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ABSTRACT. This paper reviews data on glacier mass balance together with extra metadata on
topography and climate to put the data into context. The 2007 Intergovernmental Panel on Climate
Change (IPCC) estimates of global average glacier mass balance may not be much different from simple
averages. A more mathematically correct approach is to analyse long and continuous mass-balance
series measured in different regions, but there are few long series and they do not cover the globe in any
representative way. However, 30 year series from 30 glaciers confirm a recent (1996–2005) trend to very
negative mass balance after two decades of nearly zero mass balance. Climate data from a global
gridded climatology are applied to datasets for global glacier cover, for 318 glaciers with mass-balance
data for at least 1 year and for 30 glaciers with 30 year series of measurements. Results show that mean
precipitation is relatively low in the global glacier-cover dataset and much higher for the observed
glaciers. This shows that current mass-balance measurements are biased towards wetter conditions than
are typical for global glacier cover. We urgently need to find better ways of analysing sparse datasets
with ‘complex spatial and temporal patterns’ like the present mass-balance dataset.

INTRODUCTION

Glacier mass-balance study is concerned with changes in
glacier mass, especially changes from year to year
(Paterson, 1994). There is growing concern about increased
melting of glaciers under warmer temperatures leading to
ever more negative glacier mass balances. Increased runoff
from glaciers is very probably contributing to a rise in
global sea level (Solomon and others, 2007, table 5.3),
while, on a more local scale, retreating glaciers are
affecting the lives of people living close to them (Xu and
others, 2007). Glacier mass balance is therefore of public
interest and glaciologists should be proud that a global
monitoring system for glaciers has somehow evolved over
the past few decades (Haeberli and others, 2007) so that the
present widespread retreat of glaciers can be documented
and understood. Let us all hope that this retreat does not
continue to its ultimate conclusion!

Mass-balance concepts were first developed in a series
of pioneering measurements of accumulation and abla-
tion on various Nordic glaciers in the 1920s and 1930s by
the Swedish glaciologist H.W. Ahlmann (1889–1974).
Ahlmann’s measurements were only made for 1 year on
any particular glacier (Ahlmann, 1948), but Wallén (1948)
soon appreciated the need for multi-year measurements
and measured the mass balance of Kårsa glacier, northern
Sweden, for 5 years. The longest series of measurements
of mass balance was then started on Storglaciären, northern
Sweden, in 1946 (Schytt, 1962) and it continues to
this day.

In Ahlmann’s approach, the mass balance is measured at
various points on the glacier with stakes and snow pits, and
the results are scaled up to give an estimate of the mass
balance of the whole glacier. In the terminology of
Anonymous (1969), we measure ‘specific balance’ at points
and then estimate the ‘mean specific balance’ of the whole
glacier. Ahlmann (1948) uses the concepts of ‘accumu-
lation’ and ‘ablation’ to express the gains and losses in mass,

but these are very difficult, if not impossible, to measure
accurately, and Anonymous (1969) defines the more easily
measured concepts of winter and summer balances. The
mass balance of a glacier, negative or positive, determines
whether the glacier is shrinking or growing. If we are only
interested in this, Hoinkes (1970) points out that glacier
mass balance can be determined by other methods than the
‘direct glaciological’ method of Ahlmann (1948). These are
the geodetic and hydrological methods, respectively. In the
former, the volume change of the whole glacier is deter-
mined by comparing the results of two high-precision
surveys at different times, while in the latter the glacier mass
balance is determined as the residual in the water balance
equation for the basin where the glacier is located. The
geodetic method was first applied in the 19th century by
S. Finsterwalder (1862–1951), using terrestrial photogram-
metry, but has since evolved to include measurements with
aerial photographs and will increasingly involve satellite
data, especially from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) satellite
(Khalsa and others, 2004).

