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Abstract A large component of present-day sea-level rise
is due to the melt of glaciers other than the ice sheets.
Recent projections of their contribution to global sea-level
rise for the twenty-first century range between 70 and
180 mm, but bear significant uncertainty due to poor gla-
cier inventory and lack of hypsometric data. Here, we aim
to update the projections and improve quantification of
their uncertainties by using a recently released global
inventory containing outlines of almost every glacier in the
world. We model volume change for each glacier in
response to transient spatially-differentiated temperature
and precipitation projections from 14 global climate
models with two emission scenarios (RCP4.5 and RCPS.5)
prepared for the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change. The multi-model
mean suggests sea-level rise of 155 + 41 mm (RCP4.5)
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and 216 + 44 mm (RCP8.5) over the period 20062100,
reducing the current global glacier volume by 29 or 41 %.
The largest contributors to projected global volume loss are
the glaciers in the Canadian and Russian Arctic, Alaska,
and glaciers peripheral to the Antarctic and Greenland ice
sheets. Although small contributors to global volume loss,
glaciers in Central Europe, low-latitude South America,
Caucasus, North Asia, and Western Canada and US are
projected to lose more than 80 % of their volume by 2100.
However, large uncertainties in the projections remain due
to the choice of global climate model and emission sce-
nario. With a series of sensitivity tests we quantify addi-
tional uncertainties due to the calibration of our model with
sparsely observed glacier mass changes. This gives an
upper bound for the uncertainty range of +84 mm sea-
level rise by 2100 for each projection.

Keywords Regional and global glacier mass changes -
Projections of sea level rise - Global climate models

1 Introduction

Glaciers other than the ice sheets in Greenland and Ant-
arctica (henceforth referred to as glaciers) are major con-
tributors to sea-level rise (Hock et al. 2009; Kaser et al.
2006; Meier et al. 2007) but few studies have projected
their mass changes and associated contribution to sea-level
rise on a global scale (e.g., Raper and Braithwaite 2006;
Marzeion et al. 2012; Slangen et al. 2012). Radi¢ and Hock
(2011) projected the volume changes of all glaciers until
2100, spatially resolved for 19 glacierized regions. More
than 120,000 glaciers available in the extended World
Glacier Inventory (Cogley 2009a) and covering 40 % of
all global glacier area were modeled individually using
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an elevation-dependent temperature-index mass-balance
model. Future volume changes were then upscaled for each
region with a scaling relation between the regional ice
volume change and regional glacierized area. Projections
were made in response to downscaled monthly temperature
and precipitation scenarios of ten Global Climate Models
(GCMs) based on the A1B emission scenario.

The purpose of this study is to update the projections by
Radi¢ and Hock (2011) aiming to improve quantification of
the uncertainties. Since the publication of Radi¢ and Hock
(2011) a new global inventory has become available
including nearly all glaciers in the world (Arendt et al.
2012) thus eliminating the uncertainty of upscaling. Also,
new emission and climate scenarios have been released in
preparation for the Fifth Assessment Report of the Inter-
governmental Panel of Climate Change (IPCC ARS5). Here
we use simulations from 14 GCMs under two of the most
recent emission scenarios to drive transient simulations of
glacier volume change for 19 regions. As in Radi¢ and
Hock (2011), we consider the climatic mass balance (the
sum of surface and internal mass balance; Cogley et al.
2011) but neglect mass losses by calving or subaqueous
melting.

The paper is organized as follows: in Sect. 2 we describe
the input data needed for running our glacier mass balance
model on global scale. Section 3 briefly explains the model
setup and calibration, focusing on the differences from the
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model setup in Radi¢ and Hock (2011). This section also
includes model validation using all available in situ mass
balance observations. The projected regional and global
glacier volume losses are presented and discussed in Sect.
4, including the analysis of regional mass balance sensi-
tivities. Finally, in Sect. 5 we quantify uncertainties in the
projections by using a series of sensitivity tests and an error
analysis, and present the conclusions in Sect. 6.

2 Data
2.1 Glacier inventory and initial volumes

Here we use the Randolph Glacier Inventory Version 2
(hereafter “RGI”; Arendt et al. 2012), which is the first
dataset containing outlines of almost all glaciers in the
world. The inventory is a recent community effort that
combines glacier outlines from the Global Land Ice Mea-
surements from Space (GLIMS) initiative with other gla-
cier outlines assembled from a variety of existing
databases, as well as new outlines provided by various
contributors. The inventory includes the peripheral glaciers
in Antarctica (Bliss et al. 2013) and Greenland (Rastner
et al. 2012). The inventory is divided into 19 regions
(Fig. 1), following Radi¢ and Hock (2010) with only minor
modifications, and 56 subregions.

30°N < -

W0°8 =

180° 150°W 120°W  90°W  BO0"W  30°W

E Glacier regions

30°E G0°E 90°E  120°E 150°E 180°

- Randolph Glacier Inventory 2.0

Fig. 1 Location of global glaciers divided into /9 regions. Data is from the Randolph Glacier Inventory 2.0 (Arendt et al. 2012)
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Regional and global glacier projections

In most regions, the outlines in Randolph Glacier
Inventory represent glaciers, however in some regions (see
Supplementary Table S1) some of the outlines represent
glacier complexes (collections of glaciers that meet at ice
divides). For these complexes we delineated individual
glaciers with an automated tool (C. Kienholz, personal
communication). The RGI does not differentiate between
mountain glaciers and ice caps. Therefore, we assume that
all RGI glaciers are mountain glaciers, except in Iceland
where glaciers and ice complexes are considered as ice
caps. For Antarctic and Subantarctic region we differenti-
ate between ice caps and mountain glaciers following Bliss
et al. (2013). In total the delineated RGI inventory consists
of 200,295 glaciers covering an area of 736,989 km?
(Table 1).

The area of each individual glacier is needed since
volume-area scaling is applied to estimate the initial ice
volume, and the relation between volume and area is not
linear. A power law relationship between volume and area
was originally derived from measurements (Chen and
Ohmura 1990). The theoretical basis for this relationship is
explained in Bahr et al. (1997) using scaling analysis for
glaciers in a steady state. Following Radi¢ and Hock (2010)

Table 1 Basic inventory statistics for each region

we compute the volume, V, of each glacier from its area, S,
according to

V=c§ (1)

assuming scaling coefficients for mountain glaciers (¢ =
0.2055 m*>2”, y = 1.375) and ice caps (¢ = 1.7026 m>7,
y = 1.25). Estimates of glacierized area, number of gla-
ciers and initial volumes for each of 19 regions are pro-
vided in Table 1.

2.2 Glacier hypsometry

For each glacier we derive glacier hypsometry using
available digital elevation models (DEMs). For most
regions between 60°N and 60°S we used the hole-filled
Version 4 Shuttle Radar Topographic Mission (SRTM)
DEM with a resolution of about 90 m (Jarvis et al. 2008).
For the following regions we used DEMs from other
sources: for the Canadian Arctic a DEM assembled from
149 Canadian Digital Elevation Data (CDED) tiles, for the
Russian Arctic a DEM assembled from GLAS/ICESat L2
data (Zwally et al. 2012), for Greenland the Greenland
Mapping Project (GIMP) Digital Elevation Model (Version

#  Region N S (km?» V (km®) SLE (mm) So(km? N (@S >Sy) NS <Sy V*km® SLE* (mm)
1 Alaska 26,190 89,051 27,868  69.3 100 136 26,054 18,595 46.2
2 Western Canada and US 14,042 14,505 1,275 3.2 10 162 13,880 1,275 3.2
3 Arctic Canada (North) 3,330 105,002 55,545 138.1 1000 16 3,314 34,716 86.3
4 Arctic Canada (South) 7,319 40,885 9,356 23.3 100 53 7,266 6,994 17.4
5  Greenland 21,943 87,810 17,130 426 100 108 21,835 13,588 33.8
6 Iceland 545 11,058 2,655 6.6 100 22 523 2,655 6.6
7 Svalbard 1,560 33,837 9,080 226 100 82 1,478 6,799 16.9
8  Scandinavia 2318 2,852 201 0.5 10 52 2,266 202 0.5
9  Russian Arctic 963 51,784 17,778 442 100 103 860 12,240 30.4
10 North Asia 3236 2,820 274 0.7 10 39 3,197 274 0.7
11 Central Europe 6,622 2,061 139 0.3 10 27 6,595 139 0.3
12 Caucasus and Middle East 1,298 1,100 68 0.2 10 16 1,282 68 0.2
13 Central Asia 45513 67970 6480 16.1 100 32 45,481 6,072 15.1
14 South Asia (West) 23,051 33,859 4475 111 100 33 23,018 3,792 9.4
15 South Asia (East) 14,116 21,775 1,852 4.6 100 7 14,109 1,803 45
16 Low Latitudes 4373 4,040 231 0.6 10 30 4,343 231 0.6
17 Southern Andes 17,438 32,547 6842 17 100 43 17,395 5,118 12.7
18 New Zealand 3,686 1,165 79 0.2 10 17 3,669 79 0.2
19 Antarctic and Subantarctic 2,752 132,867 48,636 120.9 1000 36 2,716 48,636 120.9
Global 200,295 736,989 209,973 522.0 163277 405.9

