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A consensus estimate for the ice thickness
distribution of all glaciers on Earth
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Knowledge of the ice thickness distribution of the world's glaciers is a fundamental prerequisite for a range of studies.
Projections of future glacier change, estimates of the available freshwater resources or assessments of potential sea-level rise
all need glacier ice thickness to be accurately constrained. Previous estimates of global glacier volumes are mostly based on
scaling relations between glacier area and volume, and only one study provides global-scale information on the ice thickness
distribution of individual glaciers. Here we use an ensemble of up to five models to provide a consensus estimate for the ice
thickness distribution of all the about 215,000 glaciers outside the Greenland and Antarctic ice sheets. The models use prin-
ciples of ice flow dynamics to invert for ice thickness from surface characteristics. We find a total volume of 158 + 41 x 103 km?,
which is equivalent to 0.32 + 0.08 m of sea-level change when the fraction of ice located below present-day sea level (roughly
15%) is subtracted. Our results indicate that High Mountain Asia hosts about 27% less glacier ice than previously suggested,
and imply that the timing by which the region is expected to lose half of its present-day glacier area has to be moved forward

by about one decade.

sheets (‘glaciers’ in the following) are changing rapidly in

response to climate change'. Although they only contain a
fraction of the worldwide ice volume’, the consequences of their
mass loss are widespread and of global significance: glacier changes
affect global trends in freshwater availability’, have dominated
cryospheric contributions to recent sea level changes™ and are
anticipated to affect regional water resources over the twenty-first
century”®. Clearly, projections of such impacts require an estimate of
the ice volume stored within present-day glaciers, and for regional-
to local-scale projections the ice thickness distribution can also be
essential>'’. Recent studies showed that even small features in the
bedrock topography can cause decadal-scale variations in both ice
dynamics response'’ and subglacial water discharge'.

Despite far-reaching implications, knowledge of the ice thick-
ness distributions of the world’s glaciers is remarkably limited.
The Glacier Thickness Database (GlaThiDa), which centralizes ice
thickness measurements outside the two ice sheets, presently con-
tains information for only about 1,000 out of the 215,000 glaciers
worldwide”. This is despite important advances in the instrumenta-
tion used to measure ice thickness'*"?, with airborne platforms now
capable of operating in mountainous environments as well'.

Owing to the lack of direct measurements, relations between
glacier area and ice volume'” have traditionally been used to esti-
mate global glacier volumes'*~*'. For individual glaciers, instead,
a suite of methods that infer the spatial ice thickness distribution
from surface characteristics have been proposed”*. Such meth-
ods use topographical information—typically extracted from
digital elevation models (DEMs)—to estimate the distribution of
the glacier’s surface mass balance and, hence, its mass turnover.

G laciers and ice caps outside the Greenland and Antarctic ice

The latter is then inverted for ice thickness by using principles
of ice flow dynamics. Regional-scale estimates based on such
methods have been presented”***, but only one estimate exists
at the global scale™. This seems unfortunate in light of the results
of the recent ice thickness models intercomparison experiment
(ITMIX)?!, which showed how individual models can suffer from
substantial uncertainties, and that pooling the results from dif-
ferent models significantly increases the estimate’s robustness
and accuracy.

Here we take advantage of the ITMIX findings and use a com-
bination of up to five ice thickness estimation models®*****-**
(Fig. 1) to provide an ensemble-based estimate for the ice thick-
ness distribution of each of the about 215,000 glaciers included in
the Randolph Glacier Inventory (RGI) version 6.0 (ref. **). All the
models use the glacier’s surface topography, obtained from differ-
ent DEM sources, and principles of ice flow dynamics to invert for
local ice thickness (Methods and Supplementary Section 1). Model
performance is assessed against observations in a cross-validation
scheme (Methods and Supplementary Fig. 1), and inverse vari-
ance and bias weighting (Methods and Supplementary Table 1) are
used to produce a consensus composite result. Subtraction of the
so-obtained ice thickness distribution from the surface provides a
corresponding bedrock topography.

