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Historically unprecedented global glacier decline in the
early 21st century
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ABSTRACT. Observations show that glaciers around the world are in retreat and losing mass.
Internationally coordinated for over a century, glacier monitoring activities provide an unprecedented
dataset of glacier observations from ground, air and space. Glacier studies generally select specific parts
of these datasets to obtain optimal assessments of the mass-balance data relating to the impact that
glaciers exercise on global sea-level fluctuations or on regional runoff. In this study we provide an
overview and analysis of the main observational datasets compiled by the World Glacier Monitoring
Service (WGMS). The dataset on glacier front variations (~42 000 since 1600) delivers clear evidence
that centennial glacier retreat is a global phenomenon. Intermittent readvance periods at regional and
decadal scale are normally restricted to a subsample of glaciers and have not come close to achieving
the maximum positions of the Little Ice Age (or Holocene). Glaciological and geodetic observations
(~5200 since 1850) show that the rates of early 21st-century mass loss are without precedent on a
global scale, at least for the time period observed and probably also for recorded history, as indicated
also in reconstructions from written and illustrated documents. This strong imbalance implies that

glaciers in many regions will very likely suffer further ice loss, even if climate remains stable.
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1. INTRODUCTION

Glacier fluctuations, i.e. changes in length, area, volume and
mass, represent an integration of changes in the energy
balance and, as such, are well recognized as high-
confidence indicators of climate change (Bojinski and others,
2014). Past, current and future glacier changes impact global
sea level (e.g. Raper and Braithwaite, 2006, Meier and
others, 2007; Gardner and others, 2013; Radi¢ and others,
2014; Marzeion and others, 2014), the regional water cycle
(e.g. Fountain, 1996; Kaser and others, 2010; Weber and
others, 2010; Huss, 2011; Bliss and others, 2014) and local
hazard situations (e.g. Kddb and others, 2003; Bajracharya
and Mool, 2009; Haeberli and others, 2015). In the Fifth
Assessment Report of the Intergovernmental Panel on
Climate Change (Vaughan and others, 2013) glacier mass

*Complete affiliations of the WGMS National Correspondents are given in
the Appendix.

budgets for 2003—-09 were reconciled in order to obtain an
estimate of the glacier contribution to sea level. This was
achieved by combining traditional observations with satellite
altimetry and gravimetry as a way of filling regional gaps and
obtaining global coverage (Gardner and others, 2013).
However, the analysis was possible only during a short time
period; additional datasets are needed to detect climatic
trends and to compare current change rates with earlier ones.
In this study we present a joint analysis of data compiled by
the World Glacier Monitoring Service (WGMS, 2008a, and
references therein) and its National Correspondents in order
to provide the scientific community with an in-depth
summary of changes in glacier length, volume and mass.
For this purpose we apply the observational dataset in its full
richness for a comprehensive assessment of decadal glacier
changes at global and regional levels. Results from different
methods are not merged (as in Gardner and others, 2013),
rather they are treated separately in order to demonstrate and
discuss both the strengths and limitations of the respective
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Fig. 1. Number of glacier fluctuation records over time. (a) Temporal coverage of available mass-balance records is shown for the geodetic
method above, and for the glaciological method below, the time axis. The latest increase in data availability is indicated in pale blue and
corresponds to the additional data coverage at the time of publication of WGMS (2012) compared to WGMS (2008a,b, and earlier issues) in
dark blue. (b) The temporal coverage of available front variation records from observations (above) and reconstructions (below). Again, the
latest increase in compiled data is indicated in pale blue. In both plots, multi-annual observations are accounted for in each year of the
survey period. Source: glacier fluctuation data from WGMS (2012, and earlier issues).

datasets. We conclude with a brief outlook on future tasks for
the internationally coordinated glacier monitoring network
aimed at best serving the scientific community.

2. DATASETS AND METHODS

2.1. Background, data compilation and dissemination

Internationally coordinated glacier monitoring began in
1894 and the periodic publication of compiled information
on glacier fluctuations started 1 year later (Forel, 1895). In
the beginning, glacier monitoring focused mainly on glacier
fluctuations, particularly on the collection and publication
of front variation data (commonly referred to as length
changes), and after the late 1940s the focus was on glacier-
wide mass-balance measurements (Haeberli, 1998). Begin-
ning with the introduction of the ‘Fluctuations of Glaciers’
series in the late 1960s (PSFG, 1967; WGMS, 2012, and
volumes in between), standardized data on changes in
glacier length, area, volume and mass have been published
at pentadal intervals. Since the late 1980s, glacier fluctu-
ation data have been organized in a relational database and
made available in electronic form (Hoelzle and Trindler,
1998). In the 1990s, an international glacier monitoring
strategy was conceived to provide quantitative, comprehen-
sive and easily understandable information relating to
questions about process understanding, change detection,
model validation and environmental impacts with an
interdisciplinary knowledge transfer to the scientific com-
munity as well as to policymakers, the media and the public
(Haeberli, 1998; Haeberli and others, 2000). Based on this
strategy, the monitoring of glaciers has been internationally
coordinated within the framework of the Global Terrestrial

Network for Glaciers (http://www.gtn-g.org) under the
Global Climate Observing System in support of the United
Nations Framework Convention on Climate Change (Bo-
jinski and others, 2014).

For data compilation, the WGMS and its predecessor
organizations have been organizing periodical calls-for-data
through an international scientific collaboration network
with National Correspondents for, currently, 36 countries
and thousands of contributing observers around the world.
With the most recent data report (WGMS, 2012), the global
dataset was extended substantially by adding the latest
observations from the measurement period 2005-10 and by
supplementing earlier periods (WGMS 2008b, and earlier
issues) with additional records from the literature (Fig. 1).
The corresponding increase in mass-balance data from
glaciological and geodetic methods is shown in Figure 1a,
while the gain in front variation from observation and
reconstruction records is seen in Figure 1b. The full dataset
is available from the WGMS website and can be explored
using a map-based browser (http:/www.wgms.ch).