I maintain my own database of mass-balance data
(Braithwaite, 2002), as do a number of other workers: Jania
and Hagen (1996), Dyurgerov and Meier (1997, 2005),
Cogley and Adams (1998, 1999), Oerlemans (1999),
Dyurgerov (2002), Ohmura (2004) and Cogley (2005). These
databases will be based essentially on the ‘official’ database
of the World Glacier Monitoring Service (http://www.geo.
unizh.ch/wgms) but need not be identical. Dyurgerov (2002)
and Dyurgerov and Meier (2005) have been particularly
diligent in hunting down mass-balance data in obscure
publications and correcting previously published values.
I now have mass-balance data for 318 glaciers for the period
1946–2006 in my database, and any mass-balance statistics
quoted in the rest of this paper are based on this dataset. This
running total of 318 glaciers is volatile as new data are
coming in all the time and the database is being updated
regularly. It is a great advance on the 95 mass-balance
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records available to Collins (1984). Other workers may have
a different number of glaciers, but most of the discrepancies
relate to short series, or even values for a single year as
reported in some obscure article. Although most workers
agree to exclude the results of modelling from observed
mass-balance databases the distinction is not always clear,
so there will always be minor disagreements about which
data to include (Meier and others, 1997; Pelto, 1997;
Slupetzky, 1999).

The present paper reviews current data on glacier mass
balance. The ‘six decades’ in the title of the paper refers to
the continuous mass-balance measurements that are now
available from the glacier with the longest continuous
mass-balance record (Storglaciären). The notion of ‘richer
mass-balance data’ refers to the compilation of basic mass-
balance data together with extra metadata on topography
and climate to put the data into context.

RESULTS OF MASS-BALANCE STUDY
Early mass-balance data were presented in conference
proceedings, scientific papers and nationally compiled
reports. As part of the preparations for the International
Hydrological Decade (IHD, 1965–74) it was realized that
glacier data deserved a wider international dissemination to
allow synthesis and further study. Regular tabulations of
mass-balance data have therefore been compiled and
published since 1967 as part of the Fluctuations of glaciers
series (Kasser, 1967; PSFG, 1973, 1977, 1985;WGMS, 1988,
1993, 1998, 2005). These tabulations, generally in 5 year
chunks, have been supplemented by less detailed 2 year
summaries in the Mass Balance Bulletin series issued by the
World Glacier Monitoring Service (WGMS; http://
www.geo.unizh.ch/wgms). Aside from Aletschgletscher,
Switzerland, the mass balance of which was determined by
the hydrological method, the above data all relate to the
direct glaciological method using stakes and snow pits.
Determinations of volume change from the geodetic method
are also reported in Fluctuations of glaciers but in a separate
tabulation, and this should continue in the future as more
data become available from satellites.

Figure 1 shows the location of 318 glaciers with measured
mass-balance data. I distinguish here between glaciers where
separate measurements of winter and summer balances are
available and those where only annual balances are meas-
ured. Separate winter and summer balances are not well
defined on some Eurasian glaciers with summer maximum
precipitation, and on tropical glaciers, but the impression is
that separate balances should be measured on more glaciers
than is presently the case. Figure 1 is especially unfair to
present-day glaciologists, as for many decades winter
balance was not measured in the Alps but it has recently
become more common. In an ideal world, we would like to
know if a particular value of annual balance is achieved with
a low or high mass-balance amplitude. Previous work has
shown that mass-balance amplitude is relatively low for
glaciers in continental (dry, cold) environments and relatively
high for glaciers in maritime (wet, warm) environments
(Braithwaite and others, 2003: Braithwaite and Raper, 2007).
The latest data also confirm earlier findings (Braithwaite and
Zhang, 1999; Braithwaite, 2005) that interannual variability
of mass balance (e.g. as represented by the standard
deviation of mass-balance series) increases with mass-
balance amplitude.

All knownmass-balance values for 1946–2005 are plotted
in Figure 2. Following Braithwaite (2005), data for glaciers
on Arctic islands are separated out. The results in Figure 2
confirm earlier conclusions that glacier mass balance is
characterized by relatively large year-to-year variations.
Glaciers on Arctic islands have more muted variations than
do other glaciers, but both kinds of glacier show a recent
tendency towards more negative mass balances. This
supports the popular notion of increasing glacier melt.

