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Abstract

Glacier fluctuations contribute to variations in sea level and historical glacier length
fluctuations are natural indicators of climate change. To study these subjects, long-
term information of glacier change is needed. In this paper we present a data set
of global long-term glacier length fluctuations. The data set is a compilation of avail-5

able information on changes in glacier length world-wide, including both measured and
reconstructed glacier length fluctuations. All 471 length series start before 1950 and
cover at least four decades. The longest record starts in 1534, but the majority of time
series start after 1850. The number of available records decreases again after 1962.
The data set has global coverage including records from all continents. However, the10

Canadian Arctic is not represented in the data set. The glacier length series show rela-
tively small fluctuations until the mid-19th century followed by a global retreat that was
strongest in the first half of the 20th century, although large variability in the length
change of the different glaciers is observed. During the 20th century, calving glaciers
retreated more than land terminating glaciers, but their relative length change was15

approximately equal. Besides calving, the glacier slope is the most important glacier
property determining length change: steep glaciers have retreated less than glaciers
with a gentle slope.

1 Introduction

Glaciers are one of the main contributors to sea-level change during the last century20

(Gregory et al., 2013). Moreover, glaciers respond to changes in climate, translating the
climatic signal into clearly observable changes in the landscape. Quantitative informa-
tion on glacier fluctuations over previous centuries therefore provide long-term context
for recently observed climatic changes of the last several decades, and can be used to
estimate the glacier contribution to sea-level rise (e.g. Oerlemans, 2005; Leclercq and25

Oerlemans, 2012; Lüthi et al., 2010; Glasser et al., 2011; Leclercq et al., 2011).
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Of the glacier properties that can be measured to quantify glacier fluctuations (i.e.
mass balance, volume, area, and length), information of glacier length fluctuations is
the most abundant if we go further back in time (Cogley, 2009a; Oerlemans, 2005;
WGMS, 2012; and earlier volumes). Measurement programs were started as early
as the 19th century (e.g. Forel and Pasquier, 1896), and for many glaciers around5

the world the length changes prior to the start of measurements can be derived from
historical, geological, and biological evidence.

The combination of the different types of information on glacier length fluctuations
across the globe has a large potential for the reconstruction of a world-wide picture
of past glacier changes. It is challenging to combine all the different sources of in-10

formation in one coherent data set. In this paper we describe a data set of glacier
length fluctuations that has been constructed over the course of several years (Klok
and Oerlemans, 2004; Oerlemans, 2005) and that contains the world-wide informa-
tion of changes in glacier length in a uniform format. Using the presented data set, we
analyze the observed global glacier length changes including a regional differentiation,15

and we analyze how length changes are related to the glacier geometry and the climate
setting of glaciers.

2 Data set description

2.1 Glacier length data

At present, the data set includes the length record of 471 glaciers (see Supplement for20

details and Fig. 1 for examples). In this article the term glaciers includes all perennial
surface land ice masses (varying from small cirque glaciers, valley glaciers, to the
outlets of large ice caps and ice fields), except for the ice sheets of Greenland and
Antarctica. Also included are glaciers on Greenland and Antarctica, that are not part
of, or attached to, the main ice sheets. Because the main goal of the data set is the25

study of glacier fluctuations on centennial time-scales, we have only included length
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records that start before 1950 and extend over several decades. The shortest time
series in the data set covers 40 yr, the longest 450 yr. The variations of glaciers known
to be surging are excluded, as these length changes are not climate driven and not
representative for a larger sample of glaciers (Kamb et al., 1985; Yde and Knudsen,
2005). To a lesser extent, this is also the case for calving glaciers. In particular for5

large tidewater glaciers, the glacier bed topography can be of large influence in the
glacier response to climate (e.g. Nick, 2006; Vieli and Nick, 2011). The original goal of
the data set was the reconstruction of climate (Klok and Oerlemans, 2004; Oerlemans,
2005), hence only a few calving glaciers were included. However, the recorded changes
in glacier length can be used to reconstruct the glacier contribution to sea-level rise10

(Oerlemans et al., 2007; Leclercq et al., 2011). The retreat of calving glaciers forms
a substantial part of the glacier contribution (Cogley, 2009a) and therefore, the length
records of 85 tidewater glaciers and 19 glaciers calving in fresh water (mostly outlets
of the Patagonian Icefields) are included.