Distribution of global ice volume

The regional distribution of the global glacier ice volume, which
includes the share located below present sea level, is given in Fig. 2.
Based on the composite solution, we estimate a global glacier vol-
ume of 158+41x10°km?* (Table 1). This corresponds to a poten-
tial sea level contribution of 0.32 +0.08 m when the volume already
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Fig. 1| Overview of individual model contributions. a, Total glacier area (squares) for every RGI region (panel b and Table 1 give the region keys), together
with the area portion (%) considered by each model (blue). For each model, the total number of considered glaciers (Ny,....) and regions (N,.0s) is
provided, together with the share of total area (%) considered. b, Number of model solutions available for every glacier. Model 1, Huss and Farinotti°;
Model 2, Frey et al.”’; Model 3, Maussion et al.*; Model 4, First et al.*?; Model 5, Ramsankaran et al.**,

located below sea level at present (23.9 + 6.2 X 10°km’, or about 15%
of the total) is subtracted. The largest glacier volumes are found in
the Arctic (74.7 +£19.4 X 10°km?® (47.3% of the global volume) when
combining the Canadian and Russian Arctic, Greenland’s periphery
and Svalbard) and in the Antarctic periphery (46.5+12.1 X 10°km?

(29.4%)). After Alaska (19.0 +4.9 X 10°km?(12.0%)), High Mountain
Asia—which consists of South and Central Asia—is the area with
the largest ice volume (7.0 + 1.8 X 10°km? (4.4%)) outside the polar
regions. Combined, the remaining nine regions only contain about
6.9% (11.0+2.8 X 10°km?) of the global ice volume.
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Fig. 2 | Regional distribution of the calculated glacier ice volume. The pie charts are centred over the considered RGI region (red labels and lines). The pie
area is proportional to the calculated ice volume (Table 1) and discerns between the ice above (blue) and below (violet) present-day sea level. The outer

ring (orange) reflects the estimated uncertainty (Methods).

Table 1| Regionally aggregated summary statistics for the provided results

RGl region N A (km?) V (10° km?3) h (m) SLE (mm) BSL (%)
01 Alaska 27108 86,677 18.98+4.92 218 433+11.2 54
02 Western Canada and United 18,862 14,629 1.06+0.27 72 2.6+0.7 0.0
States

03 Arctic Canada North 4,549 104,920 28.33+7.35 270 64.8+16.8 53
04 Arctic Canada South 7422 40,860 8.61+2.23 210 20.5+5.3 13
05 Greenland periphery 19,306 89,651 15.69 +4.07 175 33.6+8.7 1.3
06 Iceland 567 11,052 3.77+0.98 341 91+24 0.2
07 Svalbard 1,615 33,932 747 +194 220 17.3+4.5 41
08 Scandinavia 3,417 2,947 0.30+0.08 101 0.7+0.2 0.0
09 Russian Arctic 1,069 51,551 14.64 +£3.80 283 32.0+8.3 9.5
10 North Asia 5144 2,399 0.14+0.04 56 0.3+01 0.0
11 Central Europe 3,927 2,091 013+0.03 61 0.3+01 0.0
12 Caucasus and Middle East 1,887 1,305 0.06+0.02 48 0.2+0.0 0.0
13 Central Asia 54,429 49,295 3.27+0.85 66 79+2.0 0.0
14 South Asia West 27,986 33,561 2.87+0.74 85 69+18 0.0
15 South Asia East 13,119 14,734 0.88+0.23 59 21+0.5 0.0
16 Low latitudes 2,940 2,341 0.10+0.03 42 0.2+0.1 0.0
17 Southern Andes 15,908 29,368 534 +1.39 181 12.8+3.3 0.7
18 New Zealand 3,537 1,161 0.07+0.02 63 0.2+0.0 0.0
19 Antarctic and subantarctic? 2,751 132,771 46.47 +12.06 349 69.4+18.0 38.1
Total 215,543 705,253 15817 +41.03 224 324.3+841 15.1

°As the Antarctic ice sheet is not included in this region, we refer to it as to the Antarctic periphery throughout the manuscript. The number of considered glaciers (N) and their area (A) is given together
with the regional glacier volume (V) and the corresponding average ice thickness (h). The potential sea-level equivalent (SLE) accounts for the ice portion presently located below sea level (BSL).

All numbers refer to the composite solution.

Significant ice volumes located below the present sea level,
which would not contribute to future sea-level rise even if melted,
are found in the Antarctic periphery (38% of the regional volume),
Greenland periphery (11%), Russian Arctic (9.5%), Alaska (5.4%),
and northern Arctic Canada (5.3%). In all cases, the relatively large
percentages are indicative for the deeply incised fjord systems that
characterize ocean-terminating glaciers in the polar regions®.

