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Glaciers play an important role for freshwater resources, but in global-scale freshwater assessments, their
impact on river flows has not yet been taken into account. As a first step, we developed a global glacier
model that can be coupled to global land surface and hydrological models. With a spatial resolution of
0.5� by 0.5�, the glacier model HYOGA computes glacier mass balance by a simple degree-day approach
for 50 m sub-grid elevation bands, modeling all glaciers within a grid cell as one glacier. The model is
tuned individually for each grid cell against observed glacier mass balance data. HYOGA is able to com-
pute glacier mass balances reasonably well, even those of summer accumulation type glaciers. Still,
model uncertainty is high, which is, among other reasons, due to the uncertainty of global data sets of
temperature and precipitation which do not represent well the climatic situation at glacier sites. We
developed a 59-yr (1948–2006) time series of global glacier mass balance and glacier area by driving
HYOGA with daily near-surface atmospheric data. According to our computations, most glaciers have lost
mass during the study period. Compared to estimates derived from a rather small number of observed
glacier mass balances, HYOGA computes larger glacier mass losses in Asia, Europe, Canadian Arctic
islands and Svalbard. In accordance with the estimates, average annual mass losses have increased
strongly after 1990 as compared to the 30 yrs before. The sea level equivalent of the melt water from gla-
ciers is 0.76 mm/yr water equivalent after 1990 as compared to only 0.34 mm/yr water equivalent before.
We computed an acceleration of glacier mass losses after 1990 for all world regions except South Amer-
ica, where the number of gauge observations of precipitation is very small after 1980.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

According to the most recent estimate of Dyurgerov and Meier
(2005), glaciers and ice caps cover 540,000 ± 30,000 km2 outside of
Antarctica and Greenland, less than 0.4% of the global land area.
Nevertheless, they play an important role in water availability in
many river basins. Seasonal water storage in glaciers and ice caps
is beneficial for downstream aquatic ecosystems and human water
users, as melted ice augments low flows during the warm and dry
season. Hereafter, we use the term glaciers to refer to mountain
glaciers and ice caps outside of Antarctica and Greenland.

According to Lemke et al. (2007), most glaciers have been
shrinking mainly due to air temperature increases, many of them
already since 1850. Exceptions are the glaciers in Norway and
New Zealand, where glacier mass increased in the 1990s due to in-
creased precipitation, but since the year 2000, glaciers have been
shrinking there also. Glacier mass development is driven by the
ll rights reserved.
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surface mass balance (the gain or loss of snow, firn and ice over
a certain time period) or ice calving, while the mass balance at
the glacier bed (loss due to basal melting) is negligible at global
or regional scales (Lemke et al., 2007). At a rate of 0.63 ±
0.18 mm/yr water equivalent during 1991–2004, glacier mass loss
is estimated to have contributed approximately twice as much to
global sea level rise than the melting of the much larger Antarctic
and Greenland ice sheets (Lemke et al., 2007). Future climate
change is expected to accelerate glacier shrinkage for most glaciers
as precipitation increases cannot balance increased melting due to
higher temperatures (Meehl et al., 2007).

Most global-scale mass balance estimates for glaciers have been
based on direct mass balance observations at about 300 glaciers
that were up-scaled by area-weighted averaging or spatial interpo-
lation (Lemke et al., 2007) whereas more than 70,000 glacier loca-
tions are recorded in the World Glacier Inventory (WGI), which is
collected mainly by the World Glacier Monitoring Service (WGMS),
Zurich, and more than 130,000 glaciers are inventoried in Cogley
(2009). With a total area of 34,000 km2, these 300 glaciers repre-
sent only about 6% of the global glacier area. Cogley and Adams
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(1998) indicated that the method of estimating glacier mass bal-
ance by interpolating limited mass balance data lead to a bias. This
is due to uneven spatial coverage of observations, because mea-
sured glaciers are often small and are commonly located at low
elevations due to better accessibility as compared to high elevation
glaciers. The total global volume of glaciers outside of Antarctica
and Greenland is highly uncertain, with estimates ranging from
51,000 to 166,000 km3 (Lemke et al., 2007; Radić and Hock, 2010).

Several previous studies estimated current variations and fu-
ture development of glacier mass using numerical mass balance
models. For example, Radic and Hock (2006) developed a mass bal-
ance glacier model of Storglaciären in Sweden and projected future
glacier mass development. Verbunt et al. (2003) applied their
numerical snow and glacier model to estimate time series of gla-
cier volume in Alpine river basins. Rees and Collins (2006) showed
the effect of climate warming on discharge in glacier-fed Himala-
yan Rivers, using a three-dimensional glacier model coupled with
a hydrological model. Huss et al. (2008) developed a distributed
mass balance and glacier evolution model and applied the model
to assess the impact of climate change on runoff from three highly
glacierized catchments in Switzerland. However, these studies
treated a limited number of glaciers with mostly well-observed
mass balances. In a global-scale study, Raper and Braithwaite
(2006) estimated the impact of climate change on glacier mass
by first estimating the 1961–1990 average mass balance in 1� grid
cells, using modeled glacier mass balances in seven glacier regions
with good mass balance observation and a multiple regression of
gradients of mass balance versus altitude on global gridded esti-
mates of long-term average precipitation and summer tempera-
ture. Then they scaled their computed 1961–1990 global mass
balance to match the previous estimate, and projected the future
global mass balance using temperature projections from two dif-
ferent climate models. Hock et al. (2009) also used a modeling ap-
proach to obtain global and regional scale glacier mass balance
estimates for the period 1961–2004, based on modeled mass bal-
ance sensitivities to temperature and precipitation changes as well
as long-term temperature and precipitation trends obtained from
reanalysis.

