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and 10−1 s on the (100) facet. Therefore, the ability of the surfactant ligands to move on the surface allows the (111) facet to grow, whereas the
low mobility of the ligands on the (100) facet
blocks its growth. However, this mechanism is
only for large facets. For small nanocrystals, the
ligand molecules can easily fan out to make room
for platinum atoms to land (14). Therefore, all
facets grow when the nanocrystal is small. The
critical size of about 5 nm may vary with temperature or the type of ligand. Our proposed ligand mobility–controlled selective facet–arrested
shape evolution may apply to other ligands and
nanoparticle shapes.
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GLACIERS

Attribution of global glacier mass loss
to anthropogenic and natural causes
Ben Marzeion,1* J. Graham Cogley,2 Kristin Richter,1 David Parkes1
The ongoing global glacier retreat is affecting human societies by causing sea-level rise,
changing seasonal water availability, and increasing geohazards. Melting glaciers are
an icon of anthropogenic climate change. However, glacier response times are typically
decades or longer, which implies that the present-day glacier retreat is a mixed response to
past and current natural climate variability and current anthropogenic forcing. Here we
show that only 25 T 35% of the global glacier mass loss during the period from 1851 to
2010 is attributable to anthropogenic causes. Nevertheless, the anthropogenic signal is
detectable with high confidence in glacier mass balance observations during 1991 to 2010,
and the anthropogenic fraction of global glacier mass loss during that period has increased
to 69 T 24%.

A

lthough glaciers store less than 1% of global ice mass (1), their mass loss has been a
major cause of sea-level rise during the
20th century (2). Glaciers are important
regulators of the seasonal water cycle, providing meltwater during dry seasons in many
regions of the world (3, 4). Glacier retreat often
leads to the destabilization of mountain slopes
and the formation of unstably dammed meltwater
lakes, increasing the risk of rockslides and catastrophic outburst floods (5). The worldwide
retreat of glaciers over the past decades has therefore had many impacts on human societies, which
should increase over the 21st century because of
continued mass losses (6–8).
Even though warming has accelerated over
recent decades (9), glaciers have contributed to
sea-level rise during most of the 20th century with
relatively constant mass loss rates (2, 6, 10). The
mass loss during the first decades of the 20th
century was presumably governed by the loss of
ice at low altitudes, when glaciers retreated from
their 19th-century maxima at the end of the Little
Ice Age (11). Because glacier extent responds to
changes in the glacier mass balance (MB) with a
lag of decades to centuries (12–14), glaciers provide an opportunity to directly perceive longterm climate change, unobscured by interannual
variability. For this reason, images of retreating
glaciers have become widely publicized illustrations of anthropogenic climate change. At the
same time, the lagged response of glacier extents
to climate changes complicates the attribution
of the observed changes to any particular cause,
because glacier mass change at any time is in
part an ongoing adjustment of the glacier to
previous climate change. The global retreat of
glaciers observed today started around the middle of the 19th century, coinciding with the end
of the Little Ice Age (10), when the anthropogenic
forcing of the climate system was very weak as
1
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compared to today (15). Given the response times
of glaciers, it is therefore reasonable to hypothesize that glaciers at present are responding
both to naturally caused climate change of past
centuries and to the anthropogenic warming
that has become stronger in recent decades. There
is evidence that the recent mass loss of individual glaciers exceeds values expected from internal variability (16), and a rough estimate has been
made of the influence of anthropogenic warming
on global glacier mass loss (17), but the explicit
attribution of observed changes of individual
glaciers is also complicated by the dynamic response of glaciers' geometries to climate forcing,
because internal variability alone may cause glacier changes of the magnitude observed since the
end of the Little Ice Age (18).
Here we quantify the evidence for a causal link
between anthropogenic climate forcing and observed glacier surface MBs, not of individual glaciers but of all the world's glaciers outside of
Antarctica combined. We then attribute the global glacier retreat since 1851 to natural and anthropogenic causes. We use a model of global glacier
evolution that treats the MB of each of the world's
glaciers contained in the Randolph Glacier Inventory (RGI) (19, 20) individually, including a
simple parametrization of ice dynamics leading
to glacier hypsometry change (6). Forced by observed climate (21, 22), the glacier model has been
independently validated against both annual
surface MB observations (fig. S1) and observed,
temporally accumulated volume changes of hundreds of glaciers (23), and has been used to reconstruct and project the global glacier mass
change from 1851 to 2300 (6), based on climate
reconstructions and projections from the Coupled Model Intercomparison Project phase 5
(CMIP5). See the supplementary materials for a
comprehensive description of the model.
For each of 12 reconstructions of the global
climate between 1851 and 2010, produced by general circulation models (GCMs) from the CMIP5
ensemble (see table S1 for the list of the experiments used), we reconstructed the area and
volume of each glacier in 1851 (6). From this
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Fig. 1. Attribution of the anthropogenic signal
in global mean glacier MBs. (A) Global mean specific MB time series (thin lines are the ensemble
means, shading indicates one ensemble standard
deviation) and pentadal means (thick lines are
the ensemble means, shading indicates 1 SE; see
the supplementary materials for the derivation of
the error) are shown. Green, NAT results; red, FULL
results; black, observations. (B) Confidence level
of the difference between interpolated observations
(OBS) updated from Cogley (2009) (23) and model
results for the NATand FULL models for each pentad.
(C) Anthropogenic fraction of total glacier mass loss,
annual values (gray), and running mean over 20-year
periods (blue); the solid line is the ensemble mean;
shading indicates one ensemble standard deviation.
(D) Glacier contribution to global mean sea-level rise,
relative to the mean of 1991 to 2010. Modeled results
include modeled glacier area change; observations
assume constant glacier area, as in the RGI (19) (the
solid lines are the ensemble means; shading indicates one ensemble standard deviation).