The backbone of this data set are the measurements of frontal positions published15

by the World Glacier Monitoring Service in the Fluctuations of Glaciers (www.wgms.ch)
(WGMS, 2012; and earlier volumes, and references therein). The WGMS has a scien-
tific collaboration network consisting of more than 30 national correspondents, who
report the glacier observations in their country. These observations vary from annual
to decadal front position changes. The measurement methods can be field measure-20

ments, often done by volunteers, as well as observations based on remote sensing.
Unfortunately, not all available information is included in the WGMS data base. Some

observations were simply not reported and until recently, the WGMS collected only di-
rect observations of frontal positions. Our knowledge of glacier fluctuations before the
measurement programs started, i.e. before 1850 at best, consists solely of reconstruc-25

tions from historical and geomorphological evidence. Recently, the WGMS started to
include reconstructed front variations, and published 26 detailed records in Europe and
South America (Zemp et al., 2011) as a first step toward standardizing reconstructed
fluctuations of glaciers. However, there exists far more information on glacier fluctua-
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tions, and therefore we have extended the WGMS Fluctuations of Glaciers data set
with relevant (quantitative) information of changes in glacier length. The additional in-
formation we used is based on numerous scientific articles and is complemented by
annual reports, expedition reports, websites of glacier monitoring programs, and per-
sonal communication (see Supplement Table S2 for references to the sources used).5

Historical sources in reconstruction include pictures (i.e. paintings, sketches, early
photographs) as well as written documents, such as those about the advances over
farmland of Glacier des Bossons and Nigardsbreen (Bogen et al., 1989; Nussbaumer
and Zumbühl, 2012). For the European glaciers there is a wealth of documents, result-
ing in long and detailed glacier length records (e.g. Zumbühl, 1980; Nussbaumer et al.,10

2007, 2011). Historical information is less abundant in other regions of the world, but
for example early military maps and accounts from pioneers form a valuable addition to
other sources (e.g. Panov, 1993; Araneda et al., 2009). The accuracy of the interpreta-
tion of these historical sources depends on the accuracy of descriptions and drawings.
It also depends on the landscape around the glacier terminus. Some distinct features in15

the landscape are needed to connect the historical position to the present-day geom-
etry. We found a typical uncertainty range of 100–200 m for changes in glacier length
from historical sources.

Geomorphic evidence from glacial erosion provides important information about past
glacier extents. The most frequently used geomorphological features are the lateral and20

terminal moraines, which are often preserved and indicate a former maximum glacier
extent (e.g. Zumbühl and Holzhauser, 1988; Evison et al., 1996; Sawaguchi et al.,
1999; Beedle et al., 2009). These moraines can be dated, which is mostly done with
dendrochronology or lichenometry. In general, the uncertainty in glacier length recon-
structions based on geomorphological evidence is due to the inaccuracy in the dating25

rather than uncertainty in the position. When using dendrochronology, the age of trees
growing on moraines is measured from the tree rings. For living trees the age is simply
measured by counting the tree rings. In the case of fossil wood the ring profile can be
matched to a regional tree-ring chronology. The estimated tree age gives the minimal
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age of the moraine, to which an estimate of the time needed for a tree to start growing
has to be added to obtain the actual age of the moraine. This so-called ecesis time,
missing tree rings, and the error when the sampled tree is not the oldest, are the main
sources of uncertainty of the dendrochronological dating, which is typically in the range
of 20–40 yr (e.g. Villalba et al., 1990; Luckman, 2000; Koch and Kilian, 2005). In addi-5

tion to the dating of moraines, occasionaly trees are found that have been overridden or
damaged during a glacier advance (Wiles and Calkin, 1994; Nesje et al., 2008). In the
case of lichenometry the age of a moraine is estimated from the size of lichens growing
on the boulders on the moraine, in combination with a typical growth rate (e.g. Evison
et al., 1996; Rabatel et al., 2005; Solomina et al., 2010). This dating is in general less10

accurate than dendrochronology, with an uncertainty of 25–60 yr. Occasionally, other
geological evidence, in combination with other dating methods, is used, e.g. the influ-
ence of glacial run-off on peat in the glacier forefield with a chronology based on carbon
dating (Espizúa and Pitte, 2009).