Our estimate of the global glacier volume is about 18% lower
than the average of previous estimates (Supplementary Table 2), but

relatively close (difference of —7.1%) to that reported by Huss and
Farinotti®. The latter study—referred to as HF12 in the following—
is the only one to provide global-scale estimates for the ice thick-
ness distribution of individual glaciers so far. Although our total ice
volume agrees with that of HF12, the regional distributions differ
substantially (Fig. 3). The most important difference is found in the
Antarctic periphery, where our estimate is 24% higher, and is now
close to the average of previous studies (Supplementary Table 2).
The higher estimate is compensated by reduced ice volumes
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Fig. 3 | Overview of individual model contributions. NA indicates that a corresponding estimate was not available. Region labels follow those

in Fig. 1and Table 1.

obtained for the Arctic (—17% compared to HF12), High Mountain
Asia (—27%) and other regions, specifically including the Southern
Andes (—20%). When compared to the average of previous studies,
the most striking difference is found for High Mountain Asia, where
our results indicate a 46% lower total ice volume (Supplementary
Table 2). The fraction of global ice volume located below present-
day sea level is very close (within +2.5%) to a previous estimate’
that was based on order-of-magnitude considerations.

Implications for glacier evolution, and ice discharge
The implications of the revised estimates, and the potential insights
they provide, are demonstrated for the two regions in which the
estimated total glacier volume has changed the most in comparison
to HF12: High Mountain Asia and the Antarctic periphery.

For High Mountain Asia, we used the Global Glacier Evolution
Model (GloGEM)'" to provide projections for the glacier evolution
until 2100 (Methods). Keeping the model forcing and parameters
unaltered but adjusting the initial ice thickness distribution of the
simulations causes significant differences in the evolution of both
the glacierized area and expected glacier runoff. Simulations per-
formed by using the HF12 ice thickness (Simulation 1), for example,
suggest that the region’s glacier area (roughly 97,000km? accord-
ing to the RGI) is likely to have shrunk by 50% by the late 2070s.
Replacing the initial ice thickness distribution of the about 96,000
glaciers in the region with the here-presented results and repeat-
ing the simulations (Simulation 2) moves this point in time forward
to the mid 2060s (Supplementary Fig. 2). The effect of a changed
initial ice thickness distribution is noticeable in the projected
future glacier water discharge as well (Supplementary Fig. 3).
Simulation 1, for example, indicates that the average July-August
runoff from the presently glacierized surfaces across High Mountain
Asia could be reduced by roughly 15% by the 2090s when compared
to present levels. In Simulation 2, this figure changes to a reduc-
tion by 24%, which corresponds to an additional July-August runoff
decrease of 6x10°m’month™. In light of the importance of glacier
melt for the regional water supply>**, these differences are unsettling,
and call for a better characterization of the regional glacier ice volume.
At the moment, the latter is hampered by the paucity of available in
situ measurements, and is reflected in the large spread between results
provided by individual models (Supplementary Fig. 4).

For the Antarctic periphery, we calculated the amount of ice dis-
charged across the calving front of all ocean-terminating glaciers
contained in the RGI. We did so by intersecting our distributed ice
thickness estimates with observed ice flow velocities (Methods).
The resulting total ice flux is 43 +8 Gta™', equivalent to about 3% of
the calving flux from the entire Antarctic ice sheet™. This quantity is
of relevance because the non-floating portion of the discharged ice
directly contributes to sea-level change. The subglacial topography

of glaciers in the Antarctic periphery is also of interest in light of the
highly dynamic response observed for outlet glaciers after the loss
of floating tongues and ice shelves®. This response, which can result
in a manifold acceleration in ice flow velocities*, is recognized to
be decisively modulated by the buttressing induced by local topog-
raphy, including subglacial features*. Despite still being affected
by considerable uncertainties (see the next section), the here-
presented ice thickness estimates provide a better basis on which
such dynamic responses can be estimated.

Causes of discrepancies, uncertainties and way forward

We attribute a large part of the differences with respect to HF12 to
the way that individual glaciers are represented in the inventory that
is at the base of our analysis. On the one hand, the quality and com-
pleteness of RGI version 6.0 has substantially improved compared
to that of version 2.0, which was used in the earlier study. On the
other hand, many glacier complexes are separated into individual
units in the new inventory”. These differences are best reflected in
the reported total number of glaciers and area, with roughly 44,500
additional entries (+26%) in version 6.0 compared to version 2.0
despite a minor change (—4%) in the total area. Although the addi-
tion of formerly disregarded, mostly small, glaciers is unlikely to
affect the estimated regional volumes significantly, the failure to sep-
arate glacier complexes is known to introduce biases towards higher
ice thicknesses, because a clear relation exists between glacier area
and volume. We suggest that the above changes (Supplementary
Fig. 5 gives an illustrative example) particularly affected the esti-
mates for High Mountain Asia, with the newer inventory discern-
ing almost 30,000 additional glaciers (+44%) but reporting a 19%
smaller total area. For that region, our total volume estimate now
lies even below the lowest one reported in Frey et al.”.