sponds to the 95% confidence interval). This is
about twice as much as a direct calculation
based on the latent heat of fusion of ice would
give (–94 kg year−1 W−1), indicating that feedbacks and the spatial distribution of anthropogenic climate change play an important role.
On the regional scale, the increased signal from
internal climate variability, and greater uncertainty of GCM results (25), reduce the detectability
of the anthropogenic signal. Although there are
some regions where the anthropogenic signal is
detectable (i.e., FULL runs are consistent with
observations, whereas NAT runs are inconsistent), there are also a number of regions where
the FULL runs are not consistent with observations (Fig. 2). The anthropogenic signal is detectable with high confidence in Alaska, western
Canada and United States, Arctic Canada north
and south, Greenland (only peripheral glaciers
and not the ice sheet are considered there),
north Asia, central Europe, low latitudes, and
New Zealand (9 out of 18 regions), and with
lesser confidence in Iceland, Scandinavia, and
central Asia north (3 out of 18 regions). In
Svalbard, the Russian Arctic, the Caucasus and
Middle East, and the southern Andes, the FULL
runs are inconsistent with observations (4 out of
18 regions), and in central Asia south and west
both FULL and NAT runs are consistent with
observations (2 out of 18 regions). A closer look
at those regions where our method fails reveals
that in the Caucasus and Middle East and the
southern Andes, both the FULL and NAT runs
underestimate the mass losses (in both cases,
the FULL runs are closer to observations than
the NAT runs).
In Svalbard and the Russian Arctic, the FULL
run overestimates the mass loss, whereas the

means that the anthropogenic signal is detectable in observed MBs over these four pentads with
high confidence, unaffected by the result that
MBs would have been negative during this period
even without anthropogenic climate forcing. The
anthropogenic fraction of global specific glacier
mass loss rates increased from –6 T 35% during
the period 1851 to 1870 to 69 T 24% during the
period 1991 to 2010 (Fig. 1C, uncertainties correspond to one ensemble standard deviation). Without anthropogenic influence, glaciers would have
contributed 99 T 36 mm to global mean sea-level
rise during 1851 to 2010. With anthropogenic influence, this number increases to 133 T 30 mm
(Fig. 1D, uncertainties correspond to one ensemble standard deviation).
When global mean MBs over longer periods
than pentads are considered, it becomes evident
that the NAT runs are inconsistent with observations for any period spanning 5 to 50 years
and ending in 2010 (Fig. 2). The FULL runs are
generally consistent with observations (Fig. 1B),
but the simulated MBs are more negative than
the observations during 2001 to 2010 (Fig. 1A), resulting in a difference between FULL runs and
observations above the 85% confidence level for
periods spanning 5 to 15 years and ending in 2010
(Fig. 2). This difference is caused by the FULL
MBs for Svalbard and the Russian Arctic, which
are too negative as compared to the observations.
Glacier mass losses attributable to human
activity (shown as a fraction in Fig. 1C) have
increased nearly steadily since 1860. In Fig. 3 we
plot the year-by-year anthropogenic global mean
specific mass balance MBANTH = MBFULL − MBNAT
against the concurrent anthropogenic radiative
forcing R (24), and find a sensitivity dMBANTH/dR
of –209 T 33 kg year−1 W−1 (uncertainty corre-