We have assigned the method of data acquisition to each data point of the glacier15

length fluctuations. Because of the large variety in methods, we use five categories: (1)
direct measurements, (2) historical sources, (3) dendrochronological dating, (4) other
dating methods, (5) method unknown. Category 1 (direct measurements of the glacier
terminus position) includes field measurements, with or without GPS, (aerial) photog-
raphy designed for the purpose, and satellite observations. These measurements have20

a typical spatial uncertainty of less than 50 m and a time accuracy within one year
(Hall et al., 2003). Category 2 (historical sources) contains all data points derived from
historical documents such as sketched maps from pioneers, pictures, paintings, and
written descriptions. The uncertainty is between 100 and 200 m, which in general in-
creases further back in time. Dating is considered accurate to within one year. Glacier25

positions derived from geomorphological evidence, dated with dendrochronology are
put in the third category. The positions are mostly accurately measured (uncertainty
of 50 m), but the main uncertainty stems from the dating with an uncertainty of 20–
40 yr. The fourth category includes geomorphological and other geological evidence
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dated from other, less accurate, methods, e.g. lichenometry and radiocarbon dating.
The uncertainty of the dating strongly varies with the method used, but is in the order
of 50 yr. A fifth category contains all data points for which the method of measurement
is unknown, and therefore the accuracy is also unknown.

2.2 Additional glacier information5

As can be seen in the examples of the glacier length records in Fig. 1, there are few
records with annual observations from the first to the last data point. In order to get
annual values for the entire period covered by the record, which are needed for sev-
eral applications of the data set (e.g. climate reconstruction), gaps in the records are
interpolated using Stineman interpolation (Stineman, 1980; Johannesson et al., 2009,10

see Fig. 1 for examples of interpolated records). In this method, interpolated values
are calculated from the values of the data points and the slopes of the record at the
data points. The interpolated curve passes through the data points with a slope that is
calculated from the circle passing through the point itself and the point before and after
it. The Stineman interpolation works well for series with uneven spacing between data15

points, as is the case with the glacier length records. Moreover, it has the advantage
that it produces no spurious minima or maxima.

Besides the length fluctuations, the data set includes additional information about
the glaciers: the glacier name; the maximum, minimum and, if available, the median
elevations; the length of the main flowline in the reference year 1950; the glacier area;20

the glacier location in latitude-longitude; and the average annual precipitation on the
glacier.

The data on the glacier geometry and location are in general available from either
the same source as the length changes, or from the WGMS and the World Glacier
Inventory (National Snow and Ice Data Center, 1999). The latitude and longitude are25

given in degrees with a precision of two decimals, although the accuracy does vary. The
geometry of a glacier changes over time and measurements are made in different years
for different glaciers. For the glacier length this is taken into account by calculating the
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glacier length in 1950 (L1950) from the measured glacier length and the length change
between 1950 and the year of measurement. If the record has no data point in 1950,
the length in 1950 is calculated from the interpolated length record. The glacier area is
not adjusted.

We have included the annual precipitation to be able to take the climatic setting of5

the glacier into account. We use the climatological annual precipitation at the mean al-
titude of the glacier. When in situ measurements are lacking, values are estimated from
climatologies (e.g. Zuo and Oerlemans, 1997, ERA reanalysis), regional climate mod-
els (e.g. Ettema et al., 2009), or nearby weather stations. The majority of the weather
stations are situated at lower elevations than the elevation of the glacier. In these cases10

an estimate of the surplus precipitation at the glacier altitude, often based on expert
judgement by the glaciological investigators of the particular glacier, is added to the
measurements.

