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Distributed ice thickness and volume of all glaciers around
the globe

Matthias Huss' and Daniel Farinotti*

[1] A new physically based approach for calculating glacier ice thickness distribution
and volume is presented and applied to all glaciers and ice caps worldwide. Combining
glacier outlines of the globally complete Randolph Glacier Inventory with terrain elevation
models (Shuttle Radar Topography Mission/Advanced Spaceborne Thermal Emission
and Reflection Radiometer), we use a simple dynamic model to obtain spatially distributed
thickness of individual glaciers by inverting their surface topography. Results are validated
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against a comprehensive set of thickness observations for 300 glaciers from most
glacierized regions of the world. For all mountain glaciers and ice caps outside of the
Antarctic and Greenland ice sheets we find a total ice volume of 170 x 10° + 21 x 10° km?,

or 0.43 4+ 0.06 m of potential sea level rise.

1. Introduction

[2] Mountain glaciers and ice caps are expected to con-
tribute significantly to sea level rise over the next decades
[Meier et al., 2007; Radi¢ and Hock, 2011]. However, the
volume of these almost 200,000 glaciers, and thus their
potential sea level equivalent, are still poorly known. Phys-
ically based methods for calculating ice thickness distribu-
tion have been applied to small subsets of glaciers [e.g.,
Farinotti et al., 2009a; Li et al., 2012], but not at larger
scales. To date, global fresh water volume stored in glaciers
and ice caps has only been estimated using statistical
volume-area scaling [Chen and Ohmura, 1990; Bahr et al.,
1997]. Relations between glacier area and volume do,
however, not account for other characteristics of individual
glaciers, e.g., their surface geometry and local climate, and
therefore are subject to considerable uncertainties [Haeberli
and Hoelzle, 1995; Cogley, 2012]. Furthermore, scaling
does not yield any information on the spatial distribution of
ice thickness, which is required for the dynamical compo-
nent of any model aiming, for example, at simulating future
cryospheric contributions to sea level rise, or changes in the
hydrology of glacierized mountain ranges.
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[3] Ground penetrating radar (GPR) is a well established
technique to measure ice thickness, but is laborious and only
applicable to individual glaciers [e.g., Nolan et al., 1995;
Dowdeswell et al., 2002]. Recently, several methods to cal-
culate basal glacier topography based on surface character-
istics have been developed [Farinotti et al., 2009b; Clarke
et al., 2009; Li et al., 2012; Linsbauer et al., 2012], but the
applicability of these methods at the worldwide scale at the
time of their development was hampered by the unavail-
ability of the required data input (e.g., flow lines), and/or
computational resources. The few global glacier volume
estimates available today [e.g., Dyurgerov and Meier, 2005;
Radi¢ and Hock, 2010] are all based on volume-area scaling.
Excluding glaciers and ice caps around Greenland and
Antarctica they range from 0.24 + 0.03 m of global sea level
equivalent (SLE) [Raper and Braithwaite, 2005] to 0.41 +
0.03 m SLE [Radi¢ and Hock, 2010]. The entire glacier
volume outside of the two ice sheets is quantified as 0.60 +
0.07 m SLE by Radi¢ and Hock [2010].

[4] Here, we propose and apply a new approach for cal-
culating volume and thickness distributions of all glaciers
worldwide which allows adding the third dimension to gla-
cier inventory data. By combining glacier outlines from the
almost globally complete Randolph Glacier Inventory
[Arendt et al., 2012] with digital elevation models (DEMs),
we calculate glacier-specific distributed thickness based on
an inversion of surface topography using the principles of
flow dynamics. We present the first global estimate of gla-
cier ice volume using a physically based method that indi-
vidually considers the characteristics of each glacier.

2. Data

[s] The Randolph Glacier Inventory (RGI) is the first
complete data set containing outlines of almost all glaciers and
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Figure 1. Schematic representation of the altitudinal distri-
bution of surface mass balance b, hypothetical elevation
change poh/ot, and apparent mass balance b over the glacier
using linear elevation gradients (approximating b — p - 0h/0t,
see equation (1)).

ice caps other than the two ice sheets [Arendt et al., 2012]. The
RGI is a recent community effort that builds on the glacier
shapes already in the Global Land Ice Measurement from
Space (GLIMS) database [Raup et al., 2007], which is
extended using new satellite imagery and, in some regions,
glacier outlines digitized from topographical maps. The RGI is
a provisional data set; that is, it has not been extensively
quality checked, and in most regions there is a lack of infor-
mation on the date and the source of imagery used to produce
the outlines. Nearly all regions include glaciers delineated by
individual catchments, but for parts of some regions (Alaska,
Antarctic and Subantarctic, central Asia, Greenland periphery,
low latitudes, New Zealand, Scandinavia and southern Andes)
only polygons of glacier complexes are provided. The inven-
tory is divided into 19 regions (Figure S1 in Text S1 in the
auxiliary material) that are similar to those defined by Radi¢
and Hock [2010]." We use the RGI version 2.0 that was
released in June 2012 [Arendt et al., 2012].

