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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 un-
dersampling problem common to all global assessments. Here, we further develop an
assessment approach 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 30 £ 11 % of their area and 38 £ 17 % of their volume if the future climate resem-
bles the climate of the past decade. These losses imply global mean sea-level rise of
163 +£ 73 mm, 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.

1 Introduction

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 abla-
tion 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 20yr or
more (Dyurgerov, 2010; WGMS, 2012). This is a small fraction of the Earth’s estimated
200000 or more GIC (Arendt et al., 2012; Huss and Farinotti, 2012). Globally integrated
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GIC mass changes therefore 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
raising 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
0.4mm yr‘1, excluding GIC peripheral to the Greenland and Antarctic ice sheets (Jacob
et al., 2012). These GRACE estimates, however, have large regional uncertainties, rely
on the performance of global hydrologic models, and cover less than a decade.
Several modeling studies have projected global-scale transient glacier mass
changes in response to forcing from climate models (e.g., Raper and Braithwaite, 2006;
Radi¢ 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 In-
tergovernmental Panel on Climate Change (IPCC AR4), sea level is projected to rise
by 124 £ 37 mm during the 21st century from GIC mass loss, with the largest contri-
butions from Arctic Canada, Alaska, and Antarctica (Radi¢ and Hock, 2011). Another
study (Marzeion et al., 2012) used 15 global climate models prepared for the IPCC Fifth
Assessment Report (AR5) and projected that GIC mass loss by 2100 will range from
148 + 35 mm to 217 £ 47 mm, depending on the emission scenario. For model calibra-
tion and validation, these studies used direct and geodetic mass balance observations
available for fewer than 1 % of the Earth’s glaciers. Undersampling is a significant prob-
lem 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, AAR,. Glaciers
with AAR < AAR, will retreat from lower elevations, typically over several decades or
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longer, until the AAR returns to the equilibrium value. From the ratio @ = AAR/AAR,,
BDM derived p, and py, 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, pp=a-1and py = a¥ -1, where y is the exponent in the glacier volume—-area
scaling relationship, IV oc AY (Bahr et al., 1997). Data and theory suggest y = 1.25 for ice
caps and y = 1.36 for glaciers. Using AAR observations of ~ 80 GIC during 1997—-2006
(Dyurgerov et al., 2009), BDM computed a mean AAR of 44 + 2%, with AAR < AAR, 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.

The AAR method provides physics-based estimates of committed GIC area and vol-
ume 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 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 various sources (see Supplement). Thus we ex-
panded and updated the data set used by BDM. Figure 1 shows the locations of GIC
in the updated data set, and Fig. 2 shows the number of GIC with AAR observations in
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each year. 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, by linear regression of the AAR with mass balance (Fig. S1 in Supplement).
We retained only those GIC for which the linear relationship is statistically significant
(p <0.10), in order to remove GIC with short time series and those for which AAR
methods are not applicable.

We then computed annual, pentadal, and decadal averages of AAR and a for se-
lected regions (Fig. 1) and for the full data set, along with the fractional change in area
and volume required for GIC to reach equilibrium with a given climate. The arithmetic
mean AAR and a have fallen during each decade since the 1970s (Fig. 3). We found a
decadal-average a < 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%. (Here and below, error ranges computed from our data set correspond to a
95 % confidence interval.) This is well below BDM’s estimate of 44 + 2%, implying that
the observed GIC are farther from balance than previously reported.

GIC observations, however, 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 such as the Alps, Scandinavia, and the western US and Canada (Fig. 1). Area
is not correlated significantly (p > 0.10) with AAR or a for observed GIC spanning a
range of ~0.1 km? to 1000 km? (Fig. S2 in Supplement), suggesting that glacier size
is not a large source of bias. Geographic bias, on the other hand, could be important.
Much of the Earth’s glacier mass is located in regions with poorly observed in-situ mass
changes, including Antarctica, Greenland, Alaska, Arctic Canada, the Russian Arctic,
Central Asia, and the Southern Andes (Dyurgerov, 2010). In our data set, these seven
regions have only 17 GIC with observed AAR during 2001-2010.