N total number of glaciers, S glacierized area, V ice volume derived from volume-area scaling, SLE volume in sea-level equivalent (assuming ice
density of 900 kg m ™~ and ocean area of 362 x 10'> m?), S, (see text) threshold glacier area to distinguish large and small glaciers, N(S > S,)
number of large glaciers, N(S < S,) number of small glaciers, V* alternative estimate for total ice volume (assuming that all glaciers with
area > S for Arctic regions, High Mountain regions and Southern Andes are ice caps), SLE* total alternative volume in sea level equivalent
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1.0 available at http://bprc.osu.edu/GDG/gimpdem.php),
for New Zealand the NZSoSDEM v1.0 DEM produced at
University of Otago (Columbus et al. 2011) resampled to
90 m, and for Alaska the National Elevation Dataset
(NED) DEM maintained by US Geological Survey. For the
remaining regions north of 60° we used the Advanced
Space-borne Thermal Emission and Reflection Radiometer
(ASTER) GDEM version 2 (Tachikawa et al. 2011). For
the Antarctic and Subantarctic region we used the Radarsat
Antarctic Mapping Project DEM (RAMP; Liu et al. 2001)
supplemented by SRTM and GDEM2. A summary of the
applied DEMs including their original resolution is given
in Supplementary Table S1. Glacier hypsometries are
created for 20 m elevation bands for all the regions except
Alaska, where 25 m elevation bands were used.

2.3 Mass balance data

We calibrate the glacier mass balance model (Sect. 3.2)
using regional mass balance estimates for 56 RGI subre-
gions (listed in Supplementary Table S2). The regional
estimates were interpolated on a pentadal (5-yearly) basis
for 1961-2010 from an updated database of mass-balance
measurements using the methods of Cogley (2009b; here-
after “C09”) and regional glacierized areas from the RGI.
For the purpose of this analysis, mass-balance data from
tidewater glaciers were excluded; hence the regional esti-
mates only refer to climatic mass balance to allow direct
comparison with the results from our model. There were
almost 4,000 directly measured annual mass budgets from
more than 300 glaciers, and more than 15,000 annual
values from multi-annual volume change measurements
from an additional >250 glaciers.

For validation of our modeled mass changes for present-
day climate we use seasonal direct mass balance observa-
tions from 137 glaciers (Dyurgerov 2010). The overlap
between this and C09 dataset is discussed in Sect. 3.2.

2.4 Climate data

For consistency with the data used in Radi¢ and Hock
(2011), climate forcing for the calibration period
(1961-2000) is from climate reanalysis and gridded cli-
matology products. The model is forced with monthly
mean near-surface air temperature and precipitation. For
temperature we use the ERA-40 reanalysis of the European
Centre for Medium Range Weather Forecasts (ECMWF,;
Kallberg et al. 2004), which is derived for the period from
mid-1957 to mid-2002 and covers the whole globe with
spectral resolution TL159, corresponding to a grid-spacing
close to 125 km (1.125°). We extract 6-hourly 2 m air
temperature reanalyses onto a bi-linearly interpolated grid
with 0.5° x 0.5° resolution and compiled them into
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monthly means. For precipitation we use a climatology
prepared by Beck et al. (2005) which provides monthly
globally 0.5° x 0.5° gridded data of all available measured
precipitation on land for the period 1951-2000. We chose
the climatology rather than ERA-40 reanalysis because the
precipitation reanalysis often needs further downscaling,
especially for the high elevation sites, which are common
sites for glaciers. The climatology is prepared at the Global
Precipitation Climatology Centre in the frame of the pro-
ject VASClIimO which is part of the German Climate
Research Programme (DEKLIM). We extract monthly
precipitation sums from January 1961 to December 2000
interpolated to a 0.5° x 0.5° grid. All the missing values in
VASCIlimO (which were fewer than 1 % of the total data
points used) are replaced with ERA-40 precipitation.

For the projections of glacier volume change we use
time series of monthly 2 m air temperature and precipita-
tion from 14 GCMs selected from Coupled Model Inter-
comparison Project Phase 5 (CMIPS5) models (Table 2;
Taylor et al. 2012). For the CMIPS5, a series of modeling
studies conducted for the IPCC ARS assessment, four new
emission scenarios were developed and are referred to as
Representative Concentration Pathways (RCP2.6, RCP4.5,
RCP6.0, and RCP8.5). The RCPs are mitigation scenarios,
based on a range of projections of future population
growth, technological development, and societal responses,
which assume that policy actions will be taken to achieve
certain emission targets (Moss 2010). We select the two
scenarios RCP4.5 and RCP8.5 for our modeling of future
glacier mass changes. The labels for the RCPs provide a
rough estimate of the radiative forcing in the year 2100
relative to preindustrial conditions. RCP8.5, which can be
referred to as a “high-emission scenario”, has a radiative
forcing that increases throughout the twenty-first century
before reaching a level of about 8.5 Wm ™ at the end of the
century. The intermediate scenario RCP4.5 reaches a level
of about 4.5 Wm ™2 by the end of the twenty-first century.

3 Methods

A brief summary of our method is as follows: First, we run
the elevation-dependent mass-balance model by Radié and
Hock (2011) for each individual glacier for the period
1961-2000 forced by monthly mean temperature and pre-
cipitation. Most model parameters are taken from Radié
and Hock (2011) but some are recalibrated using updated
regional mass-balance datasets available in this study (i.e.
estimates of area-averaged mass balance on a regional
scale). In this way we obtain initial regional and global
mass balances prior to projections. The calibrated and
initialized model is then validated against in situ observa-
tions of climatic mass balance for individual glaciers.


http://bprc.osu.edu/GDG/gimpdem.php

Regional and global glacier projections

Table 2 Characteristics of the
14 GCMs used in this study

Model name

Modeling center

Country of origin

Surface resolution (°)

BCC-CSM1.1 Beijing Climate Center China 2.8125 x 2.8125
China Meteorological Administration
CanESM2 Canadian Centre for Climate Modeling Canada 2.8125 x 2.8125
and Analysis
CCSM4 National Center for Atmospheric United States 09 x 1.25
Research
CNRM-CM5 Centre National de Recherches France 1.40625 x 1.40625
Meteorologiques/Centre Europeen de
Recherche et Formation Avancees en
Calcul Scientifique
CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial ~ Australia 1.875 x 1.875
Research Organization in collaboration
with Queensland Climate Change
Centre of Excellence
GFDL-CM3 NASA Geophysical Fluid Dynamics United States 2 x25
Laboratory
GISS-E2-R NASA Goddard Institute for Space United States 2 x25
Studies
HadGEM2-ES Met Office Hadley Centre United Kingdom 1.24 x 1.875
INM-CM4 Institute for Numerical Mathematics Russia 1.5 x 2
IPSL-CMS5A-LR  Institut Pierre-Simon Laplace France 1.9 x 3.75
MIROC-ESM Japan Agency for Marine-Earth Science  Japan 2.8125 x 2.8125
and Technology, Atmosphere and
Ocean Research Institute (The
University of Tokyo) and National
Institute for Environmental Studies
MPI-ESM-LR Max Planck Institute for Meteorology Germany 1.875 x 1.875
MRI-CGCM3 Meteorological Research Institute Japan 1.125 x 1.125
NorESM1-M Norwegian Climate Centre Norway 1.875 x 1.875

Finally, we run the calibrated mass balance model for all
RGI with downscaled monthly twenty-first century tem-
perature and precipitation from 14 GCMs, based on the two
chosen emission scenarios (RCP4.5 and RCPS8.5). We use
volume-length scaling to account for the feedback between
glacier mass balance and changes in glacier hypsometry,
allowing receding glaciers to approach a new equilibrium
in a warming climate.

