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[1] One of themost easilymeasured dimensions of a glacier,
the accumulation area, is linked to future changes in glacier
volume and consequent changes in sea level. Currently
observed accumulation areas are too small, forcing glaciers to
lose 27% of their volume to attain equilibrium with current
climate. As a result, at least 184 ± 33 mm of sea-level rise
are necessitated by mass wastage of the world’s mountain
glaciers and ice caps even if the climate does not continue
to warm. If the climate continues to warm along current
trends, a minimum of 373 ± 21 mm of sea-level rise over the
next 100 years is expected from glaciers and ice caps. When
compared to recent estimates from all other sources, melt
water from glaciers must be considered as a particularly
important fraction of the total sea-level rise expected this
century. Citation: Bahr, D. B., M. Dyurgerov, and M. F. Meier

(2009), Sea-level rise from glaciers and ice caps: A lower bound,

Geophys. Res. Lett., 36, L03501, doi:10.1029/2008GL036309.

1. Introduction

[2] A direct prediction of future sea level contributions is
possible by scaling glacier volume to the easily measured
standard of a glacier’s health, the accumulation area ratio
(AAR). Specific climatic and dynamic assumptions are not
necessary, and as shown, the minimum possible contribution
from glaciers and ice caps is substantial and a significant
fraction of the most likely total of 0.8 meters from all
sources over the next 100 years [Pfeffer et al., 2008]. The
link between climate and sea level is complicated by the
ablation of ice which is difficult to measure in remote
mountain environments [e.g., Meier, 1990; Østrem and
Brugman, 1991; Gregory and Oerlemans, 1998; Cogley,
2005]. As a result, many sea-level projections have had to
justify particular climatological, hydrological, and/or dynam-
ical models [e.g.,Meier, 1990;Wigley and Raper, 1995; Zuo
and Oerlemans, 1997;Gregory and Oerlemans, 1998; Raper
and Braithwaite, 2006]. More recent studies have used
scaling analyses to link changes in glacier surface area to
changes in ice volume [e.g., Raper et al., 2000; Raper and
Braithwaite, 2006; Meier et al., 2007; Oerlemans et al.,
2007; Radić et al., 2008], but these approaches can be limited
by a poorly constrained scaling constant and uncertainties
when projecting future surface areas [Meier et al., 2005].
[3] On average, a glacier in equilibrium will accumulate

snow on its upper reaches and ablate snow and ice at its

lower elevations. The AAR is the ratio of the accumulation
area to the area of the entire glacier, with values for healthy
glaciers ranging from approximately 0.4 to 0.8 [Meier and
Post, 1962]. Variations in the equilibrium AAR are caused
by differences in glacier shapes and mass balance profiles,
_b(x), which give the net accumulation minus ablation of
snow and ice at any position x. The balance profile is a
direct consequence of climate (precipitation and tempera-
ture) which can vary both regionally and locally due to
orographic and other meteorological factors.
[4] If we assign each glacier an equilibrium AAR0 that

indicates its value when the glacier’s net balance is zero,
then an AAR < AAR0 indicates that the accumulation area
has shrunk, the glacier is overextended, and the glacier must
retreat to reach a new equilibrium with current climate. This
hypothesized retreat involves the implicit but reasonable
assumption that changes in the balance regime happen
quickly relative to changes in the area of the glacier. Typical
e-folding response times for glacier flow range from 10’s to
1000’s of years depending on the glacier’s size [Bahr et al.,
1998; Pfeffer et al., 1998; Jóhannesson et al., 1989], while a
glacier’s climate can change every year. Therefore, as the
climate warms, a glacier’s current AAR will not represent an
equilibrium value. To reach an equilibrium with the current
climate, the glacier will have to slowly change size until
AAR = AAR0. Note that in this case, the AAR is an observed
medium term average, calculated over a period long enough
to eliminate interannual variability but significantly shorter
than the time scale of adjustment to equilibrium.
[5] Long term mass balance data from 86 mountain

glaciers and ice caps from around the world shows that the
equilibrium AAR0 differs for each glacier but averages 0.57 ±
0.01 (see auxiliary material).1 The same data indicate that the
average AAR from 1997–2006 is only 0.44 ± 0.02, suggest-
ing that glaciers and ice caps around the world are out of
equilibrium, as expected. The ratio AAR/AAR0 = ar gives a
measure of the extent to which each glacier is out of equi-
librium (M. Dyurgerov et al., Quantifying glacier area
change: A committed contribution to sea level rise, submitted
to Journal of Glaciology, 2008), and in this case 1�ar = 0.23
or approximately 23% out of equilibrium on average. The
following analysis converts each glacier’s ar to a change in
glacier volume. By summing over all glaciers this gives an
estimate of sea-level rise.