2.3 Spatial and temporal coverage

Figure 2 shows the global distribution of the 471 glacier length records. The glaciers in-15

cluded are found on all continents and virtually all latitude zones. The glaciers are, not
surprisingly, strongly clustered in the major mountainous regions and we have divided
them into 19 regions (Fig. 2). By combining some of these regions, the divisions match
with the first-order regions of the Randolph Glacier Inventory (RGI, Arendt et al., 2012).
We have no information of glacier length changes in the Canadian Arctic. Therefore,20

we exclude regions 3 and 4 of the RGI. Additionally, following Gardner et al. (2013),
we combine RGI regions 13–15 into one region, High Mountain Asia (HMA), resulting
in 15 regions in total for this study. The data set covers many of the glacierized regions
on earth, but there are relatively few records from regions with a large glacier coverage
(Alaska, islands of the Arctic Ocean, Antarctic periphery). In contrast, a wealth of infor-25

mation exists in southern Europe (Pyrenees, the Alps, Caucasus). This point is further
illustrated in Fig. 3, where we have compared the regional distribution of the records
with the distribution of the area covered by glaciers (the glacier area is taken from the
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RGI). European glaciers (in Scandinavia, Alps, and Caucasus) are well represented in
the data set, although these regions contain only a small fraction of the global glacier
area. Also the low latitudes, West Canada and US, and the southern Andes are over-
represented in terms of their relative glacier-covered area. Due to the lack of glacier
length records in the Canadian Arctic, a substantial part of the glacierized area on the5

globe is not represented by the length change data set.
As shown by the examples (Fig. 1), there is a large variety in the duration of the

different time series. Consequently, the number of available records changes strongly
over time, as shown in Fig. 4. For the majority of the glaciers in the data set, the
first available information is in the 19th century. This leads to a marked increase in10

the number of available records from 96 in 1850 to 288 in 1900. Going further back
in time, the number of records decreases to 30 in 1700, and there are none earlier
than 1534. The sharp increases in the early 1930s and mid-1940s result from the first
aerial photography of Greenland (Bjørk et al., 2012), the Patagonian Ice Fields (López
et al., 2010), and the Antarctic Peninsula (Cook et al., 2005). After 1962 the number15

of available records decreases again to 385 in 2000 and 309 in 2005. In a few cases,
a time series ends because of the disappearance of the glacier, but in most cases
more recent data are not available because measurements have not been continued
or reported. In 1990, many of the observations in the former Soviet Union cease, which
leads to a notable drop in the number of available records.20

Figure 4 also shows that prior to 1750 the Southern Hemisphere (SH) is equally
well represented in the data set as the Northern Hemisphere (NH), although the total
number of records in the data set on the NH is much larger. During the 20th century,
there is a reasonable number of records in the Arctic (≥60◦ N). Prior to the mid-19th
century however, information is limited, especially considering the large ice-covered25

area located at these high latitudes. Despite the small glacierized area in the Tropics,
a substantial amount of information of tropical glacier fluctuations is available. Some
information results from the reports of early explorers, whilst other data points originate
from the dating of numerous terminal moraines (Rabatel et al., 2008).
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Further back in time, not only the number of records decreases, but also the fre-
quency of data points of the remaining records becomes lower, as can be seen from
the examples in Fig. 1. Several length records in regions like Iceland, Norway, the Alps,
and New Zealand have annual observations in the 20th century. Before 1880 however,
no record has annual data, and length changes are mostly based on reconstructions5

rather than measurements. This leads to a lower frequency of data points: whereas be-
fore 1800 the number of available glacier length data points in one year never exceeds
6, this number rapidly increases around 1900, peaking at 204 in 1981 (Fig. 5). It also
means that in the period before 1900 both the temporal resolution as well as the spatial
accuracy of the data points are lower than in the 20th century.10

In Fig. 6 the distribution of the glacier length (L1950) over the glaciers in the data
set is shown. Most of the glaciers are relatively small (41 % of the glaciers are shorter
than 5 km), but the data set also contains several large glaciers: 11 % of the glaciers
are longer than 20 km. Compared to the length distribution of glaciers in the extended
format of the World Glacier Inventory (WGI-XF) (Cogley, 2009b), our glacier length15

data set has a bias toward larger (i.e. longer) glaciers, indicating that observations and
reconstructions of glacier length are biased to large glaciers. Of the glaciers in the
WGI-XF, 95 % are shorter than 5 km and only 0.36 % is larger than 20 km. The WGI-XF
contains the glacier length of more than 70 000 glaciers and it is at present the most
complete glacier inventory for this kind of information. This bias to large glaciers in our20

data set is comparable with the available glacier mass balance measurements (Cogley
and Adams, 1998). It also explains why the glaciers in the data set cover 3 % of the
global glacier area (Table 1), while the number of glaciers in the data set is only 0.2 %
of the estimated number of glaciers world-wide.