3.1 Mass balance model

We calculate the specific climatic mass balance for each
elevation band of a glacier as a sum of accumulation,
ablation and refreezing. Ablation, a (mm water equivalent,
w.e.) is calculated through a temperature-index model as

a:fice/snow/maX(T, O)dt (2)

where fi..isnow 1S @ degree-day factor for ice or snow (mm
w.e. day_1 °C_1), and T 'is surface air temperature (°C). The
degree-day factor for snow, f;,,.. is used above an assumed
elevation of the firn line (i.e. the line separating firn from

bare ice at the end of the melt season) regardless of snow
cover, while below the elevation of the firn line we apply fi..
when snow depth is zero and f;,,,, when snow depth is
greater than zero. The firn line elevation is set to the mean
glacier altitude. For the calibration period (1961-2000)
glacier area and hypsometry are kept constant in time, so the
firn line elevation is also constant. For the future projections
it is time dependent since the glacier elevation range can
change according to the scaling relation between glacier area
and length (see Sect. 3.4). Monthly snow accumulation, C
(mm w.e.), is calculated for each elevation band as

Om = 1,
CémPﬂl{(sm_O’

where P,, is monthly precipitation (mm) which is assumed
to be snow if the monthly temperature 7,, (°C) is below the
threshold temperature, Tj,,,, which discriminates snow
from rain precipitation. Potential depth of annual refreez-
ing is empirically related to the annual mean air tempera-
ture following Woodward et al. (1997). Any snow that
melts from a given elevation band refreezes at depth in the

Tm < TYH()W
3
Tm 2 TS}’[()W ( )
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snow pack until the potential depth has been met, after
which additional melt runs off the glacier.

To correct for the bias of the reanalysis temperature with
respect to the local temperature on a glacier we apply a
statistical lapse rate, [rzg4, to estimate the temperature at
the top of the glacier from that at the ERA-40 altitude of
the grid cell containing the glacier. Then from the glacier
top to the snout of the glacier we apply another lapse rate,
Ir, to simulate the increase in temperature as elevation
decreases along the glacier surface. The bias in precipita-
tion is corrected by assigning a precipitation correction
factor, kp, to estimate precipitation at the glacier top. To
account for orographic effect we distribute the precipitation
from the top to the snout of the glacier using a precipitation
gradient d,,.. (% of precipitation decrease per meter of
elevation decrease).

Winter mass balance and summer mass balance are
integrated over the winter and summer season, respec-
tively. The beginning of winter (summer) for glaciers
located in the northern hemisphere north of 75°N is 1
September (1 May) otherwise it is 1 October (1 April),
while for glaciers in the southern hemisphere it is 1 April (1
Oct). The model is described in further detail in Radi¢ and
Hock (2011; supplementary material).

3.2 Calibration and initialization of the mass balance
model

We follow a similar calibration method as in Radi¢ and
Hock (2011), and here only provide a brief summary.
Radi¢ and Hock (2011) applied the model to 36 glaciers
world-wide and used time series of observed area-averaged
winter and summer mass balance, and seasonal mass bal-
ance profiles, for deriving the values of seven model
parameters (I7gga, I7, fsnows fices kp» dprec and T,,,,,) for each
of these glaciers. In order to assign parameter values to all
the glaciers in the world they used a set of empirical
functions, which relate some of the model parameters
(fsnows fices kp) to the climatic setting of each glacier defined
by a continentality index (range of the annual cycle of
temperature) and annual sum of precipitation, both asses-
sed from the climate datasets (ERA-40 for temperature, and
VASClimo for precipitation) and averaged over the
20-year period 1980-1999. For three of the remaining four
parameters (Ir, d,.. and kp) that could not be related to
climate setting they assumed that the mean value from the
sample of 36 glaciers is a good first-order approximation
for all glaciers.

Here we adopt the values of Radi¢ and Hock (2011) for
these model parameters, and model the mass-balance of all
glaciers for our calibration period 1961-2000. Sensitivity
experiments in Radi¢ and Hock (2011) showed that the
model is particularly sensitive to the choice of the parameter
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Irgra because of the dominant role of temperature in con-
trolling glacier mass balance. Therefore we retune lrgg4 for
each of the 56 subregions by minimizing the root-mean-
square error between modeled and C09 estimated pentadal
area-averaged mass balances over 1961-2000. The tuning is
performed for all the regions except Antarctic and Subant-
arctic where the value for /rgg4 is adopted from Radi¢ and
Hock (2011). This retuning procedure is justified since our
aim is not to hindcast regional mass balances but rather to
obtain initial balances for our future projections. Initializing
the mass balance on the regional scale allows for significant
discrepancies in modeled mass balance at the scale of
individual glaciers. To reduce these discrepancies, espe-
cially for large glaciers which carry most of the weight in
the area-average mean, we separate “large” from “small”
glaciers for each of the 19 regions and perform the tuning
independently for each sample. The separation is done at a
threshold area of 10, 100 or 1,000 km? (Table 1) depending
on the region. This segregated initialization reduced but did
not eliminate the occurrence of unrealistic balances for
individual glaciers. For example, some glaciers had no
modeled melt in any year, while some gained modeled mass
over the ablation season throughout the calibration period.
To correct for this behaviour we perform final tuning by
identifying poorly simulated glaciers in each region as
outliers and re-tuning the parameter lrzz, for a regional
sample consisting only of the outliers. The number of out-
liers for each region is given in Supplementary Table S3,
including the reason why they are identified as outliers. The
final values of the tuned parameters for each subregion are
presented in Supplementary Table S2.

3.3 Validation of the mass balance model

When the initialized and calibrated model is run for each
glacier over the period 1961-2000 we derive a global
mass balance of —0.34 m w.e. year_l, which agrees well
with previous estimates (e.g., Dyurgerov and Meier 2005;
Kaser et al. 2006). In Fig. 2 we present the annual, winter
and summer mass balance area-averaged over all glaciers
for the period 1961-2000, as well as the C0O9 estimates of
global pentadal mass balance which were used for model
initialization. As shown in Fig. 2 for the pentadal mass
balance time series, there are still some differences
between C09 mass balance estimates and our modeled
balances. This is expected, since the model initialization
is performed by minimizing the root-mean-square error
between the modeled and estimated pentadal series,
meaning that an exact match has not been aimed for. We
keep in mind that C09 estimates are derived from extra-
polation/interpolation from all available mass balance
observations, which represent fewer than 1 % of glaciers
worldwide, while we model the mass balance for every
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Fig. 2 Time series of modeled winter (By,), summer (B;) and annual
(B,) mass balance area-averaged over all glaciers for 1961-2000. The
shaded area represents one spatial standard deviation for each year.
Pentadal averages of modeled annual balances (black dashed line) are
shown for comparison with the estimated pentadal annual balances
(green line) from an updated version of Cogley (2009b)

glacier in the world. Although C09 estimates represent the
most detailed assessment of the past mass-balance time
series on regional and global scale, they are vulnerable to
under-sampling and are therefore highly uncertain. In
Sect. 4.4.1 we address how these uncertainties in model
initialization impact our projections of regional and global
volume loss.

To test the validity of our modeling approach in simu-
lating individual glacier mass balances we use seasonal
specific mass balance data from 137 glaciers, compiled in
Dyurgerov (2010). The majority of these glaciers are
incorporated in the C09 estimates of regional mass balance
and therefore our model validation is not completely
independent from the model calibration. However, C09
used only multi-annual and annual mass balance observa-
tions, while we validate winter and summer mass balances
independently. Also, our model calibration is performed by
minimizing the misfit between modeled and C09 estimated
regional mass balances while, in the validation, we look at
the model performance for individual glaciers with in situ
mass balance observations. In other words, the calibration
is taking into account the mean of a large sample, while the
validation is focused on the individual members of the
sample.

The number of in situ seasonal mass balance observa-
tions compiled in Dyurgerov et al. (2010) is inhomoge-
neous worldwide, with most measurements in Scandinavia
(44 glaciers) and Western Canada and US (27 glaciers),
while some regions (Arctic Canada South, South Asia West
and East, Low Latitudes, Antarctic and Subantarctic) have
no observations at all within the period 1961-2000. In
Fig. 3 we compare modeled and observed seasonal mass
balances regions containing observations within the vali-
dation period. The modeled mass balances are derived for
the RGI glacier that corresponds (i.e. is the exact match) to
a selected observed glacier in each region. For most sites
the RGI glacier needed to be identified manually, while in a
few cases where the exact match could not be found the
spatially closest RGI glacier to the observed one is iden-
tified as the match. The results of the validation are sum-
marized in Table 3: in terms of root-mean-square-error
(RMSE), bias (difference between the modeled and
observed specific mass balance averaged over the glacier
sample), and correlation between modeled and observed
specific mass balances for each region. For the biases and
the correlation coefficients we also provide a statistical test
of significance (Table 3). RMSE averaged over the 14
regions is 0.9 + 0.5 and 1.1 £ 0.5 m w.e year™ ' for winter
and summer specific mass balance, respectively (the
uncertainty range is & 1 standard deviation). Regions with
the highest RMSE for winter mass balance are North Asia
(RMSE =1.70 m w.e. year_l), Alaska (1.58 m w.e.
yearfl), Western Canada and US (1.46 m w.e. yearfl),
while the highest RMSE for summer mass balance are
derived for Caucasus (2.08 m w.e. yearfl), Western Can-
ada and US (1.86 m w.e. year_l), and Alaska (1.63 m w.e.
year™ ). These values are high but they are assessed over a
small fraction of glaciers in a region. The average bias for
the annual mass balance is -0.3 & 0.5 m w.e. year ',
where all but three regions (Arctic Canada North, Green-
land and Central Asia) have negative bias, indicating that
the modeled annual mass balance is more negative than the
observed. Finally, ten out of the 14 regions show signifi-
cant correlation (¢ test, 95 % confidence interval) between
the modeled and observed annual specific mass balances.
The results of the validation are further used in the
assessment of uncertainties (Sect. 4.4.2) where we propa-
gate the RMSE of each region to quantify a bulk error in
the regional and global projections of volume loss.