20 yr running mean of
anthropogenic fraction [%]

reconstructed glacier state, we modeled the evolution of each glacier forward in time. This forward model was run twice for each GCM: once
subject to all known forcings (i.e., solar variability, volcanic eruptions, land-use change, anthropogenic aerosols, and greenhouse gas emissions;
we call these model runs the FULL runs below),
and once subject to only natural forcings (i.e.,
solar variability and volcanic eruptions; we call
these model runs the NAT runs below). Figure 1A
shows the ensemble mean and standard deviation of the global mean specific MBs for the
FULL and NAT runs. Because the global mean
specific MB interpolated from observations (23)
(we call these OBS below) is available as pentadal
means only (black lines in Fig. 1A), we determined the pentadal means of the model runs
(thick solid lines in Fig. 1A). In order to determine whether the modeled glacier MBs are
consistent with observed MBs, we calculated the
confidence level of the difference between modeled and observed MBs for each pentad. High
confidence in this difference (i.e., red shading in
Fig. 1B) thus indicates model results that are inconsistent with observations.
Modeled MBs in both the FULL and NAT runs
are negative over essentially the entire period considered. However, a difference emerges over the
course of the 20th century: Although the MB of
the NAT runs becomes less negative as glaciers
retreat to higher altitudes, thus stabilizing their
MBs, there is a clear trend toward more negative
MBs of glaciers in the FULL runs after 1965. Modeled MBs in the FULL runs are generally consistent with observations during the entire period
covered by the latter, whereas the NAT runs are
inconsistent with observations for at least the
four pentads spanning 1991 to 2010 (Fig. 1B). This

year
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NAT run is consistent with observations (fig. S2).
GCMs tend to have greater errors in this region
than on global average (25), but they do not
generally exhibit a stronger warming during
summer months or reduced precipitation as
compared to observations (22), which could
explain too-negative modeled MBs. When we
exclude calving glaciers from the observational data set (calving is not accounted for in the
glacier model but does affect the observational estimate), the difference is reduced slightly,
but not enough to lead to consistent results in
these regions. Because validation of the glacier
model on individual glaciers, as opposed to the
regional mean, does not indicate a general underestimation of the modeled MBs in Svalbard
(6), the reason for this regional inconsistency
has to be related to the sampling of glacier

MB observations (26), but ultimately remains
unclear.
Because the glaciers are considerably out of
balance with both modeled FULL and NAT climate at the beginning of the simulation period,
it is not possible to distinguish between glacier
mass losses caused by internal variability and
natural forcing. In order to address this question,
it would be necessary to identify the causes that
led to the buildup of glacier mass during the Little Ice Age, a period not covered by the CMIP5
experiments. However, our results indicate that
a considerable fraction of 20th-century glacier
mass loss, and therefore also of observed sealevel rise, was independent of anthropogenic
climate forcing. At the same time, we find unambiguous evidence of anthropogenic glacier
mass loss in recent decades.
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Fig. 3. Sensitivity of the
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of MBANTH plotted against
concurrent anthropogenic
radiative forcing R (24) are
shown. The Pearson correlation
coefficient between the two
is –0.71.
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Fig. 2. Detection of the anthropogenic signal in global and regional glacier MBs over longer time
intervals. Confidence levels of difference between observations (23) and model results for the NAT
and FULL models for periods of different length ending in 2010 are shown. Regions are as defined in
the RGI (19).
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