A look at the entire data samples in Figure 1 (joint area in
dark and pale blue) reveals that the glaciological sample has
been increasing whereas the geodetic and the two front
variation samples have been decreasing over the past 25
years. The increase found in the glaciological sample
reflects the successful efforts of the observers to continue
and extend their monitoring programmes as well as of the
WGMS to compile these results through its collaboration
network. The decline in the geodetic sample has to do with
the normal post-processing character of geodetic surveys.
Another reason is the stronger reluctance with regard to data
sharing; it appears that the cost to the relevant research
community in terms of the extra effort required to submit
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data (beyond a journal publication of the main results) is
considerable compared with the benefit gained from
increased visibility through data sharing. As a consequence,
the recent increase in the dataset (pale blue) mainly
derives from an extensive literature research. In the case of
the observational front variation sample, the decrease is
reported to be caused mainly by the abandonment of in situ
programmes without remote-sensing compensation.

2.2. Glaciological mass-balance data

The glaciological method (cf. Cogley and others, 2011),
based primarily on stake and pit measurements, provides
mass-budget estimates with pioneer point observation
extending back to the late 19th century (Mercanton, 1916;
Chen and Funk, 1990; Miiller and Kappenberger, 1991;
Vincent and others, 2004; Huss and Bauder, 2009). Since
the 1940s, accumulation and ablation of snow, firn and ice
have been measured in situ and integrated within glacier-
wide averages of mass changes in metres of water equiva-
lent (mw.e.). The method requires intensive fieldwork but
provides reference information on seasonal and annual
components of the surface balance, long-term interannual
variability, the equilibrium-line altitude (ELA) and accumu-
lation—area ratios (AAR) from a few hundred glaciers.
Furthermore, mass balance and AAR can be used to
calculate the committed loss in glacier area as (1-AAR)/
AAR,, where AAR, is the balanced-budget value of AAR
calculated from the linear regression against mass balance
(cf. Mernild and others, 2013). Mass-balance results are
reported, citing the dates when the survey period began and
when the winter season and the survey period ended.
Winter, summer and annual balances typically refer to the
sum of accumulation and ablation over the winter season,
the summer season and the hydrological year, respectively
(cf. Cogley and others, 2011).

The glaciological method provides quantitative results at
high temporal resolution, which are essential for under-
standing climate—glacier processes and for allowing the
spatial and temporal variability of the glacier mass balance
to be captured, even with only a small sample of obser-
vation points. It is recommended to periodically validate
and calibrate annual glaciological mass-balance series with
decadal geodetic balances in order to detect and remove
systematic biases.

For climate change assessments, ongoing mass-balance
series with >30 observation years are of special value and,
hence, labelled as ‘reference’ glaciers (Zemp and others,
2009). The glaciological dataset currently contains 37
glaciers that fulfil these criteria. A list of these ‘reference’
glaciers as well as related principal investigators and
sponsoring agencies is given in WGMS (2013).

2.3. Geodetic mass-balance data

The geodetic method (cf. Cogley and others, 2011) provides
overall glacier volume changes over a longer time period by
repeat mapping from ground, air- or spaceborne surveys and
subsequent differencing of glacier surface elevations. Geo-
detic surveys are currently available for ~450 glaciers. The
geodetic method includes all components of the surface,
internal and basal balances and can be used for a
comparison with the glaciological (surface-only) mass
budgets of the same glacier (Zemp and others, 2013) and
for extending the glaciological sample in space and time
(Cogley, 2009). For the conversion of geodetic results to
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glaciological mass-balance units (mw.e.), a glacier-wide
average density of 850+ 60kgm™ is commonly applied
(cf. Huss, 2013). The results of the glaciological and the
geodetic methods provide conventional balances which
incorporate climatic forcing and changes in glacier hyp-
sometry and represent the glacier contribution to runoff
(cf. Cogley and others, 2011).

Within the international glacier monitoring strategy, the
strength of the geodetic method is that it provides decadal
values that take the entire glacier into account, i.e. including
inaccessible regions. In combination with sound uncertainty
estimates, its results are, hence, essential for validating and
calibrating glaciological data series. Reanalysis of glacier
mass-balance series needs to be carried out over common
survey periods and after careful homogenization and
uncertainty assessment of both the glaciological and the
geodetic observations (cf. Zemp and others, 2013). Such
reanalysis exercises have been applied successfully at
several glaciers (e.g. Thibert and others 2008; Huss and
others, 2009; Zemp and others 2010; Fischer 2011; Prinz
and others 2011; Andreassen and others 2012), and need to
become a standard procedure for every monitoring pro-
gramme (Zemp and others, 2013). In addition, the geodetic
method can provide thickness and volume change informa-
tion for large glacier samples covering entire mountain
ranges (e.g. Paul and Haeberli, 2008).

2.4. Front variation data (length changes)

Direct observations of glacier front positions extend back
into the 19th century (WGMS, 2008a). This data sample has
been extended in space based on remotely sensed length
change observations (e.g. Cook and others, 2005; Gordon
and others, 2008; Citterio and others, 2009) and continued
back in time by front variations reconstructed from clearly
dated historical documents (Zemp and others, 2011, and
references therein). Overall, the database contains ~42 000
observations which allow the front variations of ~2000
glaciers to be illustrated and quantified back into the 19th
century. Additional reconstruction series from ~30 glaciers
in the European Alps, Scandinavia and the southern Andes
extend as far back as the Little Ice Age (LIA) period, i.e. to
the 16th century (Zemp and others, 2011).

Within the international monitoring strategy, glacier front
variation series are a key element for assessing the regional
representativeness of the few glaciological measurement
programmes both in space and in time. In addition, glacier
front variation observations in combination with numerical
modelling provide insight into climate-glacier processes and
glacier dynamics (e.g. Hoelzle and others, 2003; Oerlemans,
2005; Luthi and others, 2010; Leclercq and others, 2011).