As an additional analysis of model performance, we
compare our modeled ice loss to the geodetically-derived
ice loss of two regions where losses by calving can be
assumed small: (1) Swiss Alps (Paul and Haeberli 2008)
and (2) British Columbia (Schiefer et al. 2007). For (1),
Paul and Haeberli (2008) used two different methods for
calculating the mean cumulative mass balance for about
1,050 glaciers in the Swiss Alps; the total glacierized area
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Fig. 3 Modeled versus observed specific winter (B,,) and summer
(B;) mass balances in m w.e. year ~! for individual glaciers of the 14
regions and years for which observations are available. Observations

is not reported. Their results yielded —7 and —11 m w.e. of
glacier thinning over the period 1985-1999. We extracted
and ran the mass balance model for all glaciers from the RGI
that belong to the region of Swiss Alps, giving us a total of
888 glaciers (individual glacier area >0.1 km?). For the
same period of 1985-1999, we obtain cumulative mass loss
of —4.8 m w.e.. For (2), over the same period, Schiefer et al.
(2007) quantified the thinning of all glaciers in British
Columbia to be —11.70 & 2.85 m w.e.. Running the mass
balance model over all glaciers in British Columbia, we
calculate cumulative mass loss of —6.30 m w.e.. The large
difference can be partially explained by the mismatch
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are from the compilation of Dyurgerov (2010). In the upper left
corner of each plot is the number of glaciers and (in parentheses) the
total number of observations per season

between total area of glaciers in this region: while Schiefer
et al. (2007) derived their result using 28,826 km?” of glac-
ierized area for 1985, our total area of all Western Canadian
glaciers from the RGI is half the size (14,505 km?).

3.4 Model for ice dynamics

An ideal simulation of the dynamic response of glaciers to
climate change would couple a physically-based ice flow
model to a surface mass balance model. However, physi-
cally-based ice flow models require more input data than
currently available on a global scale. For example, required
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Table 3 Results from the model validation for annual, a, winter, w,
and summer, s, specific mass balance: root-mean-square-error
(RMSE), difference between the modeled and observed specific mass

balance averaged over the glacier sample (Bias), and the correla-
tion between modeled and observed specific mass balances for each
region (r)

Region RMSE a RMSE w RMSE s Bias a Bias w Bias s ra rw rs
(m w.e.yearfl) (m w.e.year™ h (m W.e.yearf') (m w.e.yearfl) (m w.e.yearfl) (m w.e.year™ b
Alaska 2.27 1.58 1.63 —0.26 0.46 -0.72 0.40 0.25 0.06
Western Canada 2.37 1.46 1.86 —1.04 0.10 -1.13 0.41 0.12 0.25
and US
Arctic Canada 0.35 0.14 0.32 0.16 0.11 0.05 0.27 0.03 0.28
(North)
Greenland 1.43 0.86 1.15 0.52 0.63 —0.11 0.06 0.33 0.58
Iceland 1.33 0.47 1.25 —-0.32 0.01 -0.32 0.33 0.37 0.39
Svalbard 0.69 0.36 0.59 —0.42 —0.09 -0.32 0.20 —0.05 0.54
Scandinavia 1.37 0.98 0.96 —0.09 —0.26 0.17 0.56 0.50 0.52
Russian Arctic ~ 0.22 0.12 0.18 —-0.02 —0.05 0.03 0.75 0.05 0.67
North Asia 2.17 1.70 1.35 —0.82 —-1.32 0.50 0.22 0.20 0.34
Central Europe  1.33 0.84 1.03 —0.16 0.65 —0.81 0.76 0.36 0.75
Caucasus 2.24 0.83 2.08 -1.19 0.74 -1.93 0.66 0.27 0.15
Central Asia 1.05 0.46 0.94 0.05 0.14 —0.09 0.21 0.75 0.47
Southern Andes 1.48 1.12 0.96 -0.27 —0.54 0.27 0.60 0.69 0.16
New Zealand 1.22 0.93 0.80 —0.56 —-0.72 0.16 0.27 0.69 0.01

Value for Bias in bold font are statistically significant at 95 % confidence level (two-sample 7 test for equal means) meaning that the modeled mean is

significantly different from the observed mean of a sample. Correlation values in bold font are statistically significant (¢ test; p value < 0.05)

input data includes ice thickness which is available for fewer
than 1 % of glaciers in the world. Here we use a simplified
approach which employs a scaling relationship between
glacier volume and glacier length, to capture the feedback
between glacier mass balance and changes in glacier hyps-
ometry (e.g. glacier-wide mass loss is expected to slow down
as the glacier retreats from low-lying, high-ablation altitudes;
Huss et al. 2012). Radic et al. (2007, 2008) investigated the
application of the scaling relations for glaciers that are not in
a steady state, but responding to some hypothetical climate
change. They found that, when compared to the volume
evolution from a 1-D ice flow model, scaling, especially
volume-length scaling, performs satisfactorily. Following the
same approach as in Radi¢ et al. (2008), we derive glacier
length from volume-length scaling, defining glacier length by
the glacier altitude range. As modeled glacier volume
evolves, we adjust the length by removing/adding elevation
bands at the terminus. In case of glacier retreat the area
change is computed from the area-altitude distribution of the
lost elevation bands. In case of glacier advance the length is
allowed to increase while the normalized area-elevation
distribution is kept unchanged.

3.5 Downscaling of GCMs

The inability of GCMs to represent subgrid-scale features
leads to biases in the climate variables at the local glacier
scale. Following the statistical downscaling approach of

Radi¢ and Hock (2006) we shift the future monthly tem-
perature time series for each GCM grid cell containing
glaciers by the average bias for each month between the
GCM and ERA-40 temperatures over the period 1980-1999.
In contrast to Radi¢ and Hock (2011) who downscaled
precipitation on an annual basis, here the bias is corrected on
a monthly basis. For each month the GCM precipitation is
scaled with a monthly correction factor between VASClimO
precipitation climatology and GCM mean monthly precip-
itation over 1980-1999. Thus, for both climate variables we
correct seasonality in the GCMs relative to seasonality in the
reanalysis and climatology dataset.

3.6 Model spin-up and projections

Because the model calibration is performed over the period
1961-2000, while the future climate forcing is given for
2006-2100, we use the gap between the two periods to
spin-up our model. We choose to start the model run at
2001, forcing it until 2005 with the downscaled historical
scenarios of temperature and precipitation from the same
ensemble of GCMs. The glacier geometry for the year 2001
is from the RGI since this dataset mostly consists of glacier
outlines compiled within the last decade (Arendt et al.
2012). In the spin-up period we truncate the first 2 years of
results because the initial snow depth (at 2001) on each
glacier is set to zero, making the initial modeled mass
balances unreliable. Thus, the volume evolutions are
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provided for 2003-2100, while for the presentation of
results we focus on the period 2006-2100 as this is when
the actual RCP forcing is applied in the GCMs.

4 Results and discussion
4.1 Global glacier volume change 20062100

The ensemble of projections with 14 GCMs and the
RCP4.5 and RCP8.5 scenarios shows substantial glacier
volume losses (Fig. 4). The multi-model mean for global
volume loss over 2006-2100 is 155 + 41 mm SLE (sea-
level equivalent) for RCP4.5, and 216 £ 44 mm SLE for
RCP8.5 (multi-model mean &4 one standard deviation).
The large standard deviations reflect our model’s sensi-
tivity to the forcing GCM. For RCP4.5 global volume
losses range from 15 to 41 %, corresponding to
82-218 mm SLE, while for RCP8.5 volume losses range
from 23 to 52 % corresponding to 122-272 mm SLE. All
14 GCMs project an increase in annual mean temperatures
averaged over all grid cells containing glaciers: the dif-
ference between the 20-year mean temperature at the end
of the century (2081-2100) and at the beginning
(2003-2022) is 2.7 £ 0.8 K for RCP4.5 (multi model
mean + one standard deviation) and 5.7 £ 1.2 K for
RCP8.5. For comparison, the same difference derived from
10 GCMs with A1B emission scenario, used in Radi¢ and
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Hock (2011), is 3.2 £ 0.7 K. Precipitation is projected to
increase in each GCM, where the 20-year mean precipi-
tation at the end of the century is 10 £ 4 % (RCP4.5) and
21 £ 4 % (RCP8.5) larger than at the beginning. Using 10
GCMs with A1B scenario gives a multi-model increase in
precipitation of 11 £+ 5 %.