[6] The separation of glaciers and ice caps from the ice
sheet in Greenland and Antarctica is still open to debate
[e.g., Rastner et al., 2012]. The RGI includes some ice caps
that are connected with the ice sheet in their accumulation
areas; the Antarctic mainland is not contained in the RGI.
Here, we use all outlines provided by the RGI v2.0.

[7] Several Earth-covering DEMs allow extracting spa-
tially distributed topographical attributes for arbitrary gla-
ciers based on inventory data [Frey and Paul, 2012].
Between 60°N and 60°S we use the hole-filled Version 4
Shuttle Radar Topography Mission (SRTM) DEM with a
resolution of about 90 m retrieved from srtm.csi.cgiar.org
[Jarvis et al., 2008]. North and south of 60° the Advanced
Space-borne Thermal Emission and Reflection Radiometer

'Auxiliary materials are available in the HTML. doi:10.1029/
2012JF002523.

(ASTER) Global DEM Version 2 (about 30 m resolution)
provided by NASA is used. Elevation uncertainty in both
DEMs is estimated as +10-20 m for mountain areas [e.g.,
Fujita et al., 2008]. The ASTER DEM is however affected
by some gaps and erroneous data, particularly in the accu-
mulation areas of ice caps.

[8] A comprehensive set of ice thickness observations
with at least one data point for every RGI region has
been compiled from more than 70 publications (Table S1 in
Text S1). We extend the sample of published measurements
of mean glacier thickness previously used for the calibration
of volume-area scaling relations [e.g., Bahr et al., 1997] by
including direct information on point ice thickness mostly
based on GPR profiles. The point thicknesses are assumed to
be more accurate as they are not affected by the uncertainty
of extrapolation. In total, we use average ice thickness data
for 218 and point thickness measurements for 87 glaciers to
validate our results.

3. Methods

[o9] The method to compute ice thickness distribution is
based on glacier mass turnover and ice flow mechanics and
further develops the approach presented by Farinotti et al.
[2009b]. We estimate surface mass balance distribution,
calculate the volumetric balance flux and convert it into
thickness using the flow law for ice [Glen, 1955]. Required
input data are limited to glacier outlines and a DEM: both
are readily available from the RGI and SRTM/ASTER data
for almost 200,000 glaciers worldwide.

[10] First, SRTM/ASTER DEMs are interpolated to a
regular grid covering the glacier. The spatial resolution
depends on glacier size and is 25-200 m. This DEM is
intersected with the glacier outline, providing area S; and
mean slope @; for glacier surface elevation band i. Vertical
spacing of elevation bands is dz = 10 m. Width w; of each
elevation band is obtained with w; = S;/I; = S; - tan(a;) /dz.
/; is the horizontally projected length of the elevation band.
Thus, the three-dimensional geometry is reduced to glacier
characteristics distributed over the altitudinal range. All
calculations are performed using this simplified 2-D shape of
the glacier. )

[11] In order to conserve mass, surface mass balance b
must be balanced by ice flux divergence and the surface
elevation change 0h/0t. Following [Farinotti et al., 2009b], b
and O0h/0t are lumped into a new variable, the ‘apparent mass

balance’ b defined as
b=b—p-onjér, (1)

where p is the ice density. This has the advantage that esti-

mating the distribution of b over the glacier allows direct
calculation of the balancing ice volume flux, even if the
observed glacier surface does not correspond to a steady
state geometry (Figure 1). The quantity of the apparent mass
balance is similar to that of the ice emergence velocity
[Cogley et al., 2011] and, in our case, does not refer to a
specific period in time.

