difference range at 95% confidence 

interval (1.96 × standard deviation) for region 1 and region 3.  
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707 

708 
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Fig. 7. Pentadal average mass balance, 1971–2010. Estimated global average GIC mass 

balance (kg m-2 yr-1) at 5-year intervals from published estimates and from this dataset: (1) 

Kaser et al. (2006), based on direct glacier measurements (purple); (2) Cogley (2012), 

based on direct plus geodetic measurements (yellow); (3) Gardner et al. (2013), with 95% 

confidence interval for 2003–2009 (black); (4) arithmetic mean of all GIC in the 1971–

2010 data set (method 1; red); (5) arithmetic mean of GIC in the eight high-mass regions of 

Fig. 1 (method 2; blue); (6) average based on area-weighted upscaling of regional means 

(method 3; green) including error bars at 95% confidence interval.    
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 719 

720  

Fig. 8. Linear relation between average mass balance and average α  for the period 1971–

2010. Each diamond represents the average of all GIC observations for one year. The red 

diamonds denote averages over the full data set, and the blue diamonds denote averages 

over the GIC in high-mass regions only. The regression lines are forced to pass through the 

point (x, y) = (0, 1). Both correlations are significant (p < 0.01), as determined from the 

squared correlation coefficient, r

721 

722 

723 

724 

725 

726 2. A change in mass balance of 100  is 

associated with a change in 

 kg m-2  yr-1

α  of about 0.06. 727 

728  
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Fig. 9. Brewster Glacier, New Zealand, at the end of the 2008 ablation season. The glacier 

area is 2.5 km2. The 2008 glacier mass balance is − , and the AAR is 10%, 

with net accumulation limited to small white patches of remaining snow. Grey firn areas 

(i.e., snow from previous years) generally lie in the ablation zone, as does the bare (blue) 

ice. The photo illustrates the difficulty of determining a specific elevation at which a 

glacier is in equilibrium. Photo taken by A. Willsman (Glacier Snowline Survey, National 

Institute of Water and Atmospheric Research Ltd. (NIWA), New Zealand), 14 March 2008. 

1653 kg m-2  yr-1
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Fig. A1. Correlation between α time series (2001–2010) of any two glaciers in a region 

versus the distance between the two glaciers. (a) Region 3: Central Europe (15 glaciers) 

and Scandinavia (5 glaciers), (b) region 4: W. Canada/U.S. (14 glaciers) and Alaska (2 

glaciers).  
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Table 1.  Regional mean values of 
α = AAR / AAR0  for 2001–2010a747 

Region 
 

Mean α  

Alaska (3) 0.89 ± 0.28 
W. Canada/U.S. (19) 0.57 ± 0.06 
Arctic Canada (2) 0.60 ± 0.35 
Greenland (1) 0.34 ± 0.51 
Iceland (10) 0.72 ± 0.09 
Svalbard (6) 0.49 ± 0.15 
Scandinavia (18) 0.53 ± 0.06 
Central Europe (19) 0.47 ± 0.06 
Caucasus (2) 0.81 ± 0.32 
Central Asia (7) 0.80 ± 0.16 
Northern Andes (4) 0.71 ± 0.21 
Southern Andes (1) 0.71 ± 0.51 
New Zealand (1) 0.92 ± 0.47 
Antarctic (3) 0.89 ± 0.28 

Global (96) 0.70 ± 0.11 
aError ranges give 95% confidence interval. The 
number of observed GIC per region is shown in 
parentheses. The global mean is obtained by 
method 3.  
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