Table 1 shows the decadal mean a 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 (a = 0.89 £ 0.28) and Antarctica (a = 0.89 £ 0.28), with the lowest
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values in Svalbard (@ = 0.49 + 0.15) and Central Europe (a = 0.47 £ 0.06). Three re-
gions with low glacier mass (Central Europe, Scandinavia, and W. Canada/US) contain
more than half the GIC in the data set and have relatively low a. These regional dif-
ferences suggest that the full data set may not be spatially representative and that
projections based on the arithmetic mean a could overestimate committed GIC losses.

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 38 GIC in eight high-
mass regions (Arctic Canada, Antarctica, Alaska, Greenland, the Russian Arctic, Cen-
tral Asia, Svalbard, and the Southern Andes; see Fig. 1) that collectively contain about
97 % of the Earth’s glacier mass outside ice sheets (Radi¢ and Hock, 2010); 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 representative
only of their regions and not of the entire Earth, it is the least likely to be geograph-
ically biased. This method, however, is limited to the past decade, because several
high-mass regions had no observations in earlier decades.

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/US, and computed the difference between the mean a of each subsample and
of the full sample. The spread of differences as a function of subsample size (Fig. S3
in Supplement) gives an estimate of the error 6a in poorly sampled regions with small
area (e.g., Iceland, New Zealand, Caucasus, and Svalbard). For poorly sampled re-
gions with large area (e.g., Greenland, Arctic Canada, the Russian Arctic, and Antarc-
tica, whose glaciers experience different climate regimes within the region) we carried
out the same analysis but using two combined regions: (1) Central Europe and Scandi-
navia, and (2) W. Canada/US and Alaska. All errors are derived as root-mean-square-
errors, RMSE, at 95 % confidence interval. See the Supplement for more details.
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Figure 4 shows pentadal average global glacier mass balance for 1971-2010 as es-
timated by each method, along with the estimates of Kaser et al. (2006) and Cogley
(2012). (No published benchmarks exist for global average a. However, @ and mass
balance are closely correlated, as shown in Fig. S4 in Supplement, suggesting that
a method which is representative for mass balance is also representative for a.) The
estimates of Cogley (2012) are based on both geodetic and direct measurements and
are more negative by 100-200 kg m~2 yr'1 than the direct-only estimates from Kaser
et al. (2006), probably because the direct measurements exclude rapidly thinning calv-
ing glaciers (Cogley, 2009a).

The multi-decade time series in Fig. 4 show significant trends toward more nega-
tive mass balance. 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 and, as expected, gives a less
negative mass balance than the direct-plus-geodetic estimates. Method 3 (based on re-
gional 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.

This comparison suggests that to a good approximation, methods 2 and 3 are glob-
ally representative for glacier mass balance (and hence @), with two caveats. First, the
direct-plus-geodetic results imply that the exclusion of calving glaciers could result in
a positive bias of 100—200kg m~2 yr'1. Second, GRACE measurements (Jacob et al.,
2012) during 2003-2010 suggest an average mass balance (excluding GIC peripheral
to the two ice sheets) of —290 + 58kg m~2 yr'1 , compared to —400 to —500kg m~2 yr'1
for our data set. These two potential biases are of similar magnitude but opposite sign.
A mass-balance bias of 100kg m~2 yr'1 would be associated with biases of about 0.06
in pa and 0.08 in py,.
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3 Results and discussion

To estimate committed GIC area and volume losses based on present-day climate, we
applied method 3 to observations of a from 2001-2010. A window of about a decade is
optimal because it is long enough to average over interannual variability but short com-
pared 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,) or vol-
ume (for computing py) (Radi¢ and Hock, 2010). Errors were estimated based on the
number of observed GIC per region and are dominated by a few under-represented
regions, We found a = 0.70 £ 0.11 for 2001—2010, implying committed area losses of
30 + 11 % and volume losses of 38 £ 17 % if climate conditions of 2001—-2010 con-
tinue 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+73 mm. Using a larger value of 600 mm SLE (Radi¢ and Hock, 2010), global mean
sea level would rise by 228 + 102 mm.