In comparison with Radi¢ and Hock (2011), who pro-
jected 127 + 37 mm SLE over 2001-2100, we arrive at
higher projections of SLE over a slightly shorter period. To
achieve a more consistent comparison with the former
study, we force our mass balance model with the A1B
scenario from the same 10 GCMs used in Radi¢ and Hock
(2011) and project 150 & 37 mm SLE. This SLE projec-
tion in response to midrange A1B scenario agrees well with
our projection for RCP4.5, which is also a midrange sce-
nario. Although we share the same mass balance model as
in Radi¢ and Hock (2011), the mismatch between the
projected SLE for the same climate forcing (A1B emission
scenario) is mainly due to significant differences in glacier
input data (e.g. new glacier inventory versus incomplete
glacier inventory in former study; real glacier hypsometry
versus assumed hypsometry in former study) and model
initialization (e.g. C09 estimates of regional mass balance
versus regional mass balance from Dyurgerov and Meier
(2005) in the former study). Additionally, our initial global
glacier volume of 520 mm SLE, assessed by volume-area
scaling (Sect. 2.1), is smaller by 80 mm SLE than in the
former study.
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4.2 Regional volume change 2006-2100

Volume change (as a percentage of initial volume) varies
considerably among the 19 regions and among the GCMs
(Fig. 5). The ensemble projections for RCP4.5 range between
a mass gain of 7 % (Iceland) and a 99 % volume loss
(Scandinavia), while for RCP8.5 they range between 9 %
volume loss (Arctic Canada North) and 100 % volume loss
(Scandinavia, Central Europe, Low Latitudes). The largest
range of volume projections by 2100 among the 14 GCMs is
found in Iceland (47 to —97 % volume change for RCP4.5,
and 9-98 % volume loss for RCP8.5), Scandinavia (13-99 %
volume loss for RCP4.5, and 66-100 % for RCP8.5), and
South Asia West (4-75 % volume loss for RCP4.5, and
34-87 % for RCP8.5). The smallest range of volume pro-
jections, indicating good agreement in projected climate
among the 14 GCMs, is found in Antarctic and Subantarctic
(12-28 % volume loss for RCP4.5, and 14-38 % for
RCP8.5), Low Latitudes (78-97 % volume loss for RCP4.5,
and 93-100 % for RCP8.5), and Caucasus (72-97 % volume
loss for RCP4.5 and 90-99 % for RCPS.5).

The regions that are projected to lose more than 75 % of
their current volume on average are, for RCP4.5: Western
Canada and US (85 4+ 11 %), Scandinavia (76 + 25 %),
North Asia (88 &= 7 %), Central Europe (84 £ 10 %),
Caucasus (89 £+ 7 %) and Low Latitudes (88 £+ 6 %). For
RCP8.5 all of these regions lose on average more than
90 % of their current volume by 2100. In comparison to
other regions, the regions with large percentage volume
loss have numerous small glaciers whose wastage has a
negligible effect on global sea-level rise. Nevertheless,
their glaciers have a significant role in regional water
resources (e.g. Huss 2011; Kaser et al. 2010), which will

Fig. 5 Total volume change

over 2006-2100, AV, expressed ® BCC-CSM1-1
in percentage of initial volume e CanESM2
of all glaciers within each CCsm4
region, and in sea-level ® CNRM-CM5
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change substantially if most glaciers disappear by 2100 as
projected.

The main contributors to global volume loss by 2100 are
Arctic Canada (41 &+ 15 mm SLE for RCP4.5, 57 +
18 mm SLE for RCPS8.5), Antarctic and Subantarctic
(22 £ 6 mm SLE for RCP4.5, 29 + 8 mm SLE for
RCP8.5), Russian Arctic (20 £ 8 mm SLE for RCP4.5,
28 & 8 mm SLE for RCP8.5), Alaska (18 £ 7 mm SLE
for RCP4.5, 25 £ 8 mm SLE for RCP8.5), High Mountain
Asia (combined Central Asia, South Asia West and East;
16 £ 5mm SLE for RCP4.5, 22 £+ 4 mm SLE for
RCP8.5) and Greenland peripheral glaciers (13 &+ 7 mm
SLE for RCP4.5, 20 + 7 mm SLE for RCPS8.5). Most of
these regions were identified in Radi¢ and Hock (2011) as
major contributors to global sea-level rise by 2100; how-
ever, our new estimates give higher SLE for all of them
except Alaska. Particularly, the new SLE projections for
Greenland are three to five times larger than in the previous
study, which derived 4 £ 2 mm SLE, while for High
Mountain Asia the new results are five to seven times
larger than before (3 + 5 mm SLE in Radi¢ and Hock
(2011)). In case of Greenland, the large difference in the
projections between the two studies is most probably due to
different inventories and total glacierized area: while Radi¢
and Hock (2011) upscaled their modeled mass changes to
an estimated total area of 54,400 km? (Radi¢ and Hock,
2010), this study modelled glaciers over a much larger area
(87,810 km?; Table 1). For High Mountain Asia, in addi-
tion to differences in the inventories, the choice of pre-
cipitation downscaling may also significantly affect the
projections: while Radi¢ and Hock (2011) corrected only
for the annual bias in GCMs, here we corrected for the
seasonal cycle (Sect. 3.5).
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Fig. 6 Regional volume change (SLE) over the twenty-first century:
mean over GCMs (longest horizontal lines) and uncertainty range
(upper and lower horizontal lines). In blue are estimates from Radi¢
and Hock (2011) showing uncertainty due to incomplete glacier
inventory at the time of assessment (left blue bar) and a standard
deviation from ten GCMs with A1B emission scenario (right blue
bar). The other colors show results from this study, where the

In Fig. 6 we compare our regional SLE projections
(including the runs with A1B emission scenarios from 10
GCMs) with those in the former study, showing the model
mean and uncertainty for each region with significant
contribution to global volume loss. For the former esti-
mates we also illustrate the uncertainty due to the statistical
upscaling applied in each region that had an incomplete
glacier inventory at the time. This was the dominant
uncertainty source, not only for the model-mean, as plotted
in the figure, but for each projection from GCMs. The new
estimates are free of this uncertainty, since the inventory is
now complete; however, the large uncertainty bars due to
the choice of GCM remain similar to those in the former
study or become even larger for some regions (e.g. for
Arctic Canada, Russian Arctic and Greenland).

In Fig. 7 we plot the volume evolution for 2006-2100
for each GCM (RCP4.5) and for each of the 19 regions.
The characteristic features are the large scatter of volume
projections among the 14 GCMs, and different rates of
volume decrease. The large scatter in the projections
among the 14 GCMs depends on the ensemble range in
temperature and/or precipitation projections for a given
region, but also on the sensitivity of glacier mass balance to
temperature and precipitation changes in the region. To
address the former, in Fig. 8 we illustrate temperature and
precipitation change as a difference between the 20-year
mean (2003-2022 and 2081-2100) for each GCM and each
region. The largest ranges in projected temperature
increase among the GCMs are for Russian Arctic, Arctic
Canada and Svalbard. These regions, together with Central
Asia and South Asia West, also have the largest ranges in
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uncertainty bar represents a standard deviation from the same ten
GCMs (A1B) as in Radi¢ and Hock (2011; red bar), and 14 GCMs
with RCP4.5 (green bar) and RCP8.5 (black bar). For the purpose of
comparison with Radi¢ and Hock (2011) some of the 19 regions are
combined into one: Arctic Canada North and South into “Arctic
Canada”, and Central Asia, South Asia West and East into “High
Mountain Asia”

projected precipitation increase although the large range
for Central Asia (RCP4.5 and RCP8.5) is due to one
outlier.