The predominance of the Alps and Scandinavia in the
global mass-balance dataset continues, although data are
now emerging from Iceland and South America, which were
formerly not well covered. However, some measurement
series from the former Soviet Union have ceased because
scientists in the successor states are not well supported.
Remarkably, there are no data on calving glaciers, and the
data format in Fluctuations of glaciers is not even designed
to represent them.

Fig. 1. Location of glaciers with mass-balance data used in the present study. Separate measurements of winter and summer balances are
made on 199 glaciers (dots) while only annual balance is measured on other glaciers (open circles).
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GLOBAL AVERAGE MASS BALANCE
Global average mass balance represents the contribution of
glaciers to sea-level rise during the period of averaging. The
putative global average mass balance is multiplied by the
assumed total area of glaciers in the world (e.g.
0.68� 106 km2 according to Dyurgerov and Meier (1997)),
and then divided by the total ocean area of 362�106 km2.

A number of workers have calculated global averages of
mass-balance data (Dyurgerov and Meier, 1997, 2005;
Cogley and Adams, 1998; Dyurgerov, 2002; Ohmura,
2004; Cogley, 2005; Kaser and others, 2006). Some of the
methods are quite sophisticated but results are controversial
(Cogley and Adams, 1999; Oerlemans, 1999). We must be
careful about averages of data that are known to have
‘complex spatial and temporal patterns’ in the words of
Chappell and Agnew (2004). In particular, the observed
mass-balance data consist of only a few long series and
many short series. The data are also concentrated in a few
regions that are well covered (e.g. the Alps) and wide
regions with sparse data. This means that averages of mass
balance for different periods involve a shifting sample of
glaciers with different climatological characteristics.

The Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) (Solomon and others, 2007,
table 4.4) includes estimates of the mean mass balance of
glaciers in the world, excluding the Greenland and Antarctic
ice sheets, and their contributions to recent sea-level rise.

These are summarized in Table 1 for the case excluding
glaciers around the ice sheets. The IPCC estimates are based
on assessments by Ohmura (2004), Cogley (2005) and
Dyurgerov and Meier (2005), which all involve some kind of
weighted averaging of the available mass-balance data. The
estimates show a recent, i.e. post-1990, tendency towards
more negative mass balances compared with the whole
period. As a comparison with the IPCC data, the simple
averages of all available mass-balance data for the different
periods are listed in Table 1. The simple averages are all
within the 90% confidence intervals of the IPCC estimates,
suggesting that the latter are not much different from simple
averages, although Dyurgerov and Meier (2005) claim their
averaging method ‘may help to avoid one well-known
deficiency in simple averaging’. The 90% confidence
intervals are much smaller for the simple averages because
of the different sample space, i.e. thousands of individual
records rather than a few tens of individual glaciers.

The simple average of all available data refers to an
inhomogeneous dataset where the average for a few years
might be affected by data for a particular glacier which then
drops out again. A more mathematically correct approach is
to identify some long and continuous mass-balance series
measured in different regions so that the analysis is of a
complete matrix for different glaciers and different years.
The problem here is that there are few long series and they
do not cover the globe in any representative way. For
example, with 318 glaciers, for 60 years potentially we have
a matrix with 318� 60 ¼ 19080 elements but we have only
4367 individual measurements of annual balance in the
database, i.e. the matrix is only 23% complete. Only 108 of
these 318 glaciers have records up to and including the year
2005 and only 35 of these have �30 years of records and
only covering a few regions. Haeberli and others (WGMS,
1996) analysed data for 16 years (1980–95) from 11 regions.
It was obviously desirable to show complete series for as
many regions as possible but longer time coverage could
only have been achieved then for fewer regions. Braithwaite
(2002) analysed the 16� 11 matrix of WGMS (1996) with
two-way analysis of variance (ANOVA) and concluded: ‘We
therefore have a dataset with different means in different
regions and no signs of any common trend in time’. This
conclusion became notorious, as it was taken up in a
popular novel (Crichton, 2004, p. 423)

The WGMS (http://www.geo.unizh.ch/wgms/mbb/mbb9/
sum06.html) now identifies a dataset with 30 year series
from 30 glaciers arranged into nine regions. There is no
claim that this represents a global average, although casual
visitors to the website of the WGMS may get this impression.
The regions appear to be defined by the existence of the long

Fig. 2. Mass balance vs year for all available mass-balance data
from Arctic islands and other glaciers.