2. Volume-AAR Scaling

[6] Define the glacier’s accumulation area as Sc and the
glacier’s total area as S. AAR = Sc/S is the currently-observed
average AAR. For the AAR to adjust back to equilibrium

1Auxiliary materials are available at ftp://ftp.agu.org/apend/gl/
2008GL036309.
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(AAR = AAR0), the surface area must change because the cur-
rent accumulation area Sc is dictated by climate. Therefore,

AAR0 ¼
Sc

S þDS

where DS is the change in area necessary to reach equi-
librium. Define ps as the fractional change of the total area
necessary to reach equilibrium. In other words ps = DS/S.
Then

AAR0 ¼
Sc

S þ psS
¼ Sc

1þ psð ÞS ¼ AAR

1þ ps

Therefore,

1þ ps ¼
AAR

AAR0

¼ ar

[7] To finish the derivation, recall that glacier volume V
and surface area scale as a power law,

V ¼ cSg

where data and theory both show that g = 1.36 for glaciers
and g = 1.25 for ice caps [Bahr et al., 1997; Chen and
Ohmura, 1990; Macheret et al., 1988]. The constant of
proportionality or scaling constant c will become irrelevant
in a moment. Let pv be the change in current volume that
results from the change in surface area DS. In other words,
pv = DV/V. Then

V þDV ¼ c S þDSð Þg

V þ pvV ¼ c S þ psSð Þg

1þ pvð ÞV ¼ c 1þ psð ÞgSg

1þ pvð Þ ¼ 1þ psð Þg

Substituting ar for 1 + ps,

1þ pv ¼ ag
r

[8] In other words, the fractional change in a glacier’s
volume, pv, is given by the easily measured ratio of the
currently-observed average AAR and the equilibrium AAR0.
Unlike some other scaling approaches, this derivation does
not need the poorly constrained scaling constant c.

3. AAR and Mass Balance Data

[9] While accumulation areas can be measured remotely
(e.g., satellite surveys) or with relatively short field seasons,
mass balance data require time-consuming field work. As a
result, only a few dozen glaciers around the world have
adequate data for calculating ar. From a collection of more
than 128 glaciers and ice caps with balance data, only 86
have long-term AAR and mass balance records suitable for
estimating AAR0, which is derived from a regression of
balance data with AAR data and finding the point at which
the line intersects zero mass balance (for additional details,
see Dyurgerov et al. (submitted manuscript, 2008)). For
these 86 glaciers, the average AAR0 is 0.57 ± 0.01, consis-

tent with other data from 24,476 Eurasian glaciers and
5,422 European glaciers (exclusive of Russia) which have
average AARs of 0.58 [Bahr, 1997].
[10] Random yearly fluctuations in AARs and their

measurements could introduce errors, so for each glacier
we estimate AAR as the average AAR over some period.
Among the subset of 86 glaciers and ice caps, some have
AAR data that span decades, while others have only recent or
intermittent data. The bulk of the measurements fall between
1960 and 2007, though many of the glaciers do not yet have
values reported for 2007. Longer time periods incorporate
significantly more data from a greater number of glaciers but
dilute the climate signal which has changed most rapidly in
the last 20 years. More recent and shorter time periods more
accurately reflect the current climate but incorporate too few
glaciers (e.g., only 17 glaciers and ice caps for 2003–2007).
As a compromise, we have taken averages from 1997–2006
for 39 glaciers and 14 ice caps. This total of 53 glaciers and
ice caps is a representative sample from around the world (see
auxiliary material).