To estimate the impact of glaciers on river discharge world-
wide, it is necessary to determine not only long-term average an-
nual glacier mass balances but daily or monthly time series. Only
such time series will make it possible to better estimate the impact
of climate change on seasonal low flows and droughts in glacier-
fed river basins. In modeling studies that did not take into account
glaciers, many glacier-fed river basins were projected to suffer
from increases in drought frequency induced by climate change
(e.g. Hirabayashi et al., 2008a; Lehner et al., 2006). To the best of
our knowledge, no numerical mass balance models have been
developed up to now that can provide gridded sub-annual time
series of glacier mass changes for the whole globe.

The aim of the study presented here is to develop a global gla-
cier model for estimating daily gridded time series of glacier mass
balances, suitable for supporting global water resources assess-
ments. The output of our new global glacier model HYOGA (‘‘gla-
cier” in Japanese) can be used to drive global hydrological or land
surface models. This will allow us, for the first time, to assess the
impact of glaciers on freshwater resources at the global scale, also
under conditions of climate change. Since a high percentage of irri-
gated areas are located in glacier-fed river basins, HYOGA also has
the potential to improve global food security assessments. Besides,
model results could also be used for estimating the contribution of
glaciers to sea level rise.

In the following section, we first describe the model and its in-
put data, and then show how the model was initialized and cali-
brated such that the time series of glacier mass balance between
1948 and 2006 could be computed. In Sections 3 and 4, modeled
glacier mass changes are presented, and model uncertainties are
discussed. In Section 5, we summarize our work and draw
conclusions.

2. Methods

2.1. Model description

The global glacier model HYOGA is driven by time series of daily
precipitation and near-surface temperature and computations are
performed using daily time steps. The horizontal spatial resolution
of HYOGA is 0.5� by 0.5� as most global hydrological models, and
many climate data sets, share this resolution. All glaciers within
each grid cell are modeled as one equivalent glacier, the area of
which is the sum of the areas of all glaciers within the grid cell.
Volume-area scaling is used to estimate glacier volume from (ob-
served) glacier area, and to update glacier area after the computa-
tion of glacier mass and thus volume changes after each time step.

Mass balances of snowpack and glacier ice are determined in
50 m sub-grid elevation bands, using a simple degree-day ap-
proach to compute melting. Within each grid cell, the air temper-
ature is assumed to decrease with increasing altitude, with a
constant lapse rate of �0.65 �C/100 m. This value was determined
by comparing 63 modeled and observed glacier mass balances at
different elevation bands (observations provided by WGMS). With
this value, which is equal to the value used by Braithwaite and Ra-
per (2007), it was possible to obtain modeled equivalent line alti-
tudes that are similar to observed values. Like temperature,
precipitation varies with altitude, but these variations are very site
specific, depending, among others, on wind direction and orogra-
phy. Therefore, it is not possible to use a uniform precipitation
lapse rate, and a suitable approach for determining precipitation
lapse rates for global-scale studies does not exist yet. Thus, precip-
itation was assumed to be the same in all elevation bands of a grid
cell. Potential orographic effects on precipitation amount are how-
ever indirectly adjusted via the calibration process explained in
Section 2.3.2.

2.1.1. Mass balances
HYOGA includes two mass balance modules: a snowpack mod-

ule which simulates the accumulation and melting of snow as well
as the transformation of snow into glacier ice, and a glacier module
which computes the volume of melted glacier ice using a simple
degree-day approach. The mass balance of the snowpack in the
ith elevation band (Fig. 1) is computed in terms of equivalent liquid
water volume as

Sniðt þ DtÞ ¼ SniðtÞ þ SnfiðtÞ � Gi �Msi

Msi ¼ ðTi � T0Þ � DDFsnow if Ti > T0

0 otherwise
ð1Þ

where Sni is water equivalent of snowpack, t is time, Dt is 1 day, Snfi
is snowfall, Gi is the volume of water that is transformed from snow
into glacier ice, Msi is volume of melted snow, T0 is a critical temper-
ature for snow melting, Ti is surface temperature at the sub-grid ele-
vation band height and DDFsnow is the degree-day factor of the
snowpack. T0 was set to 0 �C, while DDFsnow was adjusted by calibra-
tion (see Section 2.3.2). We assume that only precipitation that falls
as snow affects the snowpack balance. If HYOGA is linked to a
hydrological model, rainfall on glaciers immediately becomes run-
off. Precipitation is assumed to fall as snow if air temperature of
the elevation band is less than or equal to 2 �C. This threshold
was used because it leads to similar global snowfall amounts as a
more sophisticated method that considers humidity (Hirabayashi
et al., 2008c). One year after snowfall is incorporated into the snow-
pack, it is transformed into glacier ice (Fig. 1). Thus, firn is not taken
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Fig. 1. Schematic of vertical glacier structure and flows assumed in HYOGA. i is number of elevation band, Snf is snowfall, Ms is snow melt, Mg is glacier melt, G is mass of
snow transformed to ice, Sn is volume of snowpack and v is volume of ice. In this example, snow layers exist only in the three uppermost 50 m elevation bands. The small
diagram on the right represents that snow is assumed to become glacier ice 1 yr after snowfall. The upper left panel shows, as an example, the area-altitude relationship of a
glacier grid located in the Alps (10.25E, 46.75 N), as assumed by HYOGA, with maximum and minimum glacier altitude of 3075 m and 1875 m, respectively, and a total area of
55.41 km2.
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into account in HYOGA. The initial value of Sni on January 1st, 1948,
was obtained by a spin-up simulation from 1948 to 1990, starting
with zero snow volume on January 1st, 1948. Sni on December
31st, 1990, as computed by the spin-up simulation, is then used
as initial value of Sni.