[12] The apparent mass balance distribution is calculated
using two altitudinal gradients db/dz,, and db/dz,. for the
ablation and the accumulation area, respectively [Farinotti
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Figure 2. Air temperature of the warmest month according to the NCEP reanalysis at the median glacier
elevation ELA, (modified after Cogley [2012] with permission from Elsevier). The solid line shows the
reference latitude-dependent ELA, ELA,,, corresponding to average continentality (C = 1), following a

maximum monthly temperature of +3°C at the ELA.

et al., 2009b]. We assume them to be linearly related by a
constant factor fi,q, = 0.55 with smaller gradients in the
accumulation area. Accumulation rates are limited to b,y in
order to prevent unrealistically high accumulation on gla-
ciers with a large elevation range. by, corresponds to the
apparent mass balance 700 m above the equilibrium line
altitude (ELA).

[13] For glaciers smaller than a critical area S = 25 km?,

dZ/ dz is decreased linearly with glacier area to a minimum

value of dg/ dzmin for glacier sizes <0.05 km?. This reduction
in apparent mass balance gradient is necessary to account for

the particular combination of » and d4/ét in the distribution

of apparent mass balance b of small glaciers (equation (1)):
A snow patch with no flow dynamics, an object at the small
end of the glacier size continuum, will respond to a shift in
climate forcing with a change in surface lowering only. b

then equals pdh/ot, and b (and thus db/dz) is zero (see also
Figure 1). On the other hand, large glaciers will react with a
change in flow but relatively limited elevation change over
much of their altitudinal range [Johannesson et al., 1989].

Therefore, b approximately corresponds to b, and db/dz is
close to mass balance gradients observed in the field [e.g.,
Hoelzle et al., 2003].

[14] Maritime glaciers have balance gradients that are
considerably higher than those of continental glaciers [e.g.,
Oerlemans and Fortuin, 1992]. In order to include this effect
in the estimation of glacier-specific db/dz, we estimate
continentality of each glacier based on the RGI data. We
define a simple relation between geographical latitude and a
reference ELA (see Figure 2) corresponding to neither par-
ticularly maritime nor particularly continental conditions
using air temperature at the actual glacier ELA as a proxy for

continentality: high temperatures indicate high accumulation
rates, and low temperatures indicate dry conditions. Ground
surface air temperature is taken from the NCEP reanalysis
[Kalnay et al., 1996] and is scaled with a lapse rate of
—6.5°C km ™' to the altitude of each RGI glacier (Figure 2).
With the latitude-dependent reference ELA, ELA,, and the
median altitude ELA, of each RGI glacier, a continentality
index C is obtained as

ELAj, — ELA,

C =
( fcont

+1), (2)
where feone = 2400 m is a constant parameter that is cali-
brated to observed differences in mass balance gradients
between continental and maritime glaciers [World Glacier
Monitoring Service (WGMS), 2008]. The observed range
of ELAj, — ELA, is from —880 m to +1580 m (2.5% and
97.5% quantiles). C is used to adapt the reference apparent
surface mass balance gradient db/dz, to local conditions

db/dz = db/dz, - C. 3)

[15] For each glacier, apparent mass balance distribution is
computed using the gradients db/dz,, and db/dz,.. with the

ELA that yields a balanced mass budget, i.e., / b-ds=0

s
(restrictions for tidewater glaciers, see below). The volu-
metric balance flux for each elevation band 7 of the glacier

is then obtained by integration of b along the glacier
(Figure 3a).

[16] Inversion of ice volume flux to obtain ice thickness
using Glen’s flow law (only ice deformation) needs to
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Figure 3. Longitudinal profile with derived variables for Taku Glacier (Alaska). (a) Estimated apparent
surface mass balance and corresponding ice volume flux. (b) Glacier surface and calculated bedrock ele-
vation using elevation band thickness. Observed mean thickness at cross profiles [Nolan et al., 1995] is
indicated by diamonds. Glacier area in 100 m elevation bands is shown by bars. (c) Inferred basal shear

stress 7 and shape factor F§ along the glacier.

account for the fact that an important fraction of flux can be
due to sliding at the glacier base. Therefore, we correct cal-
culated volumetric balance fluxes derived from the apparent
surface mass balance distribution for basal sliding. Volu-
metric flux is multiplied by (1 — f£;;), a factor assumed to be
constant along the glacier. f; varies between 0 and 0.55, is
glacier-specific, and is calculated as

fa=cat+e (S=10)+c-(C—1), (4)

where ¢; =0.2, ¢, = 0.1, ¢ = 4 are constants, S is the glacier
area (km”) and C is continentality (equation (2)). The area-

dependent term ¢,(S — 10) is restricted to the range [—0.1,
0.1], and the continentality term c3(C — 1) to [—0.25, 0.25].
Our purely empirical sliding parameterization aims at
roughly capturing glacier- and region-specific differences in
basal sliding which are difficult to constrain at the global
scale. Studies estimating the fraction of sliding relative to
total glacier flow [e.g., Paterson, 1970, and references
therein] provide some verification.