2.4 Regional differentiation25

There are large regional differences in the source of the length change data as well as
the number of glacier length records, which vary in time (Fig. 7). Here, we briefly dis-
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cuss the most important regional characteristics of the available information of glacier
length fluctuations.

There are no records with annual data in Alaska. The data set includes records
from the Arctic Brooks Ranges, as well as from glaciers along the maritime southern
coast, including two tidewater glaciers and four lake-calving glaciers. The records are5

mainly based on geomorphological reconstructions extended with some data points
from maps, aerial photography and satellite images since the mid-20th century (e.g.
Wiles et al., 1999; Evison et al., 1996). Therefore, the average number of data points
per record is relatively low, despite the fact that some of the records are considerably
long (Table 1).10

There is a substantial amount of information from the Rocky and Coastal Mountains
in West Canada and the US. There are quite a few ongoing measurement programs
and recent updates (e.g. Koutnik, 2009; Koch et al., 2009), but not all records in this
region are up to date. Half of the records end between 1965 and 1985.

The majority of the records in Greenland come from southeast Greenland, where15

Bjørk et al. (2012) mapped length changes since the 1930s from aerial photography
and satellite observations. Longer time series exist in south and west Greenland, where
historical information from the 19th century is available (Weidick, 1968; Yde and Knud-
sen, 2007). Eighteen glacier reconstructions from Weidick (1968) have been extended
with Landsat images (Leclercq et al., 2012a). In Svalbard, less historical information20

is available. The longest record on Svalbard starts in 1861. Most of the records start
around 1900, during the culmination of the Little Ice Age in this region (e.g. Rachlewicz
et al., 2007). For Novaya Zemlya the earliest information also originates from the late
19th century or early 20th century. Based on expedition reports, a map and satellite
images, Zeeberg and Forman (2001) have reconstructed the length changes of 1325

tidewater glaciers in north Novaya Zemlya for the period 1871/1913–1993. We have
extended these time series of glacier length changes up to 2006–2011 (see Supple-
ment for more details).
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Annual measurements throughout the 20th century exist in Iceland, the Alps, Scan-
dinavia, and New Zealand (WGMS, 2012; and earlier volumes; Sigurdsson, 1998; An-
dreassen et al., 2005). These regions have frequent observations characterized by the
high average number of data points per record (Table 1). Some of the monitored Ice-
landic glaciers show surging behaviour and are therefore not included. For the Alps5

and Scandinavia there are also records with a high resolution prior to the 20th century,
owing to the large amount of available historical information in these regions (e.g. Zum-
bühl, 1980; Zumbühl and Holzhauser, 1988; Nussbaumer et al., 2007, 2011). Central
Europe has by far the most length records, but prior to 1800 the number of available
records is comparable to the regions Southern Andes and low latitudes.10

The Caucasus has records that are fairly detailed with regular measurements since
the Geophysical Year 1957 and additions from dated moraines (e.g. Bushueva and
Solomina, 2012) and historical sources, such as the military maps from the 19th cen-
tury (Panov, 1993). The region includes one record from Turkey (Sarikaya et al., 2009).
In HMA the number of records is limited considering the large glacierization of the Hi-15

malayas, Tien Shan, Pamirs, and other mountain ranges. Also time covered period is
limited in this region. Most of the records start after 1850 and the longest record does
not start until 1780. North Asia has smallest percentage of regional glacier area in the
data set (Table 1). As the number of length records is rather high with respect to the to-
tal glacierized area in the region (Fig. 3), it implies the glaciers in the data set are rather20

small. Like in HMA, most length series in North Asia start relatively late, but there is
one long (396 yr) and relatively detailed record in Kamchatka (Sawaguchi et al., 1999).