4.3 Regional volume and mass-balance sensitivities

To illustrate regional differences in sensitivity of volume
change to temperature change, we plot the time-series of
normalized annual volume against the time series of tem-
perature anomalies (annual deviations from the 1981-2000
mean temperature) for each region (Fig. 9), or in other
words, regional V(¢) against regional AT(tz). Both time
series represent multi-model means from the 14 GCMs.
The slope of the curve tells us how fast a region is losing
the total volume of its glaciers as a function of amount of
warming. For the initial 2 K of warming, regions that lose
glacier volume relatively rapidly are Western Canada and
US, Scandinavia, North Asia, Central Europe, Caucasus
and Low Latitudes. On the other hand, regions with rela-
tively low regional volume sensitivity to the initial 2 K of
warming are Arctic Canada (North), Russian Arctic, Ant-
arctic and Subantarctic, Greenland, Alaska and Svalbard.
What causes these differences in regional volume response
to warming? The answer lies partially in the sensitivity of
glacier mass balance to temperature (and precipitation)
changes, but also in the size distribution and hypsometry of
the glaciers. For example, if a regional glacier volume
consists mostly of low-altitude small glaciers whose mass
balance is highly sensitive to temperature changes, the
response of the regional volume to warming is expected to
be faster than in a region where this is not the case. To
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Fig. 7 Projected normalized annual volume, V, and corresponding sea-level equivalent, SLE (mm), for each of the 19 regions, in response to 14

GCM scenarios forced by RCP4.5 for the period 20062100

illustrate the regional variability of glacier sizes and
hypsometries, we plot the distribution of glacierized area
(in percent of regional glacierized area) with elevation,
separately for each glacier elevation band, where the ele-
vation interval is 20 m (Fig. 10). Combining the informa-
tion from Fig. 9 and 10, we find that a region with
relatively high regional volume sensitivity is one whose
small glaciers (individual glacier area <1 km?) account for
a relatively large percentage (>20 %) of the regional
glacierized area. Also, the distribution of glacierized area
for such a region is skewed toward small glaciers (i.e. with
elevation range < 200 m), many of which are located at
relatively low altitudes (Fig. 10). On the other hand, a
region with relatively low regional volume sensitivity has,

at present, very few small glaciers, for example: Alaska
(total area of its small glaciers is 6 % of regional glacier-
ized area), Arctic Canada North (1 %), Greenland (5 %),
Svalbard (1 %), Russian Arctic (0.2 %) and Antarctic and
Subantarctic (0.3 %). Furthermore, as illustrated in Fig. 9,
the rate of regional volume response to warming, for a
given region, is not a constant. It is expected that, as the
distribution of glacier area and hypsometry changes, so too
does the response rate to warming.

Next we analyse the sensitivity of regional glacier mass
balance, using specific units (m w.e. year ') indicating the
regional water-equivalent thinning/thickening rates in
response to regional temperature and precipitation changes.
Regional averages are area-weighted averages of all glaciers
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Fig. 8 Difference between the
20-year mean temperature at the
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within a region. With the assumption that the regional mass
balance is a function of annual temperature and precipita-
tion, we can write the following equation:

0B 0B

ABfa—TAT+a—PAP 4)
where AB is the change in regional mass balance, here
derived as the difference between the modeled mean
regional mass balance over 2081-2100 and the mean over
2003-2022, AT and AP are temperature and precipitation
change, respectively, between the two periods, while 0B/0T
and OB/OP are the regional mass balance sensitivities to
temperature and precipitation change, respectively. 0B/0T is
derived from linear regression between annual specific mass
balance, B(t) and annual mean temperature, 7(¢), in a model
run in which the precipitation forcing is approximately kept
constant in time (i.e. iterated 20 years of P(f) from 1981 to
2000 throughout the twenty-first century). Similarly, 0B/OP
is derived from linear regression between annual specific
mass balance, B(?), and annual mean precipitation, P(t), in a
model run in which the temperature forcing is kept constant
in time (i.e. iterated 20 years of 7(¢) from 1981 to 2000
throughout the twenty-first century). Therefore, the esti-
mated mass balance sensitivity to long-term temperature
change is approximately independent of long-term precip-
itation change and vice versa.

Table 4 shows the values for each variable in Eq. (4), all
derived as means of an ensemble of three GCMs (GFDL,
INM and MPI-ESM-LR) that cover the simulated global
range of projections (GFDL projected the largest volume
loss, INM the smallest, while the MPI-ESM-LR is the
closest to the ensemble mean of the 14 GCMs). Global
glacier mass change between the periods 2081-2100 and
2003-2022 is —75 £ 39 m w.e. (model mean + one stan-
dard deviation). The region with the greatest mass loss,
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according to these three GCMs, is North Asia (—153 +
68 m w.e.), while the smallest mass loss is projected for
New Zealand (—21 £ 9 m w.e). For most of the regions,
the change in regional mass balance, 4B, is negative, which
means that the regional mass balance by the end of the
century becomes more negative than it was at the beginning
of the century. There are four regions where 4B is positive:
North Asia (0.8 + 0.2 m w.e. year '), Caucasus (0.9 +
0.4 mw.e. year_l),Low Latitudes (0.5 £+ 0.3 mw.e. year_l)
and Antarctic and Subantarctic (0.4 £ 0.5 m w.e. year_l),
while on the global scale 4B is —0.2 & 0.3 m w.e. year .
The most probable explanation for the positive 4B, while the
glaciers in a region are losing mass, is that the majority of
glaciers have already passed their peak negative mass bal-
ances. Also, this might mean that the glaciers are reaching a
new equilibrium in the changing climate. On the other hand,
aregion with negative 4B may indicate that (1) the region has
a large low-elevation glacierized area which is shrinking
more slowly than it is thinning and/or (2) the retreating
glaciers cannot reach a new equilibrium because the equi-
librium line altitude is above their maximum elevations.
The majority of regions have statistically significant
negative OB/OT, especially New Zealand (—0.56 m w.e.
year—' K™'), and Central Europe (—0.51 mm w.e. year '
Kil), while the global mean is —0.16 & 0.08 m w.e.
year ' K~'. Our values for OB/OP confirm previous find-
ings (e.g. de Woul and Hock, 2005) that a specific mass
balance sensitivity to warming of +1 K is larger than to
410 % increase in precipitation. The regions with the most
positive, statistically significant 0B/OP are Western Canada
and US [0.32 m w.e. yeaf1 (10 %)71] and Scandinavia
[0.26 m w.e. year ' (10 %) '], while the global mean is
0.10 £ 0.02 m w.e. year ' (10 %)~'. While most regions
experience temperature increases larger than 2 K per cen-
tury, precipitation is rarely projected to increase more than
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Fig. 9 Projected time series of annual normalized regional volume,
V(t), versus time series of annual regional temperature anomalies,
AT(t) averaged over glacierized area, with respect to the 1981-2000
temperature mean. Both time series are represented by the ensemble

15 % per century. We note that these sensitivities are
derived with the assumption that the changes in annual
mass balance are only dependent on the changes in
annual temperature and precipitation, ignoring seasonal
effects.

For the last step of analysis, we decompose the annual
temperature and precipitation changes (AT and AP in
Eq. 4) into summer and winter changes in order to identify
which season dominates the change in the annual mean.
Summer, or ablation season, is represented by the months
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mean of 14 GCMs (RCP4.5) where ¢ goes from 2006 to 2100 (i.e. 95
dots for each region). V(#) are normalized relative to the initial
regional volume at t = 2006, so that V(2006) = 1 while A7(2006) is
close to zero

April to September for the Northern Hemisphere and
October to March for the Southern Hemisphere, while the
other 6 months represent winter or accumulation season. In
addition, we also look into the changes of continentality
index, which is the range of the annual temperature cycle.
Larger continentality index means larger amplitude of the
temperature seasonal cycle, and therefore more continental
climate. For example the continentality index at the present
day is ~35 K for Arctic Canada North and ~9 K for New
Zealand. The results for temperature change show that,
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Fig. 10 Glacierized area (colors; in % of regional glacierized area)
plotted against elevation (y-axis) and glacier elevation range (x-axis).
Bins for elevation range (x-axis) and elevation (y-axis) increase with
a step of 20 m (25 m for Alaska). Area (%) is represented by a color
bar: e.g. red color indicates where the most of glacierized area is

especially for Arctic Canada North and South, Svalbard, and
Russian Arctic, winter months warm by more than summer
months, which reduces the continentality index. In other
words, the climate regime as represented by temperature
seasonality is projected to become more maritime in the
Arctic regions. On a global scale, over glacierized regions,
the continentality index dropped by —1.7 £ 0.6 K. Regions
where the summer warming is significantly larger than the
winter warming are Central Europe and Caucasus, both of
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Elevation range (m)

located. In general, glaciers with smaller elevation range are also
smaller in size. Glacierized area that extends down to sea level
(elevation = 0 m) often indicates presence of tidewater glaciers (e.g.
Greenland, Antarctic and Subantarctic). The horizontal dashed line
shows the median elevation of the regional glacier hypsometry

which are projected to lose more than 80 % of their current
glacier volume by 2100 (as a mean of three GCMs in this
analysis). Regions with the largest projected warming (e.g.
the Arctic regions) are also projected to have the largest
increase in precipitation. For the Arctic regions (Arctic
Canada North and South, Svalbard, Russian Arctic) more
than half of the increase in annual precipitation occurs
during the winter months (October to March). We extend the
analysis of seasonality changes to all 14 GCMs (Fig. 11)
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Fig. 11 Cumulative regional and global glacier mass loss over the
period 2006-2100, B..,,,, difference between the 20-year mean annual
temperature for 2081-2100 and 2003-2022, AT, and the same for
precipitation sums, AP (expressed as % change relative to the mean
precipitation over 2003-2100). All the values are spatially averaged
over the glacierized area within each region. The black lines are the
change of the annual means, the red lines represent the annual mean

which confirms the conclusions found from these three
GCMs. In addition, we note that summer precipitation in
both Central Europe and Caucasus is projected to decrease
while winter precipitation is projected to increase. In con-
trast, for all the other regions, winter and summer precipi-
tation are both projected to increase or slightly decrease. The
increase in annual precipitation in High Mountain Asia
(Central Asia, South Asia East and West) is strongly dom-
inated by the increase of precipitation in summer months, or
in other words during the monsoon season.