[17] Quantifying the calving flux of tidewater glaciers is a
challenge as glacier surface geometry derived from a DEM
only allows a general statement about the possibility of ice
loss by calving (glacier in contact with ocean), but not about
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its magnitude. We account for the calving flux of large
water-terminating glaciers by reducing the ELA that yields a
balanced surface mass budget by a value A ELA_,;, which is
separately defined for each RGI region but is not glacier-
specific. Ice flux calculated from surface mass balance thus
becomes >0 at the glacier terminus. This correction mimics
calving and results in an increase in ice flux. The number of
glaciers of which we find the possibility for a considerable
calving flux is relatively limited (a dozen to a few hundred
per region). However, these glaciers dominate their regions
in terms of surface area (and volume), and the proportion of
calving glaciers is higher than 50% for, e.g., peripheral
Greenland and Antarctica, Arctic Canada and the Russian
Arctic. A ELA_,, is poorly constrained, and we estimate
values of between 30 m and 250 m. Calculated calving
fluxes were compared to published values for Arctic ice caps
[Dowdeswell et al., 2002; Hagen et al., 2003; Williamson
et al., 2008] indicating an agreement within 50%.

[18] Using an integrated form of Glen’s flow law [Glen,
1955], the ice thickness 4; for every elevation band i is cal-
culated as

hy = 2 (1 _.fsl) “qi . n +.2_ . (5)
24¢(T)  (Fyipgsineg)

with ¢; the ice flux normalized by glacier width, f;; a factor
accounting for basal sliding (equation (4)), n = 3 the expo-
nent of the flow law, p the ice density, g the acceleration of
gravity, and Fy; = w;/(2h; + w;) a valley shape factor [Nye,
1965]. As h enters the calculation of F,, Equation 5 is
solved iteratively. The rate factor of the flow law, A(7), is
assumed to be 0.075 bar > yr ' for temperate glaciers
(englacial temperature of ~0°C) [e.g., Gudmundsson, 1999].
A dependence of A¢ on ice temperature is evident yielding
lower values for polythermal and cold glaciers [Cuffey and
Paterson, 2010]. We estimate the englacial temperature of
each glacier by assuming a constant temperature offset
between glacier-average ice temperature and mean annual
air temperature at the ELA (given by the NCEP reanalysis)
of ATice_air = 7°C [Huang, 1990]. For nontemperate gla-
ciers, A¢ is reduced with ice temperature 7 using a constant
factor fa(r) = 7°C as

(6)

We are aware that our approach for estimating a tempera-
ture-dependent flow rate factor A¢is crude but consider it as
a first order approximation that is essential to our approach
for polythermal and cold glaciers and ice caps.

[19] According to Kamb and Echelmeyer [1986] the basal
shear stress 7; = (Fs;pgh;sina;) should be smoothed over a
distance of 10-20 times the local ice thickness in order to
account for the influence of longitudinal stress gradients on
glacier flow. Therefore, 7 is smoothed accordingly and
reintroduced into equation (5). Convergence for 4, F and 7
is reached after fewer than 10 iterations.

[20] These operations provide mean ice thickness in 10 m
elevation bands along a longitudinal glacier profile
(Figure 3).

[21] As a last step, the mean elevation band thicknesses 4;
are extrapolated from the simplified 2-D shape of the glacier
to a regular grid using a scheme that inversely weights the
distance to the closest glacier boundary point and attaches a
weight proportional to (sin )" (based on equation (5))
to the surface slope a of each grid cell. As 1/sin « tends to
infinity for small «, local slopes are constrained to exceed a
threshold iy = 6° [Farinotti et al., 2009b]. The extrap-
olation scheme conserves elevation band ice volume. Grid-
ded ice thickness is finally smoothed in order to remove
local noise originating from surface roughness. The extrap-
olation procedure results in an estimate of ice thickness for
each grid cell of every glacier (Figure 4).