Table 1. Estimates of mean mass balance for all glaciers in the world, excluding Greenland and Antarctica. Units are mw.e. a–1 and
uncertainties are for the 90% confidence interval

IPCC* Simple average of all available mass-balance data

Period Mean 90% CI Mean 90% CI

1960/61–1989/90 –0.22 �0.09 –0.17 �0.02
1990/91–2003/04 –0.42 �0.12 –0.49 �0.04
1960/61–2003/04 –0.28 �0.10 –0.29 �0.02

*Solomon and others (2007, table 4.4).
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mass-balance series rather than by any strict geographical
criteria. In this dataset, 30 year average mass balance is only
slightly positive in one of the nine regions, i.e. for
Scandinavia as compared with Cascades, Svalbard, Andes,
Alaska, Alps, Altai, Caucasus and Tien Shan. The corres-
ponding 30 year time series is shown in Figure 3 where the
error bars represent the 95% confidence interval across the
30 glaciers.

The mean mass balance certainly shows a trend over the
30 years of records. For example, for two decades (1976–85
and 1986–95) the mean mass balance is only significantly
less than zero (at 5% level) in three of each ten years. This
supports the earlier conclusion of Braithwaite (2002) who
analysed data for 1980–95. By contrast, the mean mass
balance for 1996–2005 is significantly below zero in nine of
ten years. This dataset, limited as it is to a 30�30 matrix,
therefore shows a fairly small negative balance for two
decades followed by a decade of strongly negative mass
balance. This is consistent with the perception of recent
worldwide glacier retreat (Solomon and others, 2007), but it
does not prove it because we cannot claim that the 30
glaciers are truly representative of global glacier cover.

TOPOGRAPHIC AND CLIMATIC METADATA
The first two volumes of Fluctuations of glaciers (Kasser,
1967; PSFG, 1973) reproduced data in a variety of formats as
received from contributors. For the third volume (PSFG,
1977) I devised a uniform computer-compatible format that
is still used today. The need for what are now called
‘metadata’ was also recognized and contributors were
requested to provide ‘General information on the requested
glaciers’ which comprise the first set of tables in all volumes
of Fluctuations of glaciers since 1977. These data include
basic data on location, type of glacier, exposition, altitudes,
areas and lengths. The data should be regarded as par-
ameters in being somehow less variable than the mass-
balance data, and the idea was to provide the context within
which the mass balance varies from year to year.

The median glacier elevation, i.e. elevation dividing the
glacier into equal halves, has been included as topographic
metadata in Fluctuations of glaciers since PSFG (1977). Its
usability was more hypothetical than proven in the 1970s
(Braithwaite and Müller, 1980) but, with increasing data on
equilibrium-line altitude (ELA), it is obvious that there is a

high correlation between ELA and median glacier altitude
(see fig. 1 in Braithwaite and Raper, 2007). Glacier-climate
models (Raper and Braithwaite, 2006) can therefore be
applied to median glacier elevation as a proxy for ELA,
which is useful because median altitude is also a standard
parameter for the World Glacier Inventory (Müller and
others, 1977) and is available for tens of thousands of
glaciers. Some workers still fail to provide median glacier
elevation data, but it can be estimated from maximum and
minimum glacier altitudes that are also recommended
metadata for Fluctuations of glaciers.

I have now added climatic metadata to my mass-balance
dataset. This is part of a project to see whether mass-balance
data (presently for 318 glaciers) are broadly representative of
global glacier cover. Monthly values of mean temperature,
precipitation and annual temperature range are taken from
the gridded climatology for 1961–90 of New and others
(1999), and are assigned to the 0.58 latitude/longitude grid-
square in which glaciers are located. Data in the gridded
climatology refer to the mean altitude of topography in the
gridsquares which may be hundreds, or even thousands, of
metres lower than the corresponding glacier ELA (see fig. 2
in Braithwaite and Raper, 2007).