The mass balance of the glacier ice in the ith elevation band is
computed as

v iðt þ DtÞ ¼ v iðtÞ þ Gi �Mgi

Mgi ¼ ðTi � T0ÞDDFice if Ti > T0; and SiðtÞ ¼ 0
0 otherwise

ð2Þ

where vi is volume of glacier, Mgi is the volume of glacier melt, and
DDFice is the degree-day factor of ice melting. As for the snowpack,
T0 is set to 0 �C. Melting of the glacier ice in an elevation band is as-
sumed to occur only if there is no snowpack in this elevation band.
The initial value of vi on January 1st, 1948 was obtained iteratively
based on data on glacier areas and a volume-area relation (comp.
Section 2.1.2) as described in Section 2.3.1.

By summing the computed glacier mass changes of all the ele-
vation bands, the total glacier volumes in each grid are computed
for each day. Volume-area scaling is used to compute the resulting
changes in glacier area (comp. Section 2.1.2). The model was cali-
brated by fitting the modeled glacier mass balance to observed gla-
cier mass balance data.
2.1.2. Vertical glacier structure
All glaciers within a grid cell are simulated as only one glacier

that is described by the glacier area (and volume) in each 50 m ele-
vation band (Fig. 1). The glacier area in each elevation band is esti-
mated as follows. The maximum possible glacier area at the ith
elevation band amaxi, in km2, is determined using a normal distri-
bution curve which is shifted by one third of the range of glacier
altitudes (hmax – hmin) as

amaxi ¼ r=
ffiffiffiffiffiffiffi
2p
p

s� exp½�fhmax � hi � ðhmax � hmin=3Þg2
=2s2� ð3Þ

where r is a coefficient, hi is the mean altitude of the ith elevation
band, in m, hmax and hmin are the maximum and minimum glacier
altitude, in m, respectively, and s is a parameter that is set to 2.

Eq. (3) is derived from the vertical glacier area distribution of
the Dongkemadi Glacier in Tibet (Fujita et al., 2007) and the glacier
model of Rees and Collins (2006) who modeled a hypothetical al-
pine glacier. We adjusted hmax and hmin by calibration as described
in Section 2.3.2. Initial values were taken from WGI where avail-
able; otherwise hmax was set at the maximum cell elevation, while
hmin was assumed to be equal to ELA � (hmax � ELA).

ELA is the long-term average equilibrium line altitude where
glacier accumulation equals ablation (melting), and Braithwaite
and Raper (2007) showed that long-term averages of ELAs and
median glacier elevations are very similar. Preliminary ELAs were
computed by a HYOGA model run from 1948 to 1980, with preli-
minary values of hmax and hmin, and degree-day factors for snow
and ice of 3 and 5 mm/�C/day, respectively. In some grid cells, no
ELA could be computed because modeled mass balances of all ele-
vation bands showed the same sign. Then, initial hmin was set equal
to the lowest grid elevation. As elevation data, we used the 30 arc
sec (approximately 900 m) elevation data of the Shuttle Radar
Topography Mission (SRTM30 data). The coefficient r is adjusted
such that the initial sum of amaxi is equal to the initial glacier area
within the grid cell.

If amaxi is larger than the sub-grid area of the ith elevation band
abandi, the difference between amaxi and abandi is summed to the
amax of the next lower elevation band. In order to minimize re-
quired disk space and computational cost, abandi of each elevation
band was determined from the cell area with elevations below hi

Xi

k¼1

abandk ¼ Acell � ðlogðhiÞ � aÞ=b ð4Þ

where Acell is total area of the 0.5� grid cell, in km2. Parameters a and
b were obtained by fitting Eq. (4) to SRTM30 elevation data within
each 0.5� grid cell, with the global mean correlation coefficient
exceeding 0.98. Glacier area at the ith elevation band (amaxi) is then
obtained by distributing total glacier area per grid cell (A) starting
from the highest elevation band and proceeding downward. The
amaxi is fixed except for the lowest glacier elevation band. amaxi

is fixed for the whole HYOGA simulation, except for the elevation
bands located at and below the lowest band with glacier. amaxi in
the lowest glacierized band is calculated as A minus total glacier
area located above the lowest glacierized elevation bands. The val-
ues of amaxi at the elevation bands below the lowest glacierized
band are set to abandi. A is updated after each time step based on
the new total glacier volume using the following equation:

A ¼ ðV=caÞ1=c ð5Þ

where V is total glacier volume in each 0.5� grid cell, in km3.
c = 1.375 from Bahr et al. (1997) and ca = 0.2055 m3�2c from Chen
and Ohmura (1990) are used for all glaciers. If A increases, the addi-
tional glacier area is allocated to the lowest elevation band up to the
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maximum area of the elevation band (amaxi). Representative glacier
altitude in the lowest elevation band is assumed to be the middle
altitude of the elevation band. If A decreases, glacier area is de-
creased in the lowest elevation band.

With its approach of daily updating of glacier areas per eleva-
tion band, HYOGA takes account of the feedback between changes
in glacier area, glacier elevation and glacier mass balance. Although
the time scale associated with the feedback processes of glacier
geometry is much longer than daily, HYOGA updates glacier area
in every daily time step. If the ice in a grid cell shrinks, it persists
only in the higher elevation bands, and melting per unit glacier
area becomes smaller. Since the area and the area-related volume
of glacier at each elevation band are updated every day, the model
accounts only implicitly for glaciers. The potential positive feed-
back of a decreasing glacier surface elevation due to glacier thin-
ning is not taken into account.

2.2. Data

Input data for HYOGA are time series of gridded daily near-sur-
face air temperatures and precipitation as well as calculated initial
glacier areas. The observed glacier mass balances at specific points
in time are used for calibration procedures.