4. Uncertainty Assessment

[22] The apparent mass balance gradient is the primary
parameter in need of calibration and was constrained by
tuning calculated thickness to high-quality GPR profiling
data for 21 glaciers in the Swiss Alps [see, e.g., Farinotti

et al., 2009a]. An optimized value of db/dzy 0 =15.5 x 1073
meters water equivalent (mwe) m ' is found. Other model
parameters are based on literature values, or were constrained
based on independent observations of the related processes.
We use the same parameter set that accounts for glacier-
specific variations due to continentality and ice temperature
for individually calculating ice thickness distribution of all
glaciers in every glacierized region of the world (see Table S2
in Text S1 for a complete list of model parameter values).
[23] We directly compare our values of db/dz to observed
mass balance gradients for 44 glaciers [WGMS, 2008] on all

continents. On average, db/dz is 22% lower than the
observed gradients (6.2 &+ 1.9 x 107> mwe m™') which is
reasonable given the definition of the apparent mass balance
gradient, and the observation that most glaciers have been
losing mass in recent decades [WGMS, 2008]. Our parame-
terization of continentality (equation (2)) reproduces the
observed regional variability in mass balance gradients with
a root-mean-square error of 1.5 x 10> mwe m ™.

[24] Validation of simulated ice thickness against the
complete set of published thickness data is shown in
Figure 5. Comparison of calculated /., and measured
hmeas ice thickness of individual glaciers is performed for
(1) average ice thickness /,,, and (2) point thickness /,,. For
the latter, all available point thickness observations (mostly
from GPR profiles), and corresponding calculated thick-
nesses for the same locations, are arithmetically averaged
providing one value /4, per glacier. The overall bias in ice
thickness given by the difference between the average of all
calculated and measured thicknesses (Acaic — Ameas) is 0 m
for mean thickness, and 10 m for point thickness. The
root-mean-square of the relative single-glacier error
(I(heate — Mmeas)|//Fmeas) 1s around 30% and includes uncer-
tainties in (1) the thickness modeling, (2) the glacier out-
lines and the DEM used, and (3) the field data (GPR
resolution, extrapolation, inconsistency of measurement
date and inventory date).

[25] Given the limited data input and the degree of sim-
plification in our approach, the agreement for different gla-
cier types and regions is satisfying, although the mismatch
can be significant for individual glaciers (Figure 5). An
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Figure 4. Calculated ice thickness distribution of (a) Rhone Glacier (European Alps), (b) Taku Glacier
(Alaska), and (c) Chhota Shigri Glacier (Himalaya). Note that for Taku the scale differs from that for
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cier surface. Data are based on GPR surveys [Farinotti et al., 2009b; Nolan et al., 1995; Azam et al.,

2012].

underestimation for glaciers with thicknesses of 30—70 m is
evident. This bias originates from the almost 80 glaciers with
published measurements of mean thickness in north and
central Asia [e.g., Macheret et al., 1988]. The differences are
likely explained in part by inaccurate georeferencing of the
glacier shapes in that region, leading to errors in glacier
surface topography (overestimation of surface slope and thus
too small thickness) when intersecting them with a DEM.
Due to the paucity of validation data, the performance of our
method for ice caps is difficult to judge. Based on published
ice cap volumes (Table S1 in Text S1) we presume that our
method is suitable for estimating mean ice thickness
although the quality of calculated ice cap thickness distri-
bution is inferior to that of mountain glaciers.

[26] In order to provide a confidence interval for our global
ice volume estimate, we assess all quantifiable uncertainties.
The accuracy of calculated ice thickness is affected by (1) the
estimation uncertainty in the parameters and the simplifica-
tions in the modeling, (2) the uncertainty in the SRTM/
ASTER DEM, and (3) the uncertainty in glacier shapes
provided by the RGI. Each of these sources of uncertainty is
separately assessed for every region based on sensitivity
studies. We do not use the set of ice thickness data (Figure 5)
for assessing the errors in regional/global ice volume as the
spatial distribution of the measurements is not representa-
tive, and they might themselves be subject to considerable
uncertainties.

[27] The various assumptions and parameterizations in our
model have an important impact on the results. We perform

a set of sensitivity experiments to quantify a possible bias in
global ice volume arising from parameter uncertainty. All
parameters used in the modeling were individually varied
within plausible ranges. The five most sensitive parameters
were discerned and physically reasonable bounds of uncer-
tainty were defined (Table 1). The volume of all RGI gla-
ciers is recalculated by individually varying each of the five
important parameters between a maximum and a minimum
value. For single-parameter uncertainties, we find an ice
volume sensitivity of between £0.6% and +4.6% compared
to the global volume obtained with the reference parameter
set (Table 1). Total ice volume uncertainty oy, due to poorly
constrained parameter values is evaluated by combining the
individual uncertainties o, assumed to be independent,

0.5
using error propagation as oy :( leaf,i) . oM 18

+6-11% for individual RGI regions (Table S3 in Text S1).