2.5. Spatial and temporal regionalization

For regional analysis and comparison of the above data it is
convenient to group glaciers by proximity. We refer to the
19 glacier regions as defined by Radi¢ and Hock (2010) and
used in some other recent studies (e.g. Pfeffer and others,
2014). For global studies of mass balance, these glacier
regions seem to be appropriate because of their manageable
number and their geographical extent, which is close to the
spatial correlation distance of glacier mass-balance vari-
ability in most regions (several hundred kilometres; cf.
Letréguilly and Reynaud, 1990; Cogley and Adams, 1998).
Where necessary, these regions are divided into further sub-
regions. Per region, all data records are aggregated at the
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Fig. 2. Distribution of glacier area and fluctuation records in 19 regions. The pie charts show the regional glacier area (excluding the ice
sheets in Greenland and Antarctica) and the fraction covered by available observations. The dots show the location of continued (red) and
interrupted (black cross) series with respect to the latest data report covering the observation period 2005/06-2009/10. The 19 regions
moving from northwest to southeast are: 1. Alaska (ALA); 2. Western North America (WNA); 3. Arctic Canada North (ACN); 4. Arctic
Canada South (ACS); 5. Greenland (GRL); 6. Iceland (ISL); 7. Svalbard and Jan Mayen (SJM); 8. Scandinavia (SCA); 9. Russian Arctic (RUA);
10. Asia North (ASN); 11. Central Europe (CEU); 12. Caucasus and Middle East (CAU); 13. Asia Central (ASC); 14. Asia South East (ASE); 15.
Asia South West (ASW); 16. Low Latitudes (TRP); 17. Southern Andes (SAN); 18. New Zealand (NZL); 19. Antarctica and Sub Antarctic
Islands (ANT). Sources: regional glacier area totals from Arendt and others (2012), glacier fluctuation data from WGMS (2012, and earlier
issues), and country boundaries from Environmental Systems Research Institute (ESRI)’s Digital Chart of the World.

annual time resolution in order to give consideration to the
corresponding observational peculiarities, i.e. for multi-
annual survey periods, the annual change rate is calculated
and assigned to each year of the survey period. For
quantitative comparisons over time and between regions,
decadal arithmetic mean mass balances are calculated in
order to reduce the influence of meteorological extremes
and of density conversion issues (cf. Huss, 2013; Zemp and
others, 2013). Global values are calculated as arithmetic
means of the regional averages to avoid a bias in favour of
regions with large observation densities (e.g. in regions CEU,
SCA, SIM; cf. Table 2 and Fig. 2 for abbreviations). This
approach is suitable for assessing the temporal variability of
glacier mass balance. For calculations of glacier sea-level
contributions (cf. Section 4.4), regional averages of glacier
mass balance are weighted with the corresponding regional
glacier areas.

The full set of observational and reconstructed series was
used for the qualitative analysis of advancing and retreating
glacier fronts. For multi-annual records, annual change rates
are accounted for in every year of the observation period.
For the regional averaging, glaciers with extreme annual
advance and retreat values (i.e. values > three standard
deviations of the full sample) were omitted to reduce the
influence of calving and surging glaciers. This reduced the
full front variation sample from 2000 to 1900 glaciers (i.e.
—5%) and from 42 000 to 38 800 observations (i.e. —8%).
When conducting quantitative analysis of glacier front

variations, additional consideration must be given to
climate sensitivity and topographic effects on glacier
reaction and response times (J6hannesson and others,
1989; Oerlemans, 2001).

3. RESULTS

3.1. Global distribution of glacier fluctuation records

Approximately 47 000 observations from 2300 glaciers are
available worldwide, some of them going back as far as the
16th century (Table 1). Glacier front variation data make up
the largest proportion with respect to the number of glaciers
and observations, with 78% and 89%, respectively. This
dataset consists mainly of annual observations of frontal
position changes supplemented by some thousands of multi-
annual and decadal length change observations. These
direct observations go back as far as the 19th century.
Reconstructions based on historical documents, geo-
morphological evidence and archaeological findings allow
the temporal coverage of glaciers in the European Alps,
Scandinavia and the Southern Andes to be extended into the
LIA (e.g. Zumbiihl, 1980; Masiokas and others, 2009;
Nussbaumer and others, 2011; Purdie and others, 2014).
Glacier mass-balance time series are derived from both
glaciological and geodetic surveys. The glaciological dataset
provides glacier-wide results of 260 glaciers with >4150
annual observations over the past seven decades, often
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including seasonal balances, mass-balance distribution with
elevation, ELA, AAR and the corresponding point measure-
ments. Thickness and volume change data are available for
444 glaciers with 1100 observations. These geodetic data
come with decadal resolution and extend back into the mid-
19th century.

Quantitative information on glacier fluctuations is avail-
able from glaciers covering about one-quarter of the current
total glacier area (cf. Table 1 and Arendt and others, 2012).
Good regional coverage is found in Central Europe,
Scandinavia, Iceland, Western North America, New Zeal-
and and the Southern Andes where fluctuation observations
have been reported for glaciers covering about half or more
of the respective area. Comparatively limited information is
available from glaciers around the Greenland and Antarctic
ice sheets, Arctic Canada (apart from the large ice caps),
Asia and the Low Latitudes (Fig. 2). The amount of
information available is much smaller when analysing the
coverage from observations carried out in the 21st century
(cf. WGMS, 20083, table 4.1 and figs 4.6 and 4.7; Zemp and
others, 2009). A large number of observation series have
been discontinued, especially in North America and Asia.
The loss of in situ front variation programmes could be
compensated for to some extent by the use of remote-
sensing data (Hall and others, 2003; Machguth and Huss,
2014). However, corresponding studies over larger areas
have not yet been carried out or reported in a systematic
way. In Europe (i.e. CEU, ISL, SCA), glacier monitoring is
well established with long-term and ongoing observation
series well distributed over the glacier coverage. In spite of
the somewhat reduced coverage in the 21st century, the
situation in South America is also encouraging, where most
countries have set up glacier monitoring programmes that,
though relatively few in number, are ongoing in nature (cf.
Masiokas and others, 2009; Rabatel and others, 2013).