4.4 Analysis of uncertainties
4.4.1 Sensitivity tests

Following the error analysis in Radi¢ and Hock (2011) we
quantify the dominant uncertainties in the projected glacier
volume loss, measured in sea-level equivalent units, with a
series of sensitivity tests. Because our new estimates are
free of the uncertainty due to upscaling of an incomplete
glacier inventory (Fig. 7) we are mainly concerned about
the uncertainties due to model performance. As shown in
the previous study, the major uncertainties are due to (1)
model calibration and initialization, and (2) uniform
application of volume-area and volume-length scaling
coefficients to all the glaciers in the world.

To quantify the uncertainty due to model calibration and
initialization we rerun our mass balance model for all the
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calculated over the months April to September (i.e. sum of April to
September temperatures divided by 12), and blue lines represent the
annual mean over the months October to March (i.e. sum of October
to March temperatures divided by 12). In this way, the annual value of
AT and AP is the sum of the seasonal values. All the results are for the
multi-model mean of 14 GCMs (RCP4.5)

glaciers using the perturbed values of one model parameter,
Irera. We chose [rgps because Radi¢ and Hock (2011)
showed that the projected SLE has the highest sensitivity to
the perturbations of this parameter among all the seven
parameters used for the model calibration. Also, since lrggs
was used for the model initialization (i.e. minimizing the
RMSE between the C09 estimated and modeled pentadal
regional mass balances), running the model with different
Irgra values can be seen as projecting the mass changes
starting with different initial states of glacier mass balance.
A perturbation of 0.1 K (100 m)~" from the original
(tuned) value of lrggs, applied to each subregion sepa-
rately, is chosen in order to estimate upper and lower
bounds for projected SLE (i.e. the maximum uncertainty
range). This is a very large perturbation relative to plau-
sible expectations about the sensitivity of regional mass
balance to the lapse rate. For example, regional mass bal-
ance can change by 0.15 m w.e. year ' (~50 % of global
annual mass balance averaged over 1961-2100) with a
perturbation of only 0.01 K (100 m)~"' (Radi¢ and Hock
2011). We expect the sensitivity to this perturbation will be
greater if a glacier region has greater mass balance sensi-
tivity to temperature change (0B/0T). Also, the effect of the
perturbation will be large in regions where the vertical
distance between the elevation of the ERA-40 grid cell and
the maximum glacier altitude is large: the same change in
lapse rate will result in a larger total change in the tem-
perature if the height difference is larger. Rerunning the
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Table 5 Regional projections of glacier volume loss in sea-level equivalent, SLE (mm) derived for two emission scenarios RCP4.5 and RCPS.5,

as a multi-model mean (first two columns after the list of regions)

Region SLE SLE SLEhigh SLE;q ASLE, ASLE, c SsLE

RCP4.5 RCP8.5 RCP4.5 RCP4.5 RCP4.5 RCPS8.5-RCP4.5 RCP4.5 RCP4.5
Alaska 17.57 25.40 39.93 —2.68 22.36 7.83 6.72 4.59
Western Canada and US 2.36 2.62 2.35 1.20 1.16 0.26 0.30 0.33
Arctic Canada (North) 29.85 42.16 41.00 13.27 16.58 12.31 11.16 1.85
Arctic Canada (South) 11.44 14.99 11.81 3.46 7.98 3.55 4.25 0.90
Greenland 12.12 20.40 16.46 2.79 9.33 8.27 7.21 1.73
Iceland 3.98 4.90 4.76 —0.82 4.80 0.92 2.15 0.89
Svalbard 12.41 15.81 17.99 14.05 5.58 3.40 3.77 0.53
Scandinavia 0.37 0.45 0.45 0.08 0.29 0.08 0.12 0.05
Russian Arctic 20.29 28.31 31.49 23.73 11.20 8.02 7.53 0.40
North Asia 0.58 0.63 0.55 0.31 0.27 0.04 0.05 0.13
Central Europe 0.29 0.33 0.26 0.01 0.28 0.04 0.04 0.04
Caucasus 0.15 0.16 0.11 0.06 0.09 0.01 0.01 0.03
Central Asia 8.70 11.94 10.80 —1.57 10.27 3.24 2.46 0.38
South Asia (West) 4.52 7.09 5.68 —3.68 8.21 2.57 2.26 0.47
South Asia (East) 247 3.48 3.37 —2.40 4.87 1.01 0.69 0.15
Low Latitudes 0.49 0.54 0.35 —0.15 0.64 0.05 0.03 0.03
Southern Andes 6.16 8.51 12.44 0.75 6.28 2.36 1.36 1.08
New Zealand 0.08 0.14 0.13 —0.18 0.26 0.06 0.03 0.04
Antarctic and Subantarctic 21.11 27.75 39.52 24.44 18.40 6.63 5.53 5.26
Global 155 216 239 73 84 61 41 19

The next two columns contain the multi-model mean SLE projections derived from the sensitivity tests (Sect. 4.4.1) where the model parameter,
Irgra is perturbed to provide upper bound estimate (SLEp;,,) and lower bound estimate (SLE,,). ASLE, is the larger value of the two absolute
differences: SLE};gs—SLE and SLE,,,—SLE, approximating the error range from the sensitivity tests. ASLE, is the difference between the
projected SLE from RCP8.5 and from RCP4.5, approximating the uncertainty due to the choice of RCP. ¢ is one standard deviation derived from
the ensemble projections with 14 GCMs, approximating the uncertainty due to the choice of GCM. Jg; g is the net error estimate from the error

propagation (Sect. 4.4.2, Eq. 6)

model with /rgga being 0.1 K (100 m)71 more negative
than the original, the projected ensemble mean for
2006-2100 century volume loss is 73 mm SLE (RCP4.5).
For less negative Ilrgra, the projected volume loss is
239 mm SLE. Both values significantly differ from the
original value of 155 mm SLE, representing a range of
uncertainly (£84 mm SLE) which is roughly twice the
standard deviation of the ensemble projections (£41 mm
SLE). The sensitivity results for each of the 19 regions are
listed in Table 5.

To address the uncertainties in projected volume change
due to volume-length scaling, we follow the analysis in
Radié¢ and Hock (2010) where the two scaling coefficients
are perturbed by prescribed error ranges. We rerun the
volume projections using upper and lower bounds for the
scaling constant and exponent. The change in projected
global volume loss by 2100 is within 40 mm SLE for each
GCM, equivalent to the uncertainty range reported in Radié
and Hock (2011). Additionally, we also quantify a potential
systematic error arising from the fact that we do not dif-
ferentiate between mountain glaciers and ice caps in any

region except Iceland and Antarctica. To quantify what
effect the volume-area scaling coefficients for ice caps
would have on the total volume and projected volume
change we assume that the largest ice bodies (with area
larger than Sy in Table 1) in the Arctic (Arctic Canada North
and South, Alaska, Russian Arctic, Greenland, Svalbard,
Scandinavia), High Mountain Asia and the Southern Andes
are ice caps. With such hypothetical differentiation between
mountain glaciers and ice caps we calculate the global
glacier volume to be 406 mm SLE, which is lower than our
original estimate by 117 mm SLE (Table 1). Rerunning the
model with this modified glacier classification the projected
multi-model mean for 2006-2100 century volume loss is
149 + 37 mm SLE for RCP4.5, and 203 + 37 mm SLE for
RCP8.5. These model-mean volume losses are 6 and 13 mm
SLE lower than the original ones for RCP4.5 and RCP8.5,
respectively. Both differences are well within the uncer-
tainty range due to the choice of GCM (i.e. one standard
deviation from the ensemble mean). Nevertheless, an
additional uncertainty may arise depending on whether the
ice caps are further delineated into outlet glaciers or
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considered as one entity as here. Also, the scaling relations
for ice caps have not been validated in the same way as has
been done for mountain glaciers (e.g. Radi¢ et al. 2008;
Adhikari and Marshall 2012).