With the possible exception of the Alps, where there are
numerous high-altitude climate stations, data in the gridded
climatology are generally characteristic of low-level stations
that are extrapolated to mean altitude of topography. This
need be no great problem for temperature data that can be
extrapolated by relatively well-constrained lapse rates, but
one can hardly expect a priori the gridded precipitation
data, essentially representing valleys, to represent correctly
precipitation at glacier altitudes. From modelling (Braith-
waite and others, 2003), there is evidence that glacier
precipitation and related winter balance are generally
higher than the gridded precipitation. The correlation
between mass-balance amplitude and gridded precipitation
is not especially high for the present dataset. However, there
is a clear association between mass-balance amplitude and
annual precipitation when expressed in ordinal form
(Fig. 4). The precipitation classes are defined so as to
divide the data into five samples of equal size. The intervals
are: very dry 0.00–0.41; dry 0.41–0.71; medium 0.71–1.07;
wet 1.07–1.60; very wet >1.60 (all in units of mw.e. a–1).

Fig. 3. Mean and 95% confidence interval for mass-balance
variations of 30 glaciers with 30 years of records. Fig. 4. Observed mass-balance amplitude for 199 glaciers for five

different precipitation classes. Precipitation data from the gridded
climatology of New and others (1999).
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Mass-balance amplitude for ‘very dry’, ‘medium’ and ‘very
wet’ precipitation classes are significantly different from
each other at 5% probability level.

GLOBAL GLACIER COVER AND CLIMATE
It is interesting to compare the climatological setting of our
318 glaciers with the corresponding climatology of global
glacier cover. In principle, it is easy to associate climate data
from the gridded climatology of New and others (1999) with
gridsquares that contain glaciers just in the same way as for
the 318 glaciers. The difficulty is to establish where the
glaciers are in the world, because the World Glacier Inven-
tory (http://nsidc.org/data/glacier_inventory/index.html) has
only been finished for some parts of the world.

The best global information on glacier areas in gridded
form is derived from the GGHYDRO dataset of G. Cogley
(http://www.trentu.ca/academic/geography/glaciology/
glglgghy.htm). This uses a 18 latitude/longitude gridcell and
covers a total glacier area of 0.52�106 km2. For some parts
of the world, especially Eurasia, the World Glacier Inventory
is nearly complete and data for individual glaciers can be
aggregated into area totals for the same 18 gridcells as used
by GGHYDRO. The complete inventory for Chinese glaciers
was not available from the US National Snow and Ice Data
Center (NSIDC) website (http://nsidc.org/data/glacier_inven-
tory/index.html) when I prepared this paper, but Wu and Li
(2004) include a CD-Rom with the Chinese data. With this
addition, the World Glacier Inventory covers a total area of
0.23� 106 km2. There are further data on local glaciers
(0.06�106 km2) around the Greenland ice sheet, i.e.
excluding outlets from the inland ice, in a preliminary
glacier inventory (Weidick, 1985). In the new dataset for
global glacier cover, glacier areas from the World Glacier
Inventory or from Weidick (1985) are the preferred ones and
data from GGHYDRO are only used if nothing else is
available. This is sadly the case for North America (Canada
and USA) where glacier inventory work has been half-

hearted compared with that in Europe, the Soviet Union and
China. The total glacier area covered by the new database is
0.61� 106 km2 which is somewhat smaller than the
currently accepted figure of 0.68� 106 km2 for global
glacier (Dyurgerov and Meier, 2005), although this cannot
be perfectly accurate either.