3.2. Changes in glacier mass and volume

The development in global glacier mass balance since the
mid-19th century is depicted in Figure 3 which shows the
annual average balances for the glaciological and the
geodetic datasets together with the corresponding sample
sizes. The difference in survey periods between the glacio-
logical and the geodetic data becomes manifest in the
variability of the two graphs: a smooth line with step
changes towards more negative balances for the geodetic
sample and a strong variability with a negative trend for the
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Fig. 3. Global average of observed mass balances from 1910 to
2010. (a) Annual averages of geodetic (grey) and glaciological
(black) balances (dense lines; left y-axis) are shown together with the
corresponding number of observed glaciers (dotted and dashed lines
for geodetic and glaciological samples, respectively; right y-axis).
(b) Cumulative annual averages relative to 1960. In both plots,
glaciological balances are given for the full sample (thick black
lines) and for the 37 ‘reference’ glaciers (with >30 ongoing
observations; thin black lines). The thickness of the (grey) line for
the geodetic balances corresponds to the uncertainty of the density
conversion (£60 kg m~). Source: WGMS (2012, and earlier issues).

glaciological observations. For the glaciological balance,
the global mean annual value of the early 21st-century
observations (2001-10) is the most negative of all decades,
with —0.54mw.e.a™'. The series shows strong annual
variability (standard deviation 1951-2010: 0.25 mw.e.a™ ),
with negative averages around -0.40mw.e.a”' in the
1940s—60s, somewhat reduced mass losses in the 1970s

Table 1. Information on glacier fluctuation datasets. The total number of observations is given together with the spatial and temporal
coverage of the four analysed datasets: front variations (FV) from direct observations (obs) and reconstructions (rec); mass balance (MB) from
glaciological (glac) and geodetic (geod) methods. For 590 glaciers with no area information available, the average glacier area of the
corresponding observation sample was used for estimating the total area covered

Dataset Number of glaciers Number of Total area covered Avg. glacier area Temporal coverage  Avg. period
observations of record
km? years AD years
FV.rec 36 1118 500 14 1535-2009 6
FV.obs 1960 40840 73800 38 1600-2010 3
MB.geod 444 1103 173000 390 1850-2010 22
MB.glac 260 4154 14900 57 1885-2010 1
Overall 2283 47215 189000 83 1535-2010 3

Source: WGMS (2012, and earlier issues).
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and 1980s of about -0.20mw.e.a™', followed by the recent
increase in mass loss with —0.47mw.e.a™' in the 1990s.
Note that the large annual variability around 1950 is due to
the very small sample size (i.e. n<5 and n <10 before 1955
and 1960, respectively). Due to the smaller sample size, the
‘reference’ glacier curve shows a slightly larger variability
but basically follows the development of the full glacio-
logical sample. The global decadal means from the geodetic
method show a steady increase in mass loss from the mid-
19th to the early 2Tst century, with only minor mass
changes during the 1960s and 1970s. The last decade
(2001-10) is clearly the most negative, with a mean annual
mass loss of —0.81 mw.e.a™'. Overall, the geodetic results
are more negative than the glaciological ones (cf. discussion
in Section 4.2). The annual variability (standard deviation
1951-2010: 0.12mw.e.a”') is much smaller than the
glaciological one, and the increase in the last two decades
comes with a stepwise drop in sample size.

Regional glacier mass balances derived from both the
glaciological and the geodetic methods, including corres-
ponding sample sizes, are shown in Figure 4, and decadal
results are summarized in Table 2. Analysing the available
observations in the 19 regions, the first decade of the 21st
century exhibits the most negative mass balances in the
majority of regions with available data, followed by the final
decade of the 20th century. For the glaciological sample, the
observation period 2001-10 is the most negative decade in
nine regions (ASC, ASN, CEU, GRL, ISL, SCA, WNA; in ACN
and SJM when ignoring the first decade with limited data
coverage), the second most negative after the 1990s in four
regions (ALA, ASW, CAU, SAN), and equally negative as the
two preceding periods in the Low Latitudes (TRP). Five
regions have no (ACS, ANT, ASE, RUA) or too-limited (NZL)
observations for such a comparison. A tendency towards
increasing mass loss over the past few decades is apparent in
most regions (CAN, ALA, ASN, CAU, CEU, GRL, ISL, WNA),
while in some there are negative mass loss rates but no clear
trend (ASC, SAN, SJM, TRP). A common feature of most
regions with long-term data coverage is the reduced mass
loss between the 1960s and the 1980s. This feature is even
more pronounced in Scandinavia where coastal glaciers
were able to gain mass from the 1970s to the 1990s while
the glaciers further inland continued to lose mass. In the
geodetic sample, the early 21st century is the most negative
decade in eight regions (ALA, ANT, ASE, ASW, CAU, CEU,
SAN, TRP) and second most negative in one region (WNA).
In Scandinavia and Svalbard as well as in Asia North, the
geodetic results show few variations but slightly higher mass
losses in the early to mid-20th century. The remaining
regions have only one dataset (GRL) or no data (ACN, ACS,
ASC, ISL, NZL, RUA) reported for the last decade.

In Figure 5, anomalies of glaciological annual and
seasonal balances are plotted to provide insight into the
components of the annual mass changes. In the majority of
regions, the annual balances are highly correlated with
summer balances (ALA, CAN, WNA, SIM, ISL, CEU, ASC,
CAU). In two regions (SAN, SCA), the correlation with
winter balances is even higher. An exception is Asia North,
where the correlations between annual and both seasonal
balances are low (maybe because the seasonal balances in
fact are net ablation and net accumulation; cf. Cogley and
others, 2011). Generally, glaciers with high mass turnover
(e.g. seen in ALA, WNA, SCA) also have a high sensitivity of
mass balance to temperature and precipitation changes
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compared to those with low mass turnover (e.g. seen in
ACN, ASC; Oerlemans and Fortuin, 1992). The trend
towards increased mass loss over the past few decades is
clearly driven by enhanced summer melt in Alaska, Arctic
Canada North, Central Europe, Iceland and Western North
America. Winter balances seem to be of secondary import-
ance and show no common trend; there are regions with no
trend (e.g. CEU, ACN) and regions with a tendency towards
increasing (e.g. ALA, WNA) or decreasing (e.g. ASC, CAU)
winter balances over the past few decades.