4.4.2 Error propagation

In this section we attempt to provide a bulk error analysis
due to propagation of errors assessed in model validation.
We call this analysis bulk since the conventional error
analysis cannot be applied here because it is impossible to
verify whether all the necessary assumptions (normality,
independence of parameters from each other, etc.) are sat-
isfied. An alternative methodology to the conventional error
analysis is to apply Monte-Carlo-like methods; however,
since one run of our model takes several hours of compu-
tational time, we rule these methods out on computational
grounds. In this analysis we assume that the RMSE of
modeled in situ mass balance, assessed in model validation
(Sect. 3.3), is the representative standard error (with an
assumed 68 % confidence interval) for each glacier’s spe-
cific mass balance in a given region. The results of the val-
idation in terms of RMSE of annual mass balance for 14
regions are listed in Table 3. For the remaining five regions
without the RMSE assessment we assume the following:
Arctic Canada South has RMSE equal to the arithmetic
mean of the RMSE of Arctic Canada North and Greenland
(0.88 mw.e. year_l), South Asia East and West have RMSE
equal to that of Central Asia (1.05 m w.e. year '), the Low
Latitudes region has RMSE equal to that of Southern Andes
(1.48 m w.e. year_l), while the Antarctic and Subantarctic
region has RMSE equal to the arithmetic mean RMSE of all
the other 18 regions (1.33 m w.e. year '). In this way, for
each glacier in a given region we assign an error dg to its
modeled specific mass balance, B (m w.e. year '). The
regional volume change, expressed in SLE, for a given year is:

X Biln)Si(n)A

Socean

SLE(t) = (5)
where B,(t) is the modeled mass balance in specific units
for a given glacier i, S; is the glacier area, S,.., i the area
of the ocean (362 x 10'> m?), N is the number of glaciers
in the region, and At = 1 year. Assuming that the error of
each glacier’s area, Jg, is 10 % of the glacier’s area, S, we
follow the principle of error propagation for a function of
multiple variables (e.g. Bevington 1969) which gives the
error, for a given year,

N 2 N 2
OSLE OSLE
Ssie = | > (GB» 53,) +> <—65» 55,) . (6)

i=1 i=1

Summing over all the 95 years (2006-2100) we find the
cumulative error in the projected volume change by 2100.
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The results for each region are listed in Table 5. The
Antarctic and Subantarctic is the region with the largest
absolute error (5 mm SLE). In relative terms, New Zealand
has the largest error (47 % for RCP4.5), followed by
Alaska (26 %) and Antarctic and Subantarctic (25 %). The
smallest relative errors are found in Russian Arctic (2 %),
Svalbard (4 %) and Central Asia (4 %). On a global scale
the error in projected SLE by 2100, forced by RCP4.5, is
+19 mm, which represents 12 % of the projected multi-
model mean SLE. This error range is well below other
assessed uncertainty ranges (£84 mm SLE from the
sensitivity tests, =41 mm SLE from the choice of GCM,
61 mm SLE as a difference between RCP8.5 and RCP4.5;
Table 5).

4.4.3 Unquantified uncertainties

For detailed and extensive discussion about sources of
uncertainty in projections of contributions from glaciers to
sea-level rise we refer to Radi¢ and Hock (2011). Here, as
possible guidance for future work, we provide a brief
summary of the uncertainties that are not yet quantified.

1. To our knowledge none of the current modeling
studies of glacier volume changes incorporate mass
loss by iceberg calving or submarine melt of marine-
terminating glaciers. Studies on marine-terminating ice
caps have shown that calving may account for roughly
30-40 % (e.g., Burgess et al. 2005; Dowdeswell et al.
2008) of total mass loss, a significant contribution if
widely applicable. Gardner et al. (2013) estimate that
the present day percentage of glacierized area draining
into the ocean is ~35 %. However, calving estimates
are scarce, and lacking on a global scale. Nevertheless,
it may be expected that the fraction of total mass
change due to calving will decrease as warming and
terminus retreat proceed, and we assume that our
projections of volume loss, in which only the loss due
to the climatic mass balance is modeled, represent a
lower bound.

2. Our mass balance model has many simplifications in
order to make it usable on regional and global scales
with few observations for model calibration and
validation. The empirical parameters of the tempera-
ture-index model may not represent reality at the scale
of individual glaciers. Also, the parameters and the
transfer functions used to assess these parameters may
not remain constant under future climate conditions.

3. Some studies have pointed out that variations in solar
radiation can drive glacier mass changes (e.g. Huss
et al. 2009). In regions such as our Low Latitudes
region, where variations in radiation are the dominant
driver of glacier mass changes, the performance of the
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temperature-index model is limited. Hence, a better
approach would be to apply a physically-based energy
mass balance model, accounting for all components of
the energy balance at the glacier surface. However, this
remains a big challenge for models on regional and
global scales that rely on projections from GCMs.
Currently, the performance of GCMs in simulating
surface radiation fluxes is insufficiently accurate for
the purpose (Randall et al. 2007) and some form of
GCM downscaling (dynamical or statistical) will
introduce another spectrum of uncertainties.

4. Our representation of glacier dynamics using volume-
area scaling remains a first-order approximation that is
necessitated by the lack of input data (e.g. ice
thickness) needed for physically-based ice dynamics
models. However, as shown by Liithi (2009), volume-
area scaling has some serious shortcomings in mod-
eling glacier volume evolution. The progress towards
physically-based ice dynamics models that are fully
coupled with mass balance models on regional scales
is ongoing (Clarke et al. 2012), but challenging on a
global scale.

5. Finally, we assume all glacier mass loss to contribute
instantaneously, homogeneously, and directly to sea-
level rise, and ocean area to remain constant. However,
for more accurate estimates of the glacier contribution
to sea-level rise one should correct for the glacier
meltwater that flows into aquifers and enclosed basins
rather than to the ocean, and also for isostatic
adjustment of the land surface and the ocean floor to
changes in ice and water loading, migration of
grounding lines and shorelines, the presence of floating
and grounded ice below sea level, and changes in
ocean area. We note that, for the current projections,
using sea-level equivalent is mainly a measure for how
much water is lost from the glaciers, to allow for a
simple interpretation and comparison with other
contributions.

5 Conclusions

We have updated the projections of the glacier contribution
to sea-level rise of Radi¢ and Hock (2011) using a new
global glacier inventory and two scenarios simulated by 14
GCMs prepared for IPCC ARS. Using the RCP4.5 emis-
sion scenario for 20062100 our multi-model mean (41
standard deviation) suggests 155 £ 41 mm sea-level rise
from glacier wastage by 2100, while the more extreme
RCP8.5 emission scenario suggests higher sea-level rise of
216 £+ 43 mm. These projections are higher than in Radié
and Hock (2011) and IPCC AR4, which projected a range

from 70 to 180 mm SLE for 2001-2100. Our results agree
well with the projections of Marzeion et al. (2012) who
found 166 + 42 mm SLE (RCP4.5) and 217 £ 47 mm
SLE (RCP8.5) using 15 GCMs.

The largest contributors to projected global volume loss
are the glaciers in the Arctic (Canadian and Russian Arctic,
Greenland, Alaska, Svalbard), contributing 104 £ 17 mm
SLE by 2100 (RCP4.5), and glaciers in the Antarctic and
Subantarctic contributing 21 + 6 mm SLE. Arctic glaciers,
though shown to be less sensitive to future temperature
changes than the glaciers in mid and low latitudes, expe-
rience a pronounced amplification of temperature relative
to lower latitudes in the GCM scenarios, with up to 5 K
higher mean annual temperatures at the end of twenty-first
century (2081-2100) relative to the mean over 2003-2022.
The increase of the annual mean temperature in the Arctic
is dominated by the warming in winter months, which
results in reducing the range of the temperature seasonal
cycle. The remaining regions, with a small fraction of
present-day global ice volume, contribute 30 £ 9 mm SLE
to global volume loss by 2100. However, some of these
regions are projected to experience complete or almost
complete deglaciation by the end of the century. For
example Low Latitudes, Caucasus, Central Europe, Wes-
tern Canada and US and Scandinavia are projected to lose
more than 50 % of their current ice volume by 2050, and
more than 80 % by 2100. This may have major implica-
tions for regional hydrology and water availability in the
near future.

By using a new global glacier inventory our projections
are free of the uncertainties due to upscaling an incomplete
glacier inventory, the uncertainty that was unavoidable in
the study of Radi¢ and Hock (2011). Nevertheless, a large
uncertainty range due to the choice of GCM and emission
scenario remains. Additionally, our model calibration is
highly sensitive to estimates of past and present regional
mass changes which are used for model initialization.
Uncertainty in those estimates may propagate an error as
large as + 84 mm SLE of global volume loss by 2100 for
each GCM. To further narrow the uncertainty range of our
projections we need to reduce the uncertainty in estimates
of past and present global mass changes.
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