[28] We estimate the impact of inaccurate elevation data
on calculated ice thickness by artificially perturbing the
surface topography of selected glaciers within the uncer-
tainty ranges of the SRTM/ASTER DEM [Fujita et al.,
2008; Frey and Paul, 2012]. The effect of a constant or
altitudinal bias in the DEM is negligible (<0.5% difference
in ice volume). Large but spatially localized errors and data
gaps, mainly restricted to high-latitude ice cap accumulation
areas (ASTER DEM), can however strongly affect computed
thickness of individual glaciers by +5-25%. Based on
regional elevation data quality and sensitivity tests, we
estimate a relative uncertainty opgy due to erronecous DEM
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Figure 5. (a) Validation of calculated ice thickness with
direct observations. Red triangles refer to published values
of mean thickness /,y,, blue diamonds show single-glacier
means A, of point-to-point comparisons to ice thickness
measurements. Estimated uncertainties in the thickness
data are shown by bars. Note that both axes are logarithmic.
The bias and the root-mean-square error (RMSE) are given.
(b—e) Same as Figure 5a but specified for groups of regions
assembled according to their latitude. M.E., Middle East.

data for each RGI region individually (Table S3 in Text S1).
opgwMm 18 assumed to be as low as £1% in eight regions, but
+20% in the Antarctic and Subantarctic.

[29] Uncertainties in the glacier outlines provided by the
RGI control calculated thicknesses in various ways. The
quality of the glacier outlines depends on the source and the
date of inventory, as well as on the accuracy of the digiti-
zation. Most regions are covered by relatively recent satellite
imagery, but some glacier shapes also originate from topo-
graphical maps that are several decades old [Arendt et al.,

2012]. The impact of inaccurate outlines can be significant
and needs to be assessed at the single-glacier scale. The geo-
referencing of the glacier shapes is crucial to the applicability
of our approach. A shift relative to the underlying DEM
results in errors in glacier hypsometry, and most signifi-
cantly a bias toward too small ice thickness due to steeper
surface slopes. According to sensitivity tests, georeferencing
errors of 200 m cause ice volume uncertainties of 1-10%
depending on glacier size and slope.

[30] For some regions, the RGI only provides polygons for
glacier complexes, which can contain dozens of individual
glaciers. As we employ a spatially distributed approach (see,
e.g., Figure 4) we can cope with glacier complexes with only
a minor loss in accuracy. The performance for reproducing
glacier complex volume is validated for the RGI region
Arctic Canada South (40,893 km?), and the Aletsch region
(250 km?), Swiss Alps, for which both single-glacier shapes
and polygons for glacier complexes are available. Regional
ice volume decreases by 7% in Arctic Canada South and 4%
in the Alps, when single-glacier outlines are used instead of
glacier complexes.

[31] Based on the assessment of the above factors, and
their relative regional importance, we arbitrarily assign
estimated uncertainties opgy depending on the DEM accu-
racy, and org referring to uncertainties in the RGI shapes to
each region (Table S3 in Text S1). The overall uncertainty
oy in calculated regional and global ice volume is then
obtained by combining the individual error sources with

v =1/ UJ%AJFU%)EMJFUzRGIv (7)

where oy, is the uncertainty from model parameters. We find

a total uncertainty of our global ice volume estimate of
+12%.

5. Results and Discussion

[32] We evaluated 171,000 glaciers and ice caps around
the globe. For each glacier, gridded thickness distribution,
and ice volume were computed, as were surface slope, the
valley shape factor and basal shear stress along the glacier.
Figures 3 and 4 show illustrative results of calculated
thickness distribution for selected glaciers.

[33] We compute a total volume of all glaciers and ice caps
other than the two ice sheets of 170 x 10° + 21 x 10° km”.
Assuming an ice density of 900 kg m > and an ocean area
of 362.5 x 10° km? [Cogley et al., 2011] this corresponds
to 0.43 £ 0.06 m of potential global sea level rise (Table 2).
One third of the glacier volume is located in peripheral
Greenland and Antarctica. This number is, however, rela-
tively uncertain and might be subject to changes depending
on the separation of ice caps from the ice sheets in the
inventories. The volume of glaciers outside of Greenland
and Antarctica is 114 x 10° £ 11 x 10’ km’, or 0.29 +
0.03 m SLE. The distribution of glacier ice volume is
dominated by Arctic ice caps with a relatively large mean
thickness; more than 40% of global volume is concentrated
in the Canadian and Russian Arctic, and Svalbard
(Figure 6). Important volumes are also found for Alaska
(51 mm SLE), High Mountain Asia (24 mm), and the South
American Andes (17 mm). Our results are backed up with
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Table 1. Sensitivity of Total Ice Volume (All RGI Glaciers) to
Variations in Five Parameters Deemed to Be Important®