2.2.1. Climate input
A global 0.5� gridded data set of daily precipitation and near-sur-

face temperature for 59 yrs from 1948 to 2006 (Hirabayashi et al.,
2005; Hirabayashi et al., 2008b) was used to drive the glacier mod-
el. The precipitation data are corrected for gauge errors (based on
daily meteorological data and information on gauge types, Hirabay-
ashi et al., 2008c). The temperature data set is based on monthly
temperatures of Fan and van den Dool (2008) that are topographi-
cally adjusted, and is called H08-FV. An alternative data set of daily
surface temperature, called H08-CRU, which is based on monthly
temperature values of the Climate Research Unit version TS 2.1 data
set (CRU; Mitchell and Jones, 2005), was generated by also using the
method of Hirabayashi et al. (2008b). Since temperature data of
CRU are available up to 2002 only, monthly temperatures during
2003–2006 in H08-CRU were computed from monthly temperature
data of Fan and van den Dool (2008) for this period by scaling with
the mean ratio of monthly temperatures of CRU and Fan and van
den Dool (2008) from 1986 to 2002. This time period was chosen
as both the CRU and Fan and van den Dool data sets are based on
a large number of measurement stations during this period.

2.2.2. Glacier areas
A 0.5� gridded global glacier area data set was created by aggre-

gating glacier area data of the World Glacier Inventory (WGI) and
the Global Hydrological Data (GGHYDRO, Release 2.3, available on-
line from http://www.trentu.ca/geography/glaciology; Cogley,
2003). These data sets represent spans of time rather than dates.
They are used to estimate initial glacier areas in 1948 (compare
Section 2.3).

WGI provides observation data of about 70,000 glaciers, includ-
ing glacier location, area, elevation and observation dates. GGHY-
DRO provides total area of glacier on a global 1� grid and was
generated based on maps, mainly at the 1:1,000,000 scale, that had
been published over several decades in the mid-20th century. We as-
sumed that the glacier area of GGHYDRO represents glacier area
information before 1977. Glacier area of WGI per 0.5� grid cell is
mostly smaller than that of GGHYDRO, probably because WGI does
not cover all glaciers in those cells. Glacier information in WGI is lim-
ited to about 30% of global glacier area outside of Greenland and Ant-
arctica. In many grid cells, GGHYDRO indicates glaciers while no
information is available in WGI (Fig. 2). These grid cells are found
in Europe, Central Asia, the Himalaya, Peru, Chile and the southern
coastal glaciers of Alaska. In some cells, WGI glacier area is larger
than GGHYDRO glacier area (e.g. in some parts of Alaska, Peru and
Chile, and of the Tibetan Plateau) (Fig. 2). A possible reason for this
is that GGHYDRO expresses glacier area as integer percentages of to-
tal 1� cell area. Thus resolution is 1% of grid cell areas, and glaciers
smaller than that (approx. 100 km2 at the equator) are not included.

We combined these two products by first disaggregating GGHY-
DRO to the 0.5� grid using SRTM30 sub-grid altitude information.
The four sets of 3600 SRTM30 sub-grid elevations per 0.5� cell were
sorted, and the glacier area in each 1� GGHYDRO grid cell was disag-
gregated to the four 0.5� grid cells by allocating glacier area preferen-
tially to the highest elevations. In the second step, individual glacier
area data of WGI were summed for each 0.5� grid and compared to
GGHYDRO-based 0.5� glacier area. Finally, the greater of the two val-
ues for each grid cell was included in our global glacier area data set.
Glaciers on small Arctic islands not covered by the climate data sets
were not taken into account in the glacier area data set.

Among the approximately 60,000 0.5� land cells, only 2613 con-
tain glaciers. Table 1 compares our 0.5� glacier area data set with
other published estimates of glacier areas that exclude glaciers
and ice sheets in Antarctica and Greenland. Total glacier area of
this study is 534,945 km2, which is similar to other published data
sets. In our data set, glacier areas on North American Arctic Islands
and on Sub-Antarctic islands are smaller than in other data sets,
because 0.5� grid cells with small islands but without data in the
global meteorological data sets we used were excluded from our
analysis.

2.2.3. Glacier mass balance observation
A total of 110 observed time series of annual mass balances for

individual glaciers, from Dyurgerov and Meier (2005) (referred to
as DM05) and, for New Zealand only, from Heydenrych et al.

http://www.trentu.ca/geography/glaciology
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(2004), were used for the calibration of HYOGA. Two thirds of the
about 300 observed glacier mass balances could not be used for
calibration, because there were several glaciers with observations
within the same 0.5� grid cell. Data for the glacier with the largest
area were selected if there was more than one observed glacier.
Mean length of the available mass balance observations was
13 yrs. The 110 grid cells with observed glacier mass balances
are mainly in Europe (33), USA and Canada (30) and Asia (22). Only
two are located in South America, while the rest are located in
Svalbard (9), Canadian Arctic islands (6) and Sub-Antarctic islands
(1). Yearly glacier mass balances averaged over large regions of
Serreze et al. (2000), which provide an update of Dyurgerov and
Meier (1997), were also used for model calibration and validation
(referred to as DM97). For validation, summer and winter mass
balance observations were available for 21 glaciers (it is not always
the same as the 110 glaciers with annual data used for calibration,
as it was sometimes not the largest glacier in a grid cell that had
summer and winter data available).

The hydrological year starts when glacier melt reaches its min-
imum. In this study, the hydrological year starts on the 1st of Octo-
ber in the northern hemisphere and on the 1st of April in the
Southern Hemisphere.

2.3. Model initialization and calibration for estimating global glacier
mass balance from 1948 to 2006

Glacier areas in 1948 were estimated by HYOGA in an iterative
manner, based on observed glacier areas for which the observation
time varies between grid cells. HYOGA was calibrated against ob-
served glacier mass balances, adjusting four model parameters:
the maximum and minimum glacier altitude hmax and hmin, and
the melting factors DDFice and DDFsnow. Computation of initial gla-
cier areas and calibration had to be done jointly, as initial areas de-
pend on the calibration parameters.