An especially interesting case is Scandinavia, where there
is a clear trend toward increased summer balance partly
compensated for by increased winter balance. This com-
pensation effect, however, only becomes visible at a sub-
regional scale: in southern Norway, the coastal glaciers
were able to gain mass and readvance, culminating during
the 1990s, whereas the more continental glaciers further
inland showed only minor mass gains and continued their
retreat (Andreassen and others, 2005). Similarly, a look at
sub-regional scales is required to explain the mass-balance
results in North America (ALA, WNA). First, the strong
continental influences across the Cordillera are obliterated
by a bias in the observational sample towards maritime
glaciers in the west of the Cordillera where mass turnover
can be very high. Secondly, there is a strong north—south
bifurcation of winter mass balances in relation to Pacific
Decadal Oscillations (cf. Demuth and others, 2008, and
references therein). Such a regime shift in 1976 has biased
the storm tracks northward, thereby increasing winter
balances in Alaska while starving the glaciers in the
Southern Cordillera (WNA). In Central Asia, the few
available seasonal balance series indicate a decrease in
both summer balance and winter balance which would
correspond to a reduced mass turnover. A more detailed
analysis, however, shows that this effect stems mainly from
the discontinuation of the former Soviet series in the 1990s
and the ensuing sample bias in favour of the continued
series of the Tien Shan (i.e. Uriimqi Glacier No. 1 in China
and Ts. Tuyuksuyskiy in Kazakhstan).

3.3. Changes in glacier length (front variation)

The global compilation of front variation data, as qualita-
tively summarized in Figure 6, shows that glacier retreat has
been dominant for the past two centuries, with LIA
maximum extents reached (in some regions several times)
between the mid-16th and the late 19th centuries. The
qualitative summary of cumulative mean annual front
variations (Fig. 6a) reveals a distinct trend toward global
centennial glacier retreat, with the early 21st century
marking the historical minimum extent in all regions (except
NZL and ANT, where few observations are available) at least
for the time period of documented front variations. For New
Zealand and the Antarctic, a larger variability stands out but
can be explained by the small quantitative front variation
sample which is limited to a few records. Intermittent
periods of glacier readvance, such as those in the Alps
around the 1920s and 1970s or in Scandinavia in the 1990s,
are hardly visible in Figure 6a because they do not even
come close to achieving LIA maximum extents. Figure 6b
provides a better overview of these readvance periods by
highlighting the years with a larger ratio of advancing
glaciers. In this figure, the ratio of advancing glaciers in the
sample is indicated qualitatively by colours ranging from
white for years with no reported advances to dark blue for
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Fig. 4. Mass-balance details for selected regions from 1930 to 2010. Annual averages of geodetic balances (grey) and of glaciological annual
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In addition, the number of observation series are given for geodetic (grey dotted) and glaciological annual (black dashed) balances (right
y-axis). The regions ACS, ANT, NZL and RUA are not shown because of limited data coverage. Data source: WGMS (2012, and earlier issues).

years with a large ratio of advancing glaciers. It becomes
evident that glacier readvance periods are found at the
regional and decadal scale but are restricted to a fraction of
the observed samples (90% of the years have values <36%).
In the European Alps, the annual ratio of advancing glaciers
ranged in the observed sample between 32% and 70% in
the 1965-85 period. In Scandinavia it ranged between 42%
and 66% in the 1990s. Due to different reaction and
response times, individual glaciers did not show the
readvance in the same years and some glaciers did not
readvance at all. Globally synchronous periods with a large

ratio of advancing glaciers are found before 1850 (~30% in
the 1830s and 1840s) and around 1975 (~37% in the
1970s). By contrast, the 1930s, 1940s and the beginning of
the 21st century stand out as the period with very low ratios
in all regions (with decadal averages of 10% or lower). The
observations from the Low Latitudes (TRP) show a con-
tinuous retreat since the late 17th century with no readvance
period in the (limited) sample until the early 20th century.
Periods with very small data samples tend to show extreme
ratios which are not plausible. As a consequence, years with
a small sample size (n < 6) are masked in dark grey.
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Fig. 5. Seasonal mass-balance anomalies for selected regions from 1950 to 2010. Annual averages of glaciological annual (black), winter
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Data source: WGMS (2012, and earlier issues).

4. DISCUSSION

4.1. Global centennial glacier retreat and mass loss

The retreat of glaciers from their LIA (and Holocene)
moraines and trimlines can be observed in the field as well
as on aerial and satellite images for tens of thousands of
glaciers around the world (e.g. Grove, 2004; Svoboda and
Paul, 2009; Davies and Glasser, 2012; Kargel and others,
2014). Large collections of historical and modern photo-
graphs (NSIDC, 2009, updated 2015) document this change
in a qualitative manner. The dataset presented here allows
these changes to be quantified at samples ranging from a
few hundred to a few thousand glaciers with observation
series. There is a global trend to centennial glacier retreat
from LIA maximum positions, with typical cumulative
values of several hundred to a few thousand metres. In

various mountain ranges, glaciers with decadal response
times have shown intermittent readvances which, however,
were short and thus much less extensive when compared to
the overall frontal retreat. The most recent readvance phases
were reported from Scandinavia and New Zealand in the
1990s (Andreassen and others, 2005; Chinn and others,
2005; Purdie and others, 2014) or from (mainly surge-type
glaciers in) the Karakoram at the beginning of the 21st
century (Hewitt, 2007; Rankl and others, 2014).