Parameter Range Unit AV (%)

db/dz10 0.004/0.007 mwe m~! —3.8/+5.3
Serit 10/40 km? +0.5/—0.7
Seont 1600/3200 m —1.5+2.2
Ap (T=0) 0.06/0.09 bars > yr! +3.3/—5.4
A ELAgyy —100/+100 m —1.8/+2.9

“The parameter values yielding a larger ice volume are printed in bold.
Differences in calculated global ice volume AV relative to the reference
parameter set (see Table S2 in Text S1) are given in percent.

thickness observations from almost 300 glaciers across all
regions (Table 2 and Figure 5).

[34] We compute a global glacier ice volume 30% lower
than the estimate by Radi¢ and Hock [2010]. The error bars
do not overlap. Comparison excluding glaciers around
Greenland and Antarctica indicates volumes 13% below
those obtained by Dyurgerov and Meier [2005], and 18%
and 15% above estimates by Raper and Braithwaite [2005]
and Ohmura [2010], respectively.

[35] In order to assess the differences compared to previ-
ous studies that were exclusively based on volume-area
scaling, we also calculate ice volume using the relation

h=cS, (8)

with 7 the mean thickness in m, S the glacier area in m?, and
the constants c and « [e.g., Macheret et al., 1988; Bahr et al.,
1997]. For consistency, we use the same parameters as
[Radi¢ and Hock, 2010] who have defined two separate
scaling relations for mountain glaciers (¢ = 0.2055, v =
0.375) and for ice caps (¢ = 1.7026, v = 0.250). As no
information whether a glacier shape is a mountain glacier
or an ice cap is provided by the RGI, we define a region-

specific size threshold (see Figure 7). Our global glacier ice
volume is 8% below that calculated using volume-arca
scaling based on areas from the RGI. Our regional volumes
differ from those obtained by volume-area scaling by
between —63% (central Asia) and +35% (Arctic Canada
South) (Table 2). Differences for individual glaciers can be
even higher. This indicates that glacier volume estimates
using scaling approaches might be subject to significant
local and regional biases that can be crucial in projecting the
future impacts of glacier changes.

[36] In general, we find systematically lower volumes for
large glaciers compared to volume-area scaling (Figure 7).
Although these glaciers contain most of the ice, scaling
relations are poorly constrained for this size class due to a
lack of thickness measurements. The presence of glacier
complexes in the RGI further explains some of the differ-
ences between our estimates and those obtained by volume-
area scaling. Tests for the RGI region Arctic Canada South
show that the volume computed based on equation (8)
increases by 71% when individual glacier outlines are not
separated, i.e., when glacier complexes are present. The
sensitivity of our approach to this imperfection in glacier
inventory data is much smaller (<10%). This indicates that a
comparison of our results to volume-area scaling (see
Table 2) might be biased in regions where glacier complexes
are present in the RGI.

[37] The important regional differences of our results
compared to statistical scaling (Table 2) indicate that a single
scaling relation might not be valid for the entire globe.
Therefore, we derive region-specific thickness-area scaling
functions (equation (8)) using the physically based ice vol-
ume estimates for 171,000 glaciers worldwide (Figure 7).
Exponents ~ are lower than previously published values
[e.g., Chen and Ohmura, 1990; Bahr et al., 1997]. This
might be explained by the unsuitability of conventional

Table 2. Calculated Total Ice Volume and Validation Data for 19 Regions®

Region n S (km?) ¥ (km®) h(m)  SLE(mm)  n(hye) Ahge (m)  n(hy)  Ahy (m) AV (%)

Alaska 22916 89,901 20,402 + 1,501 226 50.7 £ 3.7 2 23 7 57 —29
Antarctic and Subantarctic 3,318 133,173 37,517 + 8,402 93.1 +20.9 2 —48 4 —86 —11
Arctic Canada North 3,205 105,139 34,399 4 4,699 327 85.4 £ 11.7 0 0 2 71 26