4. Estimating Sea-Level Rise

[11] For each glacier in the world, the change in volume
necessary to reach equilibrium is given by pvV where V is
the current glacier volume. In the following, we assume that
pv and V are independent quantities. In other words, we
assume that the current volume of a glacier is not corre-
lated with changes in volume that will be precipitated by
the climate. Stated another way, today’s glacier knows
nothing about tomorrow’s changes in climate. It follows
that for any glacier, the expected (mean) change in volume
between the current state and equilibrium state will be
E(pvV) = E(pv) E(V).
[12] Summing over all N glaciers in the world, the total

world-wide volume VT of glacier ice (excluding ice sheets)
is given by

VT ¼
X

N

V ¼ NE Vð Þ

By the strong law of large numbers, replacing the sum by
N E(V) is valid for large values of N [cf. Ross, 1988, p. 346].
Although an exact count is impossible, N is sufficiently
large at somewhere between 300,000 and 400,000 glaciers
and small ice caps [Dyurgerov andMeier, 2005]. The glaciers
included in this count (the same ones used to estimate total
ice volume below) are all mountain and sub-polar ice
caps outside of the two major ice sheets, Greenland and
Antarctica, but excludes the relatively small number of
calving and other glaciers for which an AAR is not mean-
ingful. Sea-level rise due to calving glaciers must be treated
separately as discussed below. Glaciers on the periphery of
Greenland and Antarctica are counted, including those near
the West Antarctic ice sheet that have shown accelerated
melting over the last decade, and all other individual
Antarctic glaciers to 70� south. These peripheral glaciers
are too small to be realistically included in the coarse grids
used to model the larger ice sheets, and these lower-altitude
glaciers, particularly near the West Antarctic, have a
greater similarity to sub-polar systems (like Svalbard and
the Canadian and Russian Arctic archipelagos) than to the
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colder ice sheets [Vaughn, 2006]. The resulting total of
300,000 to 400,000 represents a substantial increase over
previous estimates of 160,000 [Meier and Bahr, 1996], but
an exact count is unimportant because the factor N will
disappear shortly.
[13] The total change in ice volume is given by

DVT ¼
X

N

pvV ¼ NE pvVð Þ ¼ NE pvð ÞE Vð Þ ¼ E pvð ÞVT

The expected (mean) value of pv can be calculated directly
from AAR data (see auxiliary material). For each glacier, we
calculatear for that particular glacier’s AAR0. By scaling, this
gives the fractional change in volume pv for each glacier, as
outlined above.
[14] As long as the sample is representative of all glaciers,

then the average pv will give a representative mean value.
Although the glaciers with long-term balance studies are
strongly biased by size (we tend to study accessible glaciers
of moderate to small size [e.g., Meier et al., 2007]), the
accumulation area ratios can vary widely for glaciers of any
given size. In other words, the distribution of measured
AARs is not likely to be affected by the size-related sampling
bias, and statistics show no correlation between AARs and
size for the glaciers used in this analysis (see auxiliary
material).
[15] From the data, E(pv) = �0.27 ± 0.05 for glaciers and

E(pv) = �0.26 ± 0.08 for ice caps. In other words, glaciers
need to decrease in volume by 27% on average, and ice caps
need to decrease by 26%. In water equivalent, the total
volume of ice in the world’s glaciers and ice caps (including
those peripheral to Greenland and Antarctica) is estimated at
250 ± 20 � 103 km3 and 132 ± 60 � 103 km3 respectively
[Dyurgerov andMeier, 2005;Meier et al., 2007]. Therefore, a
future equilibrium with the current climate implies a change
in sea level of 89 ± 15mmdue to glaciers and 95 ± 29mmdue
to ice caps. The total change in sea level is 184 ± 33 mm.

5. Discussion

[16] A sea-level rise of 184 ± 33 mm is substantially
larger than previous estimates that attribute 104 ± 25 mm to
small glaciers and ice caps over the next 100 years when
assuming no acceleration in ice loss [Meier et al., 2007]. Our
estimate places no bounds on time and only indicates the final
outcome after all glaciers reach equilibrium. Therefore, it is
possible that the additional�80 mm represents sea-level rise
that will occur after the 100 year time scale of previous
estimates. However, with an e-folding response time that
averages on decadal to century time scales for most glaciers,
the bulk of the 184 mm of predicted rise is expected within
this century.
[17] The preceding analysis derives the changes in sea

level to which we are committed by climate as it existed in
2006. Actual sea-level rise due to melting glaciers and ice
caps will likely be much higher. Climate is not fixed and the
rate of ice mass loss continues to accelerate. Furthermore,
this analysis can only estimate the contribution of glaciers
for which an AAR is well-defined. This represents the vast
majority of glaciers, but large tidewater glaciers have
truncated surface areas and anomalously high AARs caused
by calving at the terminus. While relatively few in number,