Early (geodetic) mass-balance measurements indicate
moderate decadal ice losses of a few dmw.e.a™' in the
second half of the 19th and at the beginning of the 20th
century, followed by increased ice losses around
0.4mw.e.a" in the 1940s and 1950s (Table 2). Larger data
samples (from both methods) with better global coverage
document adequately the period of moderate ice loss which
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Fig. 6. Global front variation observations from 1535 to 2010. (a) Qualitative summary of cumulative mean annual front variations. The
colours range from dark blue for maximum extents (+2.5 km) to dark red for minimum extents (-1.6 km) relative to the extent in 1950 as a
common reference (i.e. 0 km in white). (b) Qualitative summary of the ratio of advancing glaciers. The colours range from white for years
with no reported advances to dark blue for years with a large ratio of advancing glaciers (192 of 3138 records >50%). Periods with very
small data samples (n<6) are masked in dark grey. The figure is based on all available front variation observations and reconstructions,
excluding absolute annual front variations larger than 210ma™" to reduce effects of calving and surging glaciers. Source: WGMS (2012, and

earlier issues).

followed between the mid-1960s and mid-1980s, as well as
the subsequent acceleration in ice loss to >0.5mw.e.a™" in
the first decade of the 21st century. Looking at individual
fluctuation series, a high variability and sometimes opposite
behaviour of neighbouring glaciers are found which can be
explained by differences in glacier hypsometry and aspect
and thus accumulation conditions (Kuhn and others, 1985),
or debris cover (Nakawo and others, 2000; Scherler and
others, 2011), or differences in resulting response time
(J6hannesson and others, 1989; Pelto and Hedlund, 2001). In
some cases local differences are also due to ice dynamics
rather than climate forcing (e.g. for glaciers dominated by
calving (cf. Benn and others, 2007) or surging (cf. Lingle
and Fatland, 2003; Yde and Paasche, 2010; Nuth and
others, 2013) processes). The present observational dataset
thus confirms the findings from earlier scientific studies
(e.g. Dyurgerov and Meier, 2005; Kaser and others,
2006; WGMS, 2008a; Cogley, 2009; Zemp and others,
2009; Gardner and others, 2013). At the same time, the

observational evidence is in strong contrast to statements
repeatedly made in the grey literature claiming that
(1) glacier retreat or mass loss could not be substantively
evidenced globally (e.g. Crichton, 2004; Easterbrook and
others, 2013) or that (2) glaciers are globally not retreating
but advancing (e.g. Felix, 1999, 2014). In both cases,
conclusions are drawn from small and biased data samples,
ignoring the large amount of qualitative and quantitative
information available on glacier fluctuations from all
around the world.

4.2. Differences in glacier mass budgets between
samples and methods

At a global level, the mass budgets from the geodetic sample
tend to be more negative than the glaciological results
(Fig. 3). Several studies have already detected similar
differences and raised the question of whether this is
because of differences in observation methods (Lang and
Patzelt, 1971; Krimmel, 1999; Ostrem and Haakensen,
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1999; Cox and March, 2004) or a bias in the glacier sample
(e.g. Kaser and others, 2006). Earlier studies showed that the
glaciological dataset is subject to issues related to moving
sample size. However, the temporal variability and the
absolute cumulative values of the global glaciological
sample agree well with corresponding values of the subset
of ‘reference’ glaciers with >30 years of continued obser-
vation (cf. Zemp and others, 2009). Also, looking at
differences in observation methods in individual regions,
the overall trends from the glaciological and geodetic
methods agree well (ASC, ASE, ASN, ASW, ISL, SCA, SIM,
WNA). The larger biases seem to stem from differing glacier
samples at a regional level as discussed below.

In Alaska, the results from the large geodetic sample
follow the general trend of the glaciological sample but are
clearly more negative. Here the positive bias of the
glaciological method can be explained, at least partly, by
the inclusion of (several) retreating tidewater glaciers
contained in the geodetic record. The glaciological record
basically includes only (the advancing) Taku Glacier, also
found in the geodetic record. In the Caucasus and Middle
East region (CAU) the poor fit in the last two decades is
caused by the very small geodetic sample size, and an
unfortunate mixture of the moderately negative values from
the Caucasus glaciers with the strongly negative values from
Alamkouh Glacier, Iran. In the Southern Andes, the glacio-
logical curve is dominated by the very small glaciers
Echaurren Norte and Piloto Este in the central Andes, and
by Martial Este in Tierra del Fuego, whereas the geodetic
results reflect the changes in the huge Northern and
Southern Patagonia Icefields with their large outlet glaciers.
In other regions, the samples are simply too small for a
sound comparison (ACS, ANT, GRL, NZL, RUA).

Sometimes generic differences between the geodetic and
glaciological methods are used to explain the different
results. For example, the density conversion remains a
critical issue when converting volume changes into mass
changes (Huss, 2013). This conversion reduces the absolute
values of the geodetic method but, at least in the present
study, the reduction is too small to explain the differences.
This can be seen in Figures 3 and 4 where the thickness of the
(grey) line for the geodetic balances corresponds to
+60kgm™. Another generic difference is internal accumu-
lation which can be important for polythermal and cold
glaciers. Internal accumulation is usually not captured by the
glaciological method (Zemp and others 2013), i.e. one could
expect a negative bias of the glaciological results in such
regions (e.g. ACN, ASN, SJIM). However, this is only indi-
cated in four out of eleven decades in total, with common
data in these four regions. In summary, the differences
between geodetic and glaciological balances are due to
differences in the corresponding samples and, hence, not due
to generic differences between the two methods. These
findings are in line with studies by Cogley (2009) and Zemp
and others (2013) which analyse glaciological and geodetic
mass-balance results from common survey periods. After
considering measurement uncertainties, both studies find no
significant generic difference between the two methods.