Arctic Canada South 6,679 40,893 9,814 £ 1,115 240 244 + 2.8 1 91 0 0 35

Caucasus and Middle East 1,335 1,121 61 +6 0.2 +0.0 0 0 2 -38 —10
Central Asia 30,131 64,448 5,026 4 503 125+1.2 43 —11 6 —14 —63
Central Europe 3,888 2,060 117 £ 10 0.3+ 0.0 40 4 25 —14 —15
Greenland Periphery 13,860 87,765 19,042 + 2,655 216 473 + 6.6 1 —14 1 36 —14
Iceland 289 11,055 4,441 £ 370 401 11.0 £ 0.9 1 8 2 0 4

Low Latitudes 4,979 4,074 144 + 16 0.4+ 0.0 0 0 1 —38 —42
New Zealand 3,002 1,160 70+ 5 0.2 4+0.0 0 0 2 —33 —49
North Asia 3,455 2,816 140 + 15 0.3+ 0.0 62 —16 0 0 -35
Russian Arctic 353 51,665 16,839 + 2,205 325 418+ 55 14 39 2 31 3

Scandinavia 1,795 2,846 256 + 19 0.6 +£0.0 5 —34 5 -35 —45
South Asia East 13,615 21,699 1,312 £ 119 33+03 2 25 3 15 -30
South Asia West 22,563 33,961 3,241 + 287 8.0 +0.7 0 0 1 1 —31
Southern Andes 19,089 32,521 6,674 + 507 205 16.6 + 1.3 0 0 4 -3 —4
Svalbard 2,058 33,932 9,685 £+ 922 285 240 + 2.3 25 21 18 83 31

Western Canada and USA 14,516 14,615 1,025 + 84 25402 20 7 2 —40 -19
Total 171,046 734,856 170,214 £ 20,688 231  422.6 + 57.1 218 0 87 10 -8

*The number n of evaluated glaciers, the total area S according to the RGI, the calculated volume ¥, mean ice thickness / and the corresponding sea level
equivalent SLE are given. Calculated thickness is compared to n(/,,,) glaciers with mean thickness data and n(#%,) glaciers with point measurements. The
regional biases A/, and Ak, are stated. AV is the relative difference in ice volume as calculated here minus that obtained by volume-area scaling using

the RGI data and the parameters from Radi¢ and Hock [2010].



/ldoc.rero.ch

2 scaling relations for nonsteady state and/or markedly den-
5 5 . dritic glaciers.
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o [} [ .

L o = © ° 6. Conclusion

o< c a < L .

8= o 8 5 § c [38] Based on complete glacier inventory data and terrain
® < T o83 o s % g elevation models the ice thickness distribution and volume
s ) S o s < 3 £ % of all glaciers and ice caps around the globe has been cal-
< < S 8 gl N=E5E 2 o - culated. A new approach for the inversion of distributed ice
8 3 ] s E 5 -'g £ thickness from surface topography using readily available
< (C] < 7 < T n - o

input data is applied, providing the first physically based
global ice volume estimate that accounts for the character-
istics of each individual glacier. We find an ice volume
outside of the two ice sheets of 170 x 10° £ 21 x 10° km?,
or 0.43 4+ 0.06 m SLE, which is below previous estimates.

Figure 6. Regional distribution of %lacier area (orange)
according to the RGI v2.0 in 10° km®”, and calculated sea
level rise potential (blue) in mm SLE.
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Figure 7. RGI glacier area versus calculated ice thickness for all regions. Note that both axes are loga-
rithmic. Gray scales depict relative point density (calculated ice thickness of individual glaciers) in glacier
size bins. For classes with more than 20 glaciers, red bars indicate the 10% and 90% quantiles, the diamond
refers to the median. Blue triangles show the best fit of a region-specific thickness-area scaling relation.
Optimized parameters according to equation (8) are given. The solid green line (mountain glaciers) and
dash-dotted line (ice caps) show thickness based on the volume-area scaling relations used by Radi¢ and
Hock [2010]. Size thresholds Sjc between glaciers and ice caps are assumed to be constant for each region.
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The uncertainties in this new global ice volume assessment
are however still considerable. A further homogenization of
glacier inventory data and an extended data set of direct
thickness observations would be among the requirements for
reducing them.

[39] We derive spatially distributed ice thickness estimates
for 171,000 glaciers from ice dynamical considerations and
provide a detailed view on regional to single-glacier scales
of fresh water resources and the sea level rise potential of
mountain regions. Our results form the basis for a more
accurate assessment of changes in the hydrological regime
of glacierized basins, and the future contribution of melting
glaciers and ice caps to global sea level rise.
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