Method 2 yields similar estimates. The mean a 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 a.

The Earth is expected to warm further (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 trend (p < 0.01) in average annual a
of —0.0052 + 0.0033 yr'1 from 1971-2010 (Fig. 3). The trend is nearly identical for the
subset of GIC with observations in all four decades, implying that the changing com-
position of the data set does not substantially bias the trend. The trend in @ has been
much steeper since 1990; there is a significant trend (p < 0.01) of —0.0078 + 0.0080 %
yr'1 for 1991-2010, whereas the 1971-1990 trend is not significant (p > 0.10). By
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extrapolating these trends, we can estimate the losses required to equilibrate with the
climate of future decades. Taking @ = 0.70 £ 0.10 as the 2005 value and extending the
40yr trend, the average would fall by 0.18 £ 0.12 over 35yr, reaching 0.52 + 0.16 by
2040. The Earth’s GIC would then be committed to losing 58 + 17 % of their volume.
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 uncer-
tainties, because of natural interdecadal variability and because the method 2 data set
may not be globally representative.

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
(Johannesson 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 yr. Scaling analysis (Bahr
and Radi¢, 2012) implies that glaciers thinner than 500 m contain a majority of the
Earth’s total glacier volume (see Supplement), suggesting that a large fraction of com-
mitted 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 (Kaab 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 64 +7% of their volume if future climate resembles the climate of the past
decade (which included several record heat waves). We also project substantial volume
losses in Scandinavia (56 +7 %), W. Canada/US (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 30 + 11 % of their area and
38+ 17 % 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 cli-
mate 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 Arc-
tic Canada, Antarctica, Greenland, and Alaska.

To reduce the uncertainties, more observations are needed in poorly sampled re-
gions. Direct mass-balance and AAR measurements are inherently labor-intensive and
limited in coverage. AARs can be estimated, however, from aerial and satellite ob-
servations of the end-of-summer snowline (Fig. 5). Deriving AAR, from observations
requires mass-balance measurements for about a decade, but BDM found that the
global mean AAR, 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 determine
glacier mass changes. Also, AAR methods could be extended to tidewater glaciers,
incorporating calving as well as surface processes.

Supplementary material related to this article is available online at:
http://www.the-cryosphere-discuss.net/7/1987/2013/tcd-7-1987-2013-supplement.
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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/US, (3) Arctic Canada, (4) Greenland,
(5) Iceland, (6) Svalbard, (7) Scandinavia, (8) Russian Arctic, (9) North Asia, (10) Central Eu-
rope, (11) Caucasus, (12) Central Asia, (13) Northern Andes, (14) Southern Andes, (15) New
Zealand, and (16) Antarctica. The data set contains 38 GIC in high-mass regions (ice volume
V > 5000km?; outlined in blue) and 106 GIC in low-mass regions (V < 5000km?; outlined in
green). Volume estimates are from Radié¢ and Hock (2010).
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Fig. 3. Annual average a = AAR/AAR, 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 yr 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. 4. Pentadal average mass balance, 1971-2010. Estimated global average GIC mass bal-
ance (kg m~2 yr‘1) at 5yr 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) arithmetic mean of all GIC in the 1971-2010 data set
(method 1; red); (4) arithmetic mean of GIC in the eight high-mass regions of Fig. 1 (method
2; blue); (5) average based on area-weighted upscaling of regional means (method 3; green)
including error bars at 95 % confidence interval.
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Fig. 5. Brewster Glacier, New Zealand, at the end of the 2008 ablation season. The glacier area
is 2.5 km?. The 2008 glacier mass balance is —1653kgm-2 yr‘1 , and the AARis 10 %. Grey firn
areas generally lie in the ablation zone. The photo illustrates the difficulty of determining a spe-
cific 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.
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