4.3. Historically unprecedented early 21st-century
decline

When comparing decadal mean values of available mass-
balance data, it becomes evident that the first decade of the
21st century exhibits the most negative mass balances since
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the beginning of observational records (with glaciological
and geodetic balances of 0.5 and 0.8 mw.e.a™', respect-
ively), followed by the last decade of the 20th century (with
balances around —0.5 mw.e. a™'; cf. Table 2). This also holds
true for most of the regions with available data. The few
exceptions of regions with good data samples and without a
clear tendency to more negative balance in the past two
decades are Northern Asia, Scandinavia and Svalbard. In
these regions, the Arctic amplification (cf. Serreze and Barry,
2011) apparently has not affected the observed glaciers,
possibly due to their cold or polythermal regime (Dowdes-
well and others, 1997; Hagen and others, 2003). For
extending this picture globally and back in time, we can
include the length change dataset but have to consider that
the frontal variation of a glacier is an indirect, delayed and
filtered response to climatic changes of the past (J6hannes-
son and others, 1989). As a consequence, a direct and
quantitative comparison of length change rates is not
straightforward but requires analytical or numerical models
that consider climate sensitivity as well as reaction and
response times of each individual glacier. Such recon-
structed decadal change rates are available from studies by
Hoelzle and others (2003; between -0.1 and -0.3 mw.e. a~'
since the mid-19th century), Haeberli and Holzhauser
(2003; -0.4mw.e. a~' for the 20th century and between
+0.5 and -0.5mw.e. a~' for the past 2000 years) and
Leclercq and others (2011; 0.2 and -0.3mw.e.a™' for the
periods 1800-2005 and 1850-2005, respectively). They all
indicate that current mass loss rates are indeed without
precedent, at least for the observational time period and
probably also for recorded history (Haeberli and Holzhau-
ser, 2003; Holzhauser and others, 2005; Luckman, 2006;
Jomelli and others, 2011; Le Roy and others, 2015). Only
Marzeion and others (2012) report modelled mass loss rates
higher in the 1930s than in the early 21st century (especially
in the regions GRL, RUA, ACN and ACS). However, they
state that this result may be biased by marine-terminating
glaciers, as their model is not able to distinguish mass loss
from ice afloat or grounded/land-based.

4.4. Glaciological interpretation of glacier changes

The worldwide retreat of glaciers is probably the most prom-
inent icon of global climate change. The causality of global
warming and melting ice is obvious and well understood, at
least in principle, by the general public. In detail, the link
between regional climatic forcing and glacier front variation
is complicated by topographic factors (e.g. glacier hypsom-
etry, slope, aspect) and resulting reaction and response times
(cf. Jéhannesson and others, 1989), which can result in
completely different reactions of neighbouring glaciers
(Kuhn and others, 1985). In this regard it is noteworthy that
the global glacier sample shows a largely homogeneous
retreat both at the centennial timescale and also over the past
few decades. This homogeneous change in a sample cover-
ing a wide range of response times is also strong evidence
that these changes are not the results of random variability
but of globally consistent climatic forcing (cf. Reichert and
others, 2002; Roe, 2011). In more detail, a quantitative link of
glacier length changes to climatic conditions is possible
through glacier mass- and energy-balance modelling in
consideration of glacier dynamics (e.g. Oerlemans, 2001,
and references therein; Leclercq and Oerlemans, 2012).
The geodetic method allows glacier mass changes to be
documented at decadal timescales, while the glaciological
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observations of the corresponding period available for ACS, ASE
and RUA. Data source: WGMS (2012, and earlier issues).

method provides quantitative insights at annual and sea-
sonal resolution. The measurements indicate that centennial
glacier retreat, at least since the mid-20th century, has been
driven mainly by summer balance (in most regions domin-
ated by ablation processes), with winter balances (in most
regions dominated by accumulation processes) contributing
mostly to intermittent decadal periods of glacier mass gain
(Fig. 5) and readvances. The balanced mass budgets
exhibited in the 1970s were followed by accelerated mass
losses in many regions, becoming more homogeneous at the
global scale in the past few decades. During the first decade
of the 21st century, glaciers lost almost 0.7 mw.e.a™' of ice,
when averaging the results of glaciological and geodetic
observations. By simply weighting the regional averages
with corresponding regional glacier areas, this results in an
annual global contribution of almost 500 Gta™' to runoff, or
of 1.37mma™' to mean sea-level rise. Corresponding mean
annual values for the 1970s/80s/90s are 150/160/390 Gta™
or 0.42/0.43/1.08 mma', giving a cumulated contribution
of 33 mm to mean sea-level rise over the past four decades.
The latter values are slightly higher than earlier studies using
similar glaciological and geodetic datasets but different
ways of averaging (e.g. Kaser and others, 2006; Cogley,
2009). The corresponding annual contributions to sea-level
rise for the 6year period 2004-09 were 360 Gta™'
(260 Gta~" when excluding GRL and ANT) or 0.98 mm a .
This is 37% (23% when excluding GRL and ANT) higher than
estimates based mainly on satellite gravimetry and altimetry
by Gardner and others (2013). Hence, further research is
needed in order to assess the influence of different data
samples and observation techniques on regional and global
estimates of glacier mass budgets.
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The above estimates can be extended by the committed
mass loss due to strong imbalance, especially of large
glaciers, which are the primary contributors to sea-level
change. For this purpose, mass balance and AAR are used to
calculate the committed loss in glacier area as (1—AAR)/
AARg (cf. Mernild and others, 2013). Figure 7 provides an
estimate of the committed change in glacier area under a
constant climate (i.e. average conditions of period 2001-
10), based on the ratio between the decadal average AAR
and the balanced-budget AAR,. The available observations
indicate a further area loss between 25% and 65% in ten
regions. Accounting for regional and global undersampling
errors, Mernild and others (2013) estimated an additional
contribution to global mean sea-level rise of 0.16 +0.07 m
even without further global warming. This committed ice
loss will occur on decade-to-century timescales depending
on the glacier’s response time (J6hannesson and others,
1989). Remaining key challenges in these estimates are the
representativeness of available observation series for the
glaciers and regions where the large ice volumes are stored
(e.g. Zemp and others, 2009; Huss, 2012), as well as the
question of how much of the meltwater will reach the ocean
(e.g. Haeberli and Linsbauer, 2013; Loriaux and Casassa,
2013; Neckel and others, 2014).

Glacier mass balances stemming from both the glacio-
logical and geodetic methods provide conventional bal-
ances which incorporate both climatic forcing and changes
in glacier hypsometry and represent glacier contribution to
runoff. For climate-glacier investigations over longer time
periods, the reference-surface balance might be a more
relevant quantity (cf. Elsberg and others, 2001; Paul, 2010;
Huss and others, 2012). Attributing glacier mass budgets to
anthropogenic forcing requires the application of numerical
modelling. Recently, Marzeion and others (2014) showed
that glacier mass changes in the late 19th and the first half of
the 20th century can be explained satisfactorily by natural
variability, whereas the ice loss of the past few decades
requires that anthropogenic forcing be included.