The GGHYDRO gridded glacier dataset is not very accu-
rate where it can be compared with the glacier inventory for
individual gridcells. With this reservation, Figure 5 shows the
relation between annual temperature range and annual pre-
cipitation for the global glacier dataset. Each point represents
a 18 cell in the gridded climatology; the corresponding tem-
perature range on glaciers would be somewhat smaller
(Greuell and Böhm, 1998) while the corresponding precipi-
tation would be somewhat higher (Braithwaite and others,
2003). Both variables show strong trends with latitude, so
gridcells with high temperature range and low precipitation
tend to be at high latitudes (e.g. on Arctic islands).

The general pattern in Figure 5 is repeated in a corres-
ponding graph for the 318 glaciers with mass-balance data
(not shown). The clear relation between temperature range
and precipitation down to a range of about 10K reflects the
effect of latitude and maritime/continental contrast. High
range and low precipitation characterize a more continental
climate, while low range and high precipitation suggest a
more maritime climate. The relationship breaks down in the
tropics where annual temperature range is low irrespective
of high or low precipitation. The classification of gridcells as
‘tropical’ is mainly made where annual temperature range is
less than daily temperature range, as this is a climatological
definition of the ‘tropics’ (Ayode, 1983). All gridsquares
within the astronomical tropics pass this test, but a number
of South American gridcells show themselves as ‘tropical’
despite being south of the Tropic of Capricorn. Kaser and
Osmaston (2002) discuss this problem in more detail.

It is possible to compare precipitation and annual
temperature ranges in the three datasets considered here
(Fig. 6). Mean precipitation is relatively low in the global
glacier-cover dataset and much higher for the 318 glaciers
with measured mass balance. This shows that the mass-
balance measurements are biased towards wetter conditions

Fig. 5. Annual precipitation vs annual temperature range for 18
latitude/longitude gridcells with global glacier cover. Climate data
from the gridded climatology of New and others (1999).

Fig. 6. Comparison of mean precipitation and 95% confidence
interval for different datasets: (1) global glacier cover; (2) 318
glaciers with mass-balance records; and (3) 30 glaciers with long
mass-balance records. Precipitation data from the gridded climat-
ology of New and others (1999).

Braithwaite: Six decades of glacier mass-balance data 195

https://doi.org/10.3189/172756409787769573 Published online by Cambridge University Press

https://doi.org/10.3189/172756409787769573


than are typical for global glacier cover. This partly reflects
the fact that many glaciers are observed in connection with
planning and operating hydroelectric power where high
runoff is desirable, especially in Norway. In view of the
similarity of the simple average in Table 1 to the IPCC
(Solomon and others, 2007) estimates of global average
glacier mass balance we might conclude that the latter is
similarly biased to wetter conditions.

The 30 glaciers with long mass-balance records are even
more biased to wetter conditions. The mass-balance vari-
ations for these glaciers (Fig. 3) are therefore not represen-
tative of the global glacier cover. As we know that increased
precipitation favours increased mass-balance amplitude
(Fig. 4), we can infer that the 30 glaciers also have higher
mass-balance amplitude than the global glacier average. We
also know that higher mass-balance amplitude favours
higher mass-balance sensitivity to temperature and precipi-
tation changes (Braithwaite and others, 2003; Braithwaite
and Raper, 2007), so we can also infer that these 30 glaciers
must be showing larger mass-balance changes than the
global average. The same conclusion is reached by invoking
a relationship between mass-balance sensitivity and precipi-
tation (Oerlemans and Fortuin, 1992) or between mass-
balance sensitivity and annual temperature range (De Woul
and Hock, 2005).

Current estimates of the glacial contribution to sea-level
rise (Solomon and others, 2007, table 5.3) may therefore be
too large. There is already a discrepancy between observed
sea-level rise and estimated contributions from the different
sources, and the discrepancy will increase if the contribution
from glaciers is really overestimated.

CONCLUSIONS
Available mass-balance data (currently for 318 glaciers)
show that glacier melting has increased in recent years, but
the data are biased towards wetter conditions than the
average for global glacier cover. The 2007 IPCC estimate of
the glacier contribution to recent sea-level change may be
similarly overestimated. We urgently need to find better
ways of analysing sparse datasets with ‘complex spatial and
temporal patterns’ like the present mass-balance dataset.
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