2.3.1. Initialization of glacier area
Since the global glacier area data set (see Section 2.2.2) contains

observations in different years and months, it was necessary to
estimate, as initial condition, the glacier area in each grid cell on
the 1st of January 1948, the start of meteorological data. We pre-
pared gridded data sets of the year and month when the glacier
area was observed, using the glacier statistics of WGI. WGI pro-
vides information of observed year (about 30,000 glaciers) and
month (about 26,000), respectively. However, date information of
WGI is rather inhomogeneous, providing, e.g. dates of snowline
observation, of map publication or of areal photography. If there
was more than one glacier with information on observation date
within grid cell, data of the largest glacier was used. If observation
dates were not available, those of neighboring grids were used. If
there is not even information for the neighboring grids, observa-
tion date was set to the 1st of January 1975, because about
24,000 WGI stations were observed during the period 1961 and
1980 (compare Fig. 2 of Cogley, 2009). The glacier area on the 1st
of January 1948 was then obtained iteratively for each of the
2613 grid cells with glaciers, using different initial glacier areas un-
til the HYOGA glacier mass balance led to a glacier area on the
respective observation date that did not differ by more than 5%
from the observation. Initial glacier area of each grid cell was up-
dated in each calibration round, using the respective values of
the four calibration parameters. The initial glacier areas that were
finally adopted were obtained with the calibrated values of the cal-
ibration parameters.

2.3.2. Model calibration
HYOGA was calibrated against long-term average annual glacier

mass balances observed within the time period 1948–1980, for the
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available observation period, because glacier mass before 1980 is
more stable than afterwards. The calibration against observed
mass balances of individual glacier is problematic as HYOGA does
not compute the mass balance of individual glaciers but lumps all
glaciers within one grid cell into one equivalent glacier. We thus
assume that all glaciers within each grid cell have the same specific
mass change (mass change divided by glacier area).

Calibration was done in two steps by first adjusting maximum
and minimum glacier altitude hmax and hmin in Eq. (3) and then,
in a second step, the degree-day factors (DDFsnow and DDFice) in
Eqs. (1) and (2). In each step, the parameters were adjusted against
the cell-specific long-term average of total glacier mass balance
observed in 110 grid cells, taking into account all available obser-
vation periods before 1981. If there were no mass balance observa-
tions within 10 grid cells from the target cell, and the glacier grid
cell was located within one of the five regions with available data
(see regions with asterisk in Table 1), average regional mass bal-
ances for 1961–1993 of DM97 were used for calibration. These re-
gional balances were obtained as the area-weighted means of
observed mass balances. A 948 out of the 2613 glacier grid cells
were calibrated against these regional estimates of long-term gla-
cier mass balance. For 190 grid cells in South America, Australasia,
Africa, Sub-Antarctic islands and small arctic islands, the long-term
average mass balance 1948–1980 was assumed to be zero for cal-
ibration purposes.

During calibration, variation of hmax and hmin was constrained
only by the maximum and minimum elevation within the grid cell,
respectively. The degree-day factor of snow (DDFsnow) was allowed
to range from 1 to 4 mm/�C/day. This range includes the values
that are used in global hydrological models (e.g. Döll et al., 2003)
and numerical glacier models (e.g. Rees and Collins, 2006). The de-
gree-day factor of glacier ice (DDFice) was adjusted between 3 and
20 mm/�C/day, until the long-term average yearly mass balance
was as close as possible to the observed mass balance. This range
for DDFice is based on the literature (e.g. Jóhannesson et al., 1995;
Singh et al., 2000; Hock, 2003; Zhang et al., 2006).

Fig. 3 compares modeled and observed long-term average spe-
cific glacier mass changes, considering the whole observation per-
iod and not just the calibration period which ended in 1980. Using
H08-CRU temperature data (Fig. 3, left), at least 15 glaciers show
far too negative mass balances even after calibration, i.e. the gla-
ciers shrink much too rapidly in the model. These glaciers are lo-
cated in High Mountain Asia and in mountainous areas in the US,
Canada, and Alaska, and often in areas where H08-CRU tempera-
tures are significantly higher than the H08-FV values. This is partic-
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Fig. 3. Comparisons of modeled and observed average annual glacier mass changes duri
H08-FV (center) or a mix of temperature data of H08-CRU and H08-FV temperature dat
observations by DM05. Observed values relate to the largest glacier within the grid cell, m
calibration, filled symbols: after calibration. The error bars represent the standard deviati
indicate where model and observation are equal.
ularly the case in arid and semi-arid Asia. The warm bias of CRU
temperature in summer caused glaciers in High Mountain Asia to
have no snowfall in summer even on the top of mountains. Because
many arid and semi-arid glaciers in Asia show both accumulation
and melting in the summer monsoon season (Fujita and Ageta,
2000), glaciers in these regions are particularly sensitive to poten-
tial temperature biases. We concluded that the H08-FV tempera-
ture product of Fan and van den Dool (2008) is preferable for
estimation in most regions in Asia. H08-FV, however, also leads
to problematic mass balances, outside of Asia (Fig. 3, center). When
HYOGA was calibrated using either the H08-FV or the H08-CRU
precipitation data set, H08-FV led to better calibration results in
half of the grid cells with glaciers, and H08-CRU in the other half.
In our further analysis, we selected for each of the 2613 grid cells
with glaciers the temperature data set that, after calibration, led to
a better fit to the observed mass balances. With this approach, re-
ferred to as H08-mix, modeled mass changes are less biased, with
an average relative root mean square error of modeled mass
change among the 110 observed glaciers of 54% as compared to
that of simulations using H08-CRU (230%) and H08-FV (197%)
(Fig. 3 right). These large root mean square errors of H08-CRU
and H08-FV are due to about 30 of the 110 observations where
snowfall is underestimated and glacier melting is overestimated
due to high temperature values. About 1300 of the 2613 grid cells
show differences of less than 5% for both H08-FV and H08-CRU
after the calibration process. In H08-mix, which is used for further
computations, 1485 of the computed grid cell balances differ by
less than 5% from the glacier balances of neighboring observed gla-
cier or from the regional averages.