4.5. The need for a comprehensive uncertainty
assessment

A basic requirement of any change study is the definition and
delineation of the glacier boundaries and an assessment of
uncertainties related to debris covers, dead ice bodies,
adjacent perennial snowfields and the bergschrund. In
addition, glaciological and geodetic balances are subject to
systematic and random errors as well as to generic
differences that need to be accounted for in a direct
comparison. For the glaciological method, the three main
error sources are the field measurements (at point locations),
the spatial extrapolation of these results to the entire glacier,
and the change in glacier hypsometry (Zemp and others,
2013). For the geodetic method, the various sources of
potential errors can be generally categorized into sighting
and plotting processes. They are usually assessed by means
of statistical approaches using the population of digital
elevation model (DEM) differences over non-glacier terrain
(Berthier and others, 2004; Rolstad and others, 2009; Nuth
and Kaab, 2011; Zemp and others, 2013). The correct
interpolation of data voids in the resulting difference grids
(Kadb, 2008) is still a matter to be dealt with, while issues of
co-registration (Nuth and Kaib, 2011) and cell size
differences (Paul, 2008) seem to be basically solved
(Gardelle and others, 2012a). In addition, generic differences
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and related uncertainties with respect to time systems,
density conversions, as well as internal and basal balances
need to be considered (Zemp and others, 2013).

In applications, the assessment of uncertainties is
challenged by the lack of observational error estimates
and by the small size of the glacier samples, which in
addition are subject to shifting population effects. Thus these
global and regional glacier change assessments have had to
rely so far on basic uncertainty assumptions and some
statistical considerations. As a consequence, the resulting
error bars or confidence envelopes are often unrealistically
small or large (cf. Cogley, 2009). In the first case, the small
error bars can be challenged easily by including or
excluding long-term data records (e.g. from tidewater
glaciers) contradicting the general trend. In the second case,
the error bars are set so conservatively that the annual or
pentadal averaged mass budgets become insignificantly
different from zero in spite of the observational fact that
glaciers are losing volume and retreating.

Future research is urgently required to address the
uncertainty assessment of glacier changes in a more
comprehensive way, making use of the recent progress in
understanding observational uncertainties (e.g. Zemp and
others, 2013, and references therein) and by improving
current approaches for the extrapolation from the obser-
vational sample to the total glacier coverage (e.g. Paul and
Haeberli, 2008; Cogley, 2009). To this end, the latest (almost)
globally available DEMs allow geodetic volume changes of
individual glaciers to be computed over entire mountain
ranges (e.g. Berthier and others, 2010, 2014; Gardelle and
others, 2012b; Fischer and others, 2014). Such studies allow
approaches to be developed and tested for extrapolating the
results from local observation series with high temporal
resolution to the entire glacier population in consideration of
the regional climate variability and the local glacier hyp-
sometry (e.g. Paul and Haeberli, 2008; Huss, 2012).

5. CONCLUSIONS AND OUTLOOK

More than a century of internationally coordinated glacier
monitoring efforts have resulted in a comprehensive
collection of data on worldwide glacier fluctuations. This
dataset is not perfect but nevertheless constitutes a unique
treasure for the scientific analysis of glacier changes. Direct
glaciological measurements are available only for a few
hundred glaciers but they provide rich insights into the
annual variability and seasonal components of glacier mass
changes. The volume changes from the geodetic method
come at lower temporal resolution but allow the glacio-
logical sample to be extended in both space and time. A
large number of datasets from recent studies using DEM
differencing is expected to be provided soon to the
database. Observations of front variations provide indirect
and more qualitative information on glacier changes. They
help to complete the global picture in regard to ongoing
trends and can be exploited in a quantitative way using
numerical modelling. With records dating back into the LIA,
they represent a key element for understanding the changes
that occurred in past centuries.

The globally observed mass loss rates of the early 21st
century that are revealed via the glaciological and geodetic
methods are unmatched in the time period of observational
records, or even of recorded history. The observed rate from
the glaciological mass balances is significantly more
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negative than the average for the second half of the 20th
century (-0.54mw.e. a~' vs —0.33mw.e. a"). The value
derived from the geodetic method is four, three and two
times larger than the averages of the periods 1851-1900,
1901-50 and 1951-2000, respectively. At a regional level,
the picture is more variable but clearly shows the excessive
mass loss observed in the two most recent decades from
1991 to 2010. The increased mass loss over the past few
decades is driven mainly by summer balances which are
dominated in most regions by ablation processes. Winter
balances seem to be of secondary importance and show no
common trend. As a consequence of both the extended
period of mass loss and the delayed dynamic reaction,
glaciers in many regions are in strong imbalance with
current climatic conditions and, hence, destined to further
substantial ice loss. The observed retreat of glacier tongues
from LIA moraines and trimlines together with the available
(partly annual) front variation measurements over the past
century provide clear evidence that the existing observation
network covers the global and regional range of changes
very well, at least in a qualitative way. However, a
quantitative assessment of glacier change rates and the
determination of related uncertainties require a better
understanding of the representativeness of the observational
network for the entire glacier cover in each region.

With a view to climate change scenarios for the end of this
century and corresponding studies related to the modelling
of future glacier changes (Church and others, 2013, and
references therein), we must anticipate further glacier loss far
beyond historical precedent. It is the duty of the internation-
ally coordinated glacier monitoring community to document
these changes. Related key tasks will be to: (1) continue and
extend the long-term glaciological measurement pro-
grammes, (2) provide the corresponding results at the
optimal level (e.g. including seasonal components, balance
distribution with elevation; cf. Braithwaite, 2009) for further
process understanding and model calibration, (3) intensify
the compilation of geodetic data in order to assess glacier
volume changes over entire mountain ranges, (4) extend the
dataset of glacier front variations from observations and
reconstructions both in space and back in time making use of
existing remote-sensing data, (5) better understand and
openly discuss the uncertainties of in situ, air- and space-
borne methods as well as their representativeness for an
individual glacier and the entire glacier coverage, and last
but not least (6) make all data freely available through the
designated world data centers and services.
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