the dynamic instabilities of tidewater glaciers can contribute
disproportionately large amounts of meltwater, estimated at
roughly 94 mm through the year 2100 [Meier et al., 2007;
Pfeffer et al., 2008].
[18] If we assume that the current acceleration of warm-

ing and ice loss will continue unabated, then AARs will
decrease and cause an additional contribution to sea level.
These future changes in AARs may be dramatic. In 1961,
AARs averaged 0.54 for 475 glaciers in western North
America [Meier and Post, 1962], close to the average
equilibrium value of 0.57 noted above. In contrast, North
American glaciers in the 1980’s and 1990’s had a mean
AAR of 0.43 [Dyurgerov and Meier, 1997a] and the world-
wide average from 1997 to 2006 in this data set (see
auxiliary material) is only 0.44. The large decrease in AARs
indicates dramatic climate changes during the last 30 to
40 years [Dyurgerov and Meier, 1997b].
[19] If a similar reduction of AARs occurs over the next

30 to 40 years, then we can reasonably expect the average
AAR to drop linearly from roughly 0.54 in 1961 to 0.44
in 2007 to 0.31 by 2050. This is a conservative estimate -
observations indicate a faster than linear decrease in global
ice mass balance over the last 40 years [Kaser et al., 2006].
Although the actual decrease in AAR may be faster than
linear, this conservative estimate represents a 30% decrease
from the current value. As a rough approximation, we can
assume that the AAR of every glacier decreases by the same
percentage, giving an estimate of the fractional volume
change pv for each glacier. In that case, the minimal sea-
level rise from glaciers and ice caps will more than double
to 373 ± 21 mm over the next 100 years.
[20] The number of glaciers used in the calculation is

limited primarily by those with long-term balance data. To
expand this data set, numerical modeling of mass balance
should play a key role [e.g., Oerlemans, 1993; Braithwaite
and Zhang, 2000;Raper and Braithwaite, 2006]. However, if
the average AAR0 is used as an approximation for all glaciers,
then balance data is unnecessary. Applying the average value
of 0.57 to the current data set, sea-level rise is estimated as
85 ± 17mm from glaciers and 85 ± 35mm from ice caps. The
difference from the more precise calculation is only 4% for
glaciers but 11% for ice caps. The total of 170 ± 39mmdiffers
by 8% or roughly 15 millimeters. In other words, using only
the more easily measured AAR data, reasonable sea-level
contributions can be approximated for glaciers, though some
care should be exercised with ice caps.

6. Conclusions

[21] A sea-level rise of 184 ± 33 mm is necessitated for
the world’s glaciers and ice caps to reach equilibrium with
the climate as it existed in 2006. As such, this estimate is a
lower bound, but one that is virtually guaranteed over the
next century as the world’s climate continues to warm. Actual
meltwater contributions to sea-level rise could be substan-
tially higher, driven by mass wastage from dynamically
unstable tidewater glaciers and by the continued acceleration
of ice loss. However, in the likely and conservative scenario
that AARs continue to decrease at their current rate, sea
level will rise by a minimum of 373 ± 21 mm over the next
100 years.
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[22] Minimal sea-level rise estimates can be updated
annually as AAR data continues to be collected. To improve
accuracy, these findings justify the energetic pursuit of
additional AAR data, either by remote sensing [e.g., Raup
et al., 2007] or field programs. However, even with increased
accuracy, the amount of sea-level rise is unlikely to be revised
downwards and will remain higher than many previous
estimates of sea-level rise due to glaciers and ice caps [e.g.,
Meier et al., 2007]. In part, the higher values reported here
reflect the continued acceleration of ice loss and the more
recent data used in this analysis. Our results also place no
strict bounds on the time it takes to reach equilibrium and
some fraction of the 184 mm rise may happen after the
100 year time scale of previous estimates; this seems unlike-
ly, however, because the e-folding response time of glaciers
strongly suggests that most of the predicted 184mm sea-level
rise will occur within the next 100 years. Previous estimates
have also relied on predicted changes in glacier area that can
be scaled to volume and meltwater production. Unlike AAR
data which already contains a direct measure of this change
in area, other methods of prediction introduce an additional
layer of uncertainty. Numerical modeling, for example, is
very difficult to apply globally due to scaling errors caused by
numerical grids that can bisect ice masses [Meier et al.,
2005]. The AAR-volume scaling used in this analysis also
eliminates potential errors introduced by the poorly con-
strained volume-area scaling constant central to many previ-
ous estimates.
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