In the tropical part of the Andes, several very long glacier length records, starting in
the middle of the 17th century, are available from the lichenometric dating of moraines
(Rabatel et al., 2005, 2006). In the other tropical regions the information on length25

changes does not extend this far back in time. The records in Africa all start around the
beginning of the 20th century (Hastenrath, 1983; Taylor et al., 2006). The two records
in Indonesia both start in 1825 when they where described in an expedition report
(Williams Jr. and Ferrigno, 1989).
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Reconstructions of glacier length fluctuations have led to several long records in
the southern Andes (e.g. Villalba et al., 1990; Koch and Kilian, 2005; Araneda et al.,
2007; Masiokas et al., 2009). This region has the largest number of available records
around 1700, although the reconstructions are generally not very detailed. The num-
ber of records in the southern Andes more than doubles in 1945. In this year, aerial5

photographs of the Patagonian Icefields were made (López et al., 2010) and a large
number of outlet glaciers were mapped and included in the data set. The majority of
these outlet glaciers are marine-terminating, which leads a substantial fraction of tide-
water area and a large number of calving glaciers in this region.

The Antarctic region contains length records from glaciers on the subantarctic island10

of South Georgia and the peripheral glaciers of the Antarctic Peninsula. The time series
of the glaciers on the peninsula are based on remote sensing (Cook et al., 2005) and
are therefore short: they start in 1944 at best and most end in 2000 or 2001. The
longer records of the Antarctic region are of glaciers on South Georgia (Gordon et al.,
2008). In the Antarctic region the fraction of tidewater glacier area is large. All included15

glaciers of the Antarctic Peninsula are tidewater glaciers, but some glaciers on South
Georgia terminate on land.

3 Glacier length fluctuations

3.1 Global and regional length change

Figure 8 shows the average rate of length change of all glaciers in the data set for six20

40 yr periods between 1760–2000. In the periods 1760–1800 and 1801–1840, moder-
ate retreats and advances occur to almost the same scale. Since the middle of the 19th
century, the number of advancing glaciers is much smaller than the number of retreat-
ing glaciers, as indicated by the moderately to strongly negative median glacier length
change, which indicates a global retreat of glaciers. Despite increasing global temper-25

atures in the 20th century, this retreat is strongest in the period 1921–1960 rather than
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in the last period 1961–2000, with a median retreat rate of 12.5 myr−1 in 1921–1960
and 7.4 m yr−1 in the period 1961–2000.

The regional averages of the change in glacier length are shown in Fig. 9a. For all
regional averages, step changes in the regional average are frequent prior to 1900.
These step changes occur when additional records are added. Large jumps indicate5

that the mean of the glaciers is not representative for the glacier retreat in the region.
After 1900 the samples are larger, making them more representative for the total of
glaciers in the region. The regional averages display a very coherent pattern confirming
the global picture of small length changes until the mid-19th century and, since then,
retreat of glaciers continuing up to present day.10

We have calculated the uncertainty in the regional averaged length change from
ensembles in which each ensemble member is the regional average of randomly per-
turbed glacier length records. The perturbed records are obtained by random spatial
and temporal perturbations of the data points within their range of temporal and spatial
uncertainty, and, in addition, by adding autoregressive noise to interpolated gaps in the15

records (see Leclercq and Oerlemans, 2012, for details). Each regional ensemble con-
tains 100 members and the standard deviation of the ensemble, smoothed with a filter
width of 21 yr, is taken as the uncertainty of the regional average (Fig. 9b).

Typically, the uncertainty in the regional averages is less than 100 m in the 20th
century and between 100 and 200 m before 1900. Notable exceptions occur for regional20

averages with large step changes, such as Alaska around 1860, Scandinavia around
1670 and Southern Andes in the first half of the 17th century. The step change in
the region average is caused by the start of a record that strongly deviates from the
average of the rest of the records (in Alaska the length record of a tidewater glacier
starts in 1860). As the first data point often has a temporal uncertainty, the timing25

of these step changes is different in the different ensemble members, which leads to
a large uncertainty in the regional average for the period around the step change.

Averaged over all glaciers in the data set, the 20th century change in glacier length
is −1.56±0.03 km, where the uncertainty is again based on a 100-member ensemble
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of global averages from perturbed length series. The length changes of the individ-
ual records that cover the 20th century vary from −23.35 km (McCarthy, Alaska) to
+0.03 km (Chungurchatchiran, Caucasus), with a standard deviation of 2.31 km (Ta-
ble 1). Hence, there is a significant variability in the length change of each glacier, and
the differences between glaciers of the same region are often larger than the differ-5

ences between the regions.