For the Antarctic periphery, we attribute the large differences
with respect to HF12 to the DEMs used to represent the glacier
surfaces (Methods). Although HF12 exclusively used data from
the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) DEM* (known to be noisy for some parts of
the Antarctic), here we use data from the much-improved Radarsat
Antarctic Mapping Project (RAMP*). The smoother surfaces of
the latter product cause local surface slopes to be smaller, which in
turn results in larger ice thicknesses due to the inverse relation to ice
flow driving stress™.

The significant differences between regional estimates provided
by various studies (Fig. 3) and models (Supplementary Fig. 4)
is a clear indication that the present estimates still suffer from sig-
nificant uncertainties. Two main sources can be discerned in this
respect: the uncertainty in the models used to estimate the ice thick-
ness, and the uncertainty in the driving input data. Although the
first uncertainty can be reasonably quantified (Methods) and can be
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reduced by combining the results of different approaches’’, ample
room for model improvement still exists. This is particularly evi-
dent when considering point-by-point comparisons between mea-
sured and modelled ice thicknesses: although the mean thickness
is usually well captured (Supplementary Fig. 1) and no bias with
respect to glacier size can be discerned (Supplementary Fig. 2),
all the models regularly show local deviations of up to twice the
observed mean ice thickness. This is not least related to the ill-
posed nature of the ice-thickness-inversion problem. As outlined by
Bahr et al.*, inverting the surface characteristics for ice thickness
can create a calculation instability that grows exponentially with
glacier size, and random errors from this instability can overwhelm
other sources of uncertainty. Although (1) our ensemble approach
minimizes the influence of random errors and (2) the ill-posed
nature of the problem is taken into account through spatial smooth-
ing of individual model outputs, such limitations have to be kept
in mind when using the results for analyses that are potentially
sensitive to small-scale topography.

Ways to further improve the model performance—which include
the assimilation of additional surface information such as ice flow
velocities, anticipated to soon become available at the global scale—
have been sketched previously’’. To improve the consistency and
completeness of global data sets for glacier outlines, surface eleva-
tion models and measured ice thickness would, however, be of equal
importance to further improve the reliability of regional-scale esti-
mates. Individual, dedicated campaigns in particularly data-scarce
regions could prove efficient towards this target, provided that the
results are made openly available.

For the time being, the results presented here provide a consen-
sus estimate of the ice thickness distribution of all the glaciers on
Earth outside the polar ice sheets. The results are anticipated to have
implications ranging from projected sea-level change rates to esti-
mated future water availability. The results can be retrieved from
https://doi.org/10.3929/ethz-b-000315707.
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Methods

Glacier morphology and measured ice thickness. All ice thickness estimates refer
to the outlines provided through the RGI version 6.0 (ref. *°). For every glacier
(215,547 entities in total), the surface topography was extracted from either the
hole-filled Shuttle Radar Topography Mission (SRTM) DEM version 4 (latitudes
between 60°N and 60°S (ref. *°)), the ASTER Global DEM version 2 (ref. **) and
the RAMP DEM version 2 (ref. *°) (south of 60°S), or the Arctic DEM version 2.0
(north of 60°N (ref. */)). Regions affected by data voids in the Arctic DEM were
replaced by DEM3 (ref. **). To reduce the computational demand and depending
on glacier size, the DEMs were resampled to a resolution of 25, 50, 100 or 200 m.
The measured ice thickness was obtained from the GlaThiDa version 2.0 (ref. °),
which provides ice thickness information for 1,085 glaciers.

Ice thickness estimates. The ice thickness of individual glaciers was estimated by
using the above information and up to five different models. Ordered by the glacier
area for which a solution was provided (Fig. 1), the models included those by
Huss and Farinotti* (Model 1), Frey et al.”” (Model 2), Maussion et al.** (Model 3),
Fiirst et al.”> (Model 4) and Ramsankaran et al.** (Model 5). These models are
capable of inverting for glacier ice thickness distributions at the mountain

range scale. All the models infer the ice thickness distribution from surface
characteristics (such as elevation and slope), an estimate of the glacier mass
turnover and principles of ice flow dynamics. A summary description of the

five models is given in Farinotti e al.”, and Supplementary Section 1 and the
original publications provide the details. For the ice thickness distribution of
Svalbard, the area covered by the recent estimate of Fiirst et al.” is replaced with
that estimate. The remaining area is treated in the same way as the other regions.
Fiirst et al.” is based on Model 4, but used an additional set of more than 900,000
in situ ice thickness measurements that are not yet included in GlaThiDa. This
provided substantially better model constraints than available within this study.
Supplementary Figs. 6-24 provide examples for the ice thickness distribution
generated by the individual models for selected glaciers (one per RGI region).
Note that not all of the models provided an estimate for all of the RGI entries
(Fig. 1), mainly because the requirements for manual interactions or the
computational cost were unaffordable for the global-scale application.