For 21 glaciers, relatively long-time series of summer and win-
ter mass balances were obtained from the World Glacier Monitor-
ing Service (WGMS). These data are compared to summer and
winter mass balances as computed by HYOGA for the respective
grid cells and time periods. We assumed that summer and winter
mass changes refer to the periods 1st April–30th September and
1st October–31st March, respectively (except for the one observa-
tion located in Southern Hemisphere).

Fig. 4 indicates that HYOGA cannot simulate well the observed
seasonality of winter accumulation and summer ablation. It com-
putes smaller summer mass losses than are observed, and barely
computes any winter mass gains. A likely reason for the underesti-
mation of winter accumulation is an overestimation of winter tem-
perature or an underestimation of winter precipitation in the
global climate data set that we used. In a study of glaciological con-
ditions in seven regions, Braithwaite and Raper (2007) found it
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necessary to decrease temperature data of a global data set empir-
ically using observed temperature at the respective glacier sites.

For three example glaciers/grid cells, Fig. 5 shows time series of
observed and computed annual mass balances. Modeled mass bal-
ances show less interannual variability than of the observed bal-
ances, even though average annual mass balances are similar due
to the calibration process. Discrepancies between modeled and ob-
served mass balances are, on the one hand, caused by the fact the
observed mass balances are values for single glaciers, while mod-
eled values represent the average over all glaciers located within
the grid cell. Thus, even if the model represented glacier mass
changes at the scale of grid cells perfectly, model results would
only fit to the selected observations if all glaciers in the grid cell
had the same specific mass balances. On the other hand, inade-
quate climate data and the modeling of glacier distribution within
grid cells are also major causes for the discrepancies.
3. Results

Fig. 6 (top) presents a global map of 0.5� gridded estimates of
glacier area on the 1st of January 1948 as derived by an iterative
spin-up simulation with HYOGA. Glacier area per grid cell is large
in high latitudes (e.g. Canadian and European arctic islands) and in
the Himalayas. Globally, 76% of the 2613 0.5� glacierized cells
show glacier areas below 300 km2 (about one tenth of the cell area)
in 1948, while 33% of the glacierized grid cells have a glacier area of
Fig. 5. Examples of annual specific mass balances of three selected glaciers: Bezengi glacie
Cascades, USA (right). Solid lines indicate observations, and dotted lines indicate HYOGA
less than 50 km2. Global glacier area was estimated as 534,893 km2

in 1948, compared to the value of 534,945 km2 in the basic data
compiled for this study which mixes glacier areas from different
points in time (comp. Section 2.2.3; values shown in Table 1). Glo-
bal glacier area was simulated to have decreased by 0.8% between
1948 and 2006. This corresponds to an average annual value of
areal shrinkage of 0.014%/yr, which is only about a fifth of the rate
derived by extrapolation of repeated measurements of glacier
areas (Cogley, 2008).

Fig. 6 (bottom) shows a global map of the average annual spe-
cific mass change from 1948 to 2006, while Fig. 7 provides en-
larged views of selected regions. Here, the mass change is
derived as mass change of glacier (expressed as volume of liquid
water) divided by the glacier surface area of the particular year,
in mm/yr. It is obvious that most glaciers suffered from mass losses
(retreat of glacier) in the last decades, but there is a high spatial
variability, even with glacierized grid cells with mass gains located
next to grid cells with high mass losses (e.g. in Norway and South
America). In Norway, for example, such a high spatial variability of
mass loss is reasonable, because there is a steep gradient between
western maritime (gaining) to eastern continental (loosing) gla-
ciers. The amount of decrease of total glacier volume (not shown)
is particularly large in High Mountain Asia, the coastal zone of
Alaska and the European Arctic islands. Fig. 8 shows time series
of annual glacier mass changes as global average and for seven
large regions (comp. Table 1) for the time period 1948–2006, com-
paring modeled values to independent estimates of mass balances
from DM05 and DM97. DM05 obtained their regional and global
estimates of by area-weighted averaging time series of observed
mass balances of a total of about 300 glaciers, while DM97 only
used about 250 glaciers. All regions except South America show
significant mass losses for both model estimation and observation.
The differences of the ranges of mass balance variation among dif-
ferent regions as estimated by DM05 and DM97 are fairly well rep-
licated by HYOGA.

Regionally averaged mass losses in South America (Fig. 8) are
relatively small, because there are some grid cells with large gla-
ciers in the southern part of South America, which show a glacier
mass increase. However, our model results for South America suf-
fer from a strong decrease in precipitation observations after 1980
(see Section 4), which may partly explain discrepancies to DM05
but also satellite-based studies of Rignot et al. (2003) and Chen
et al. (2007).

Table 2 compares the modeled global total specific mass bal-
ance and its equivalent sea level rise in mm/yr with values of
observation-based estimates that are the arithmetic means of esti-
mates by DM05 and two other data sets which together take into
account 221–470 mass balance measurements within each 5-yr
time period analyzed (Lemke et al., 2007, their Table 4.4 and their
Fig. 4.14). Global glacier mass loss values as computed by HYOGA
r in the Caucasus (left), Plattalva glacier in the Alps (middle) and Silver glacier in the
model results for the grid cells in which the observed glaciers are located.