3.2 Dependence of length change on glacier properties

In general, the averaged length changes of the different regions show a similar pattern
and magnitude, with the exception of Alaska, Russian Arctic, Southern Andes, and
New Zealand where the regional average length change is large in comparison with10

the other regions. The New Zealand average is dominated by the large fluctuations of
Franz Josef glacier, a very sensitive glacier due to its maritime climate and geome-
try (Anderson et al., 2008). Alaska, the Russian Arctic, and Southern Andes include
several large calving glaciers. On average, calving glaciers have had a much larger ab-
solute retreat than the land terminating glaciers in the data set, as shown in Fig. 10a.15

This is also reflected in the large range in the 20th century length changes in regions
that include calving and non-calving glaciers (Table 1). However, the relative retreat of
calving and non-calving glaciers has been very similar, at least after 1860 when the
number of calving glaciers in the data set becomes larger (Fig. 10). The Antarctica and
Greenland regions differ from the global pattern. The calving glaciers in the Antarctic20

region, 18 in the data set, have larger fluctuations than the land terminating glaciers in
this region (3 in the data set). However, the averaged net length change over the period
for which we have data is limited for both types of glaciers. Surpisingly, the 37 calving
glaciers in Greenland have on average nearly the same amount of length change as the
40 land terminating Greenlandic glaciers. The relative length change of calving glaciers25

in Greenland is smaller than the relative length change of land terminating glaciers.
Besides the calving effect, the response of a glacier to changes in climate depends

on its individual climatic setting and the glacier geometry (e.g. Oerlemans, 2001). Ac-
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cording to theory, the surface slope of the glacier is the most important geometrical
factor: steep glaciers are less sensitive to climate change than gently sloping glaciers
(e.g. Oerlemans, 2001). Furthermore, glaciers situated in a wet temperate climate are
more sensitive to climatic change than glacier in a more continental climate. The cor-
relation between slope and length change is confirmed by the observed glacier length5

changes over the 20th century: large retreats are rare for steep glaciers (Fig. 11a).
Information on temperature is not included in the data set, but we can use the amount
of precipitation as an indication of the climatic setting of the glaciers. The relationship
between length change and precipitation is not very clear from the observations in the
data set, but for glaciers in a wet climate small retreats (<500 m) have not been ob-10

served (Fig. 11b). The observed length fluctuations seem to have no clear correlation
with latitude or glacier elevation. There are several reasons for the spread in Fig. 11a
and b: (i) the relationship between length change and the glacier property is not cor-
rected for the influence of other glacier properties; (ii) there are non-climatic processes
causing changes in glacier length, such as the influence of the bed topography on the15

length changes of tidewater glaciers; and, (iii) there are regional differences in climate
change over the 20th century.

4 Concluding summary and outlook

Records of historical glacier length fluctuations provide insight into long-term glacier
dynamics and the relationship between glacier fluctuations and climate change. How-20

ever, it is not straightforward to get an overview of the global signal before the start of
the measurement era in the late 19th century. We have presented a data set of world-
wide glacier length fluctuations, which combines measurements with different types
of glacier length reconstructions. The data set contains the glacier length records for
471 glaciers and it covers the period 1534–2011. There are glacier length records25

from all continents and at almost all latitudes. Unfortunately, there are no records from
the Canadian Arctic. The number of available records is strongly time-dependent. The
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number of available records is limited in the early 17th century and only after the mid-
19th century the number of records increases significantly. Additional attribute informa-
tion was assigned to each glacier (coordinates, precipitation, glacier area, maximum
and minimum altitude) and glacier length measurement (measurement methods).

The glacier length records show a coherent global glacier signal, with little length5

change in the 17th to mid-19th century, followed by a general retreat that continued
throughout the 20th century. The 20th century glacier retreat was strongest in the first
half of the 20th century. Despite these general global trends, the fluctuations of in-
dividual glaciers vary strongly, indicating that the characteristics of individual glaciers
play an important role. In general, calving glaciers retreated more than land terminat-10

ing glaciers, although the average relative change is similar for both glacier types. The
observed retreat over the 20th century confirms that steep glaciers are less sensitive
to climatic change than glaciers with a gentle slope.