Model weighting and uncertainty estimates. The final results are based on a
composite solution i derived on a glacier-by-glacier basis through inverse variance
and bias weighting™. For any given location, and assuming independence between
the local ice thickness estimates h; provided by the n <5 models i, /i is computed as:
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where w;= |b;| + (riz is a weighting that reflects both the bias b, and the variance

o of the result produced by model i (|b,| denotes the absolute value of b, and
ensures that both over- and underestimates are penalized). To estimate b, and (rf,
a cross-validation experiment was performed in which one-third of the available
ice thickness measurements was randomly selected and used for model calibration,
with the remaining two-thirds used for model validation. The experiment was
repeated three times, and the deviations between modelled and measured ice
thicknesses were expressed relatively to the mean ice thickness . The so-obtained
deviations were pooled across the three experiments, and the mean and B
interquartile range of the pool were taken as an estimate for b, / h,and 1.56; / h,
respectively. The results of the cross validation are shown in Supplementary Fig. 1
and yielded relative weights of 22%, 19%, 18%, 28% and 13% for Models 1-5,
respectively (last row of Supplementary Table 1). With the above notation, the
variance of /i is given by:
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which is the basis for the presented accuracy estimates. Although we assume
independence between the results obtained for a given glacier from different
models, the results for different glaciers are assumed to be strongly correlated
when they originate from the same model (or from the composite solution). When
calculating regional totals, the uncertainties estimated for individual glaciers are
thus summed. To assess the sensitivity of the above weighting strategy, regionally
differentiated weights were tested as well. In that case, the weights in equation (1)
were calculated by pooling the results of the cross-validation experiment
separately for every RGI region (upper part of Supplementary Table 1). The
results are insensitive (differences below 1%) to this alternative weighting scheme
(Supplementary Table 3).

Sea-level change equivalents. The conversion between total glacier ice
volume V,,, and potential sea-level change hg ; was performed by (1) assuming a

bulk ice density of p,..=900kgm™, an ocean area of A,.,,=3.625x 10°km? and a
mean ocean density of p,.,,= 1,028 kgm™ (ref. '), (2) neglecting the steric
and isostatic effects and (3) subtracting glacier volumes Vg presently located
below sea level:
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Future projections for High Mountain Asia. Reconstruction for the past
(1998-2016) and projections for the future (2017-2100) glacier evolution and
corresponding glacier runoff were obtained by forcing the GloGEM '’ with climate
reanalysis data’® and outputs from 14 different global climate models* driven

by Representative Concentration Pathway 4.5 (a midrange scenario for future
climate evolution™), respectively. The model calibration, parameter choice and
downscaling of climate model outputs are identical to those in Huss and Hock'’.
Two different simulations were performed for the time period 1998-2100, the only
difference being the ice thickness distribution used to initialize the model. The
model provides the glacier area (with an annual time step) and glacier runoff (with
a monthly time step) of every glacier individually, and the results are aggregated
over RGI regions 13, 14 and 15 (Table 1 and Fig. 2). Uncertainties due to unknown
future climate evolution are taken into account through the output of different
climate models. Further uncertainties are not accounted for explicitly as they have
been shown to be comparatively small'.

Ice discharge from Antarctic glaciers. Ice discharge estimates for glaciers

in the Antarctic periphery are based on surface ice flow velocities provided in
Rignot et al.”. For every glacier, the calving front was identified by selecting
portions of the glacier outline that have a bedrock located below present-day sea
level (roughly 250 of the 2,751 glaciers in the region are detected to have such a
calving front). The volumetric ice discharge was then obtained by multiplying

the local, depth-averaged ice flow velocity with the local ice thickness and by
integrating the so-obtained values over the calving front length. Uncertainties in
surface velocities are provided within the data set™, whereas uncertainties in depth-
averaged values are estimated by considering two end members: the first assumes
that the entire surface motion is due to basal sliding (plug flow), and the second
assumes the surface velocity is entirely due to ice deformation. The reported results
refer to the average of the two end members. A bulk density of 900 kg m~ was used
to convert ice volume flux to mass flux.

Code availability

The codes used to generate individual results are available through the contact
information from the original publications. Requests for further materials should
be directed to D.E

Data availability

The ice thickness distribution of all about 215,000 glaciers, as estimated with
the individual models and the composite solution, is available at https://doi.
0rg/10.3929/ethz-b-000315707.
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