Fig. 6. Global map of modeled glacier area per 0.5� grid cell on the 1st of January 1948, in km2 (top), and average annual specific mass change of glacier during the 59 yrs from
1948 to 2006, in mm/yr (bottom).
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are similar to the values of Lemke et al. (2007), and within the
given uncertainty ranges, which do not include uncertainties that
derive from uncertainties in the glacier area inventory (Lemke
et al., 2007). Both observation-based estimates and HYOGA model
Fig. 7. Enlarged views of average annual specific glacier mass change 1948–2006 (mm/y
(e). Regions are indicated as rectangles in Fig. 6.
results agree that glacier mass losses have accelerated after 1990,
with HYOGA indicating a somewhat stronger acceleration. Accord-
ing to HYOGA, average annual mass losses have increased strongly
after the 1990s as compared to the 30 yrs before, with a sea level
r) in South America (a), Norway (b), High Mountain Asia (c), Alps (d) and Caucasus



Fig. 8. Time series of regionally averaged annual specific glacier mass balances. Black and grey lines are observations of DM05 and DM97, respectively, and red lines are
modeled values. Thick lines are 5-yr moving average. Blue thick lines are 5-yr moving average of mass balance of glacier grid cells where observed mass balances were
available within the grid cell. ‘‘110/2613” (in blue in the lower left corner of the global analysis box), for example, means that there are 110 observed mass balance values
taken into account for constructing the blue lines, and 2613 0.5� grid cells with glaciers in total globally. Grey top-to-bottom bars indicate annual numbers of precipitation
gauges used to create daily precipitation input.
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Table 2
Global mass balance of glaciers and ice caps outside Greenland and Antarctica. Data of Lemke et al. (2007, their Table 4.4) (LM07) and this study. Assumed glacier area of LM07 is
546 � 103 km2, while in this study, it is 535 � 103 km2. Values in parentheses are HYOGA estimations using the LM07 glacier area. Ocean surface area is assumed to be
362 � 106 km2.

Period Average annual mass balance Average annual sea level equivalent (mm/yr)

(kg/m2/yr or mm/yr) (Gt/yr)

LM07 This study LM07 This study LM07 This study

1960/61–2003/2004 �283 ± 102 �285 �155 ± 55 �153 (�156) 0.43 ± 0.15 0.42 (0.43)
1960/61–1989/1990 �219 ± 92 �227 �120 ± 50 �122 (�124) 0.33 ± 0.14 0.34 (0.34)
1990/91–2003/2004 �420 ± 121 �519 �230 ± 66 �277 (�282) 0.63 ± 0.18 0.76 (0.78)
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rise equivalent of 0.76 mm/yr after 1990, as compared to only
0.34 mm/yr during the 30 yrs before.
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Fig. 9. Correlation between observed and modeled mean equilibrium line altitude
(ELA) at 63 locations.
4. Discussion

What are possible reasons for the discrepancies between HYOG-
A results and observed regional averages as shown in Fig. 8 and Ta-
ble 2? One hypothesis is that the observed regional averages are
based on a number of glaciers which is much smaller than the total
number of glaciers in a region that was taken into account by
HYOGA. Calibration to DM97 regional values did not lead to a close
agreement of HYOGA and DM97 regional averages of specific mass
losses. For neighboring grid cells, HYOGA may compute very differ-
ent glacier mass changes.

The blue thick lines in Fig. 8 indicate area-weighted mean mass
balances of grid cells in which one of the 110 glaciers with obser-
vations used for calibration of HYOGA are located, while 2613 grids
are used to obtain mean mass balance in HYOGA (shown in red).
Overall, the blue lines are within a few tenths of a meter of the re-
gional averages computed by HYOGA, which indicates that the dis-
crepancies between the regional averages that are based on
interpolation of observed mass balances and those that are com-
puted by HYOGA cannot be explained by a bias due to the few
observation locations.

Other possible reasons for discrepant regional estimates of gla-
cier mass loss are errors of the HYOGA model results that are
caused by the simplistic modeling approach (e.g. modeling all gla-
ciers within a grid cell as one effective glacier) and by inadequate
climate input data. Because of the non-linearity in the volume-area
relation, inclusion of the glacier area distribution, and possibly dif-
ferent glacier types, within each grid cell rather than treating all
glaciers as one appears to be indispensable. HYOGA is expected
to underestimate shrinkage of glacierized area and to overestimate
glacier volume in regions with many separate small glaciers within
a grid cell as it assumes that mass balance of many small glaciers
can be simulated by the mass balance of one effective glacier, the
area of which is the sum of the areas of the individual glaciers.
Including size distribution of glacier area and different glacier
types within each grid cell is likely to improve the estimated vol-
ume and areal change of glaciers. However, there is currently no
inventory that provides such information except for a few grid cells
world-wide. Size distribution can be derived directly from satellite
imagery and glacier inventories and indirectly from topographic
data, using an empirical relationship between size distribution
and relief (steepness of landscape) (Raper and Braithwaite, 2005).

In South America, in particular, the number of precipitation
gauges that were used to create the gridded precipitation data used
as input to HYOGA decreased strongly from about 50–100 before
1980 to less than 10 afterwards (Fig. 8c). With such a small number
of observations, we cannot expect to be able to simulate the tem-
poral development of glacier mass loss. The number of precipita-
tion gauges in Canadian Arctic islands, Svalbard and Sub-
Antarctic islands are almost zero, indicating that the precipitation
input given for these regions is obtained mainly by extrapolating
from surrounding grids or climatologies.

Moreover, the process of glacier calving is not taken into ac-
count by HYOGA, such that mass changes of glaciers that do not
terminate on land but at the ocean (e.g. in Alaska and South Amer-
ica) are not computed correctly if calving is relevant. Another
source of error may be the neglect of firn.

The poor simulation of seasonal mass balances (Fig. 4) and
interannual variability (Fig. 5) can partly be explained by the inad-
equate temperature and precipitation input. Glacier mass changes
computed by HYOGA depend strongly on precipitation and near-
surface temperature. Climate observations at mountain glaciers
are very scarce. Currently, global temperature and precipitation
data sets are not suited well for modeling glacier mass balances
as they do not represent appropriately the climatic conditions at
glaciers. Precipitation stations are rather located in the valleys
and not on the mountains, and surface-air temperature at a glacier
is expected to be lower than at an ice-free location at the same alti-
tude (Braithwaite and Raper, 2007). This results in an underestima-
tion of the seasonal glacier dynamics by HYOGA (see Fig. 4).

A limited sensitivity analysis was performed to determine the
sensitivity of computed glacier mass changes to the scale parame-
ter c in Eq. (5). (e.g. Radić et al., 2008). When c was varied by ±30%,
mass balance within a grid cell changed by less than 1%, after cal-
ibration for the individual c values.

The equilibrium line altitude (ELA) of a glacier is defined as the
altitude where accumulation is equal to melting. To validate
HYOGA, ELA data at 63 glaciers were obtained from the Glacier
Mass Balance Bulletin (WGMS, 2007, and earlier issues). ELA obser-
vations may be biased, as low-elevation glaciers are more likely to
be observed due to accessibility. The effect of this bias is expected
to be small, because ELA is mainly influenced by vertical changes of
climate variables. Observed ELAs were averaged if several ELA data
were available for a grid cell.
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Fig. 9 shows a good agreement of observed and modeled ELA.
This indicates that the balance of accumulation and melting at each
elevation band is well captured by the model, and that the verti-
cally distributed glacier mass balance is represented well in HYOG-
A. As the air temperature lapse rate varies according to humidity,
Schneeberger et al. (2003) suggested, for a number of glaciers, dif-
ferent temperature lapse rates ranging from �0.1 �C to �0.9 �C per
100 m. Nevertheless, due to lack of information at the global scale,
a uniform lapse rate of �0.65 �C per 100 m was applied in HYOGA
to estimate temperature at each 50 m elevation band from the
mean temperature of the 0.5� grid cell. As is shown in Fig. 9, a sin-
gle lapse rate in HYOGA appears to be sufficient for replicating ver-
tical mass balance change with altitude.

Even though ELA is modeled well, this does not necessarily indi-
cate that the vertical glacier area distribution (Eq. (3)) and the vol-
ume-area relation (Eq. (5)) are correctly represented in HYOGA,
and these characteristics are decisive for a successful simulation
mass changes. In reality, volume-area relationships of glacier vary
among glacier types, while a single equation (Eq. (5)) is assumed to
describe the relationship in HYOGA.

The vertical sub-grid glacier structure of HYOGA allows for rep-
resenting several glacier types in different regions of the globe. A
glacier mass balance model, for example, that estimates accumula-
tion and melting of glaciers using only the temperature value at a
single reference height of glaciers, such as ELA or mean altitude of
glacier (e.g. Braithwaite and Raper, 2007), may be difficult to apply
to glaciers where both accumulation and melt occur at the same
time. HYOGA however, computes mass balances at individual ele-
vation band and thus has the potential to simulate summer accu-
mulation type glaciers (e.g. in High Mountain Asia) that are
characterized by accumulation at high elevations and melting at
low elevations in the same season.

Using gravimetric data from the GRACE satellites, Matsuo and
Heki (2010) estimated glacier mass loss for the Asian high moun-
tain area (Himalaya, Karakorum, Pamir, Tienshan) of 47 ± 7 Gt/yr
during 2003–2009. However, they had to rely on a number of
highly uncertain assumptions, including a ground water depletion
rate in Northern India. Their value compares well to the HYOGA
estimate for October 2003–October 2006, with an average mass
loss of 37 Gt/yr. For the time period 1961–2003, average glacier
mass loss was only 25 Gt/yr according to HYOGA, which is almost
equal to the value of from DM05 for the Asian high mountain area
(comp. Matsuo and Heki, 2010, their Fig. 2).
5. Conclusions

A first global glacier mass balance model was developed that
provides gridded sub-annual (daily to monthly) time series of gla-
cier mass changes, glacier ice melting rates and melting rates of
snowpack on glaciers for all land areas of the globe except Green-
land and Antarctica. With a spatial resolution of 0.5�, HYOGA com-
putes daily snow and glacier mass balance at different elevation
bands, which makes it possible to estimate also mass changes of
summer accumulation type glaciers where both accumulation
and ablation occur in the same seasons. Compared to glacier mod-
els that estimate glacier mass changes by using correlations of his-
torical glacier mass balance (integrated over all elevations) with
surface temperature and precipitation, HYOGA is better suited for
projecting future glacier mass losses. HYOGA has the potential to
be coupled to global hydrological or land surface models such that
the impact of glacier mass changes on river flow regimes can be ta-
ken into account. This will improve the assessment of climate
change impacts on freshwater resources.

In accordance with other studies, HYOGA model results show
that at the regional scale glaciers have been shrinking at least since
1948. Equally in accordance with other studies, in particular the re-
cent IPCC report (Lemke et al., 2007), global glacier mass losses
have accelerated after 1990.

Data on glacier volume are available only for a few glaciers. Due
to the simplistic approach for estimating glacier volume, total gla-
cier volumes in HYOGA are not realistic. Therefore, HYOGA cannot
be used to estimate the total fresh water stock stored in glaciers or
the date when glaciers will disappear due to climate change. Such
studies require more detailed and reliable glacier volume esti-
mates which could be derived from information about glacier
types, observed glacier thickness, or geomorphological processes.

To improve dynamic glacier mass balance modeling, in particu-
lar the simulation of seasonal and interannual mass variations, it
will necessary to correct global-scale temperature and precipita-
tion data, by considering local data, such that they better represent
the specific conditions at glaciers. Besides, size distribution of gla-
cier area within each grid cell should be included in HYOGA, differ-
ent glacier types (valley glaciers and ice caps) should be
distinguished, and the effect of debris on the glacier surface should
be taken into account. Regarding the impact of climate change,
inclusion of the impact of radiation on glacier melting may be
important, although some of the change due to radiation is indi-
rectly included in the surface temperature change (Ohmura, 2001).
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