This data set leaves ample room for improvement. First of all it would benefit from
including records from regions with little or no coverage: northern Asia, Arctic islands of15

Russia and Canada and the Antarctic region. These regions contain a large proportion
of the world’s glacier volume, and by adding data from glaciers in these regions, the
data set would better represent the global glacier fluctuations. Furthermore, as about
35 % of the length records in the data set end before 2005, many of the included time
series could be updated, e.g. by the analysis of satellite images as we have done for20

the records on Novaya Zemlya. The climatic reconstructions based on glaciers would
benefit from more long-term and detailed length records, especially from regions out-
side of Europe and South America.

The data set presented in this paper has been included in the Supplement, submitted
to the WGMS, and the data set is available online (www.staff.science.uu.nl/~lecle102/25

data, future updates will be available here).
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Supplementary material related to this article is available online at
http://www.the-cryosphere-discuss.net/7/4775/2013/tcd-7-4775-2013-supplement.
zip.
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Table 1. Characteristics of the glacier length records per region. The numbers of the regions
correspond to the numbers in Fig. 2. It shows: the total number of length records in the region
(N records); the regional average number of data points per record (data points per record);
the glacier area covered by the glaciers in the data set (area (km2)), including the area as
percentage of the total glacier area in the region given by the RGI (%total) and percentage
of tidewater glacier area in the data set (%TW); the average year of the first data point (start
year), with the range of years in which the records start; the year the records of the region on
average end (end year), again with the range; and the average regional length change (average
(km)), with its standard deviation (std (km)), and range (range (km)) over the period 1901–2000
(∆L 20th century). The standard deviation and range in the 20th century is only given for the
glaciers that have data for the entire period 1901–2000.

region data points area start year end year ∆L 20th century
no. name N records per record (km2) % total % TW average (range) average (range) average (km) std (km) range (km)

1 Alaska 20 10 1141 1.3 25 1844 (1670–1910) 1999 (1965–2009) −5.18±0.41 6.84 −23.35 to −0.63
2 W Canada, US 40 18 209 1.4 0 1876 (1720–1935) 1991 (1965–2007) −1.07±0.04 0.60 −2.01 to −0.18
3 Greenland 77 7 1648 1.8 70 1910 (1811–1939) 2010 (2005–2010) −1.30±0.03 0.64 −2.61 to 0.00
4 Iceland 6 67 585 5.3 0 1822 (1690–1932) 2007 (1995–2010) −0.95±0.08 0.16 −0.67 to −0.45
5 Svalbard 16 8 584 1.7 69 1899 (1861–1936) 2001 (1975–2010) −1.71±0.19 1.14 −4.63 to −0.48
6 Scandinavia 20 73 364 12.6 0 1846 (1600–1917) 2009 (2005–2010) −1.11±0.02 0.81 −2.87 to −0.36
7 Russian Arctic 13 9 3204 6.2 100 1907 (1871–1913) 2010 (2006–2011) −6.91±0.13 5.86 −11.23 to −2.95
8 North Asia 9 21 8 0.2 0 1860 (1604–1936) 1992 (1962–2005) −1.14±0.11 0.67 −1.74 to −0.79
9 Central Europe 92 93 806 38.4 0 1855 (1534–1942) 2008 (1978–2010) −0.94±0.01 0.53 −2.71 to −0.17
10 Causasus 40 22 262 23.9 0 1880 (1839–1905) 2001 (1987–2010) −0.80±0.04 0.59 −2.42 to 0.03
11 HMA 40 11 1471 1.2 0 1888 (1780–1943) 1999 (1968–2010) −1.02±0.06 0.54 −2.34 to −0.38
12 Low Latitudes 19 11 20 0.5 0 1810 (1658–1932) 2000 (1990–2010) −0.64±0.06 0.16 −0.73 to −0.29
13 Southern Andes 55 7 8744 29.7 29 1876 (1594–1945) 2004 (1983–2009) −3.12±0.09 2.21 −9.06 to −0.50
14 New Zealand 3 70 68 5.7 0 1786 (1600–1894) 2005 (2001–2009) −1.22±0.05 0.61 −1.71 to −0.53
15 Antarctica 21 7 1656 1.2 97 1936 (1882–1947) 2001 (1996–2005) −1.15±0.12 0.32 −0.63 to −0.18

Global 471 31 20 841 2.9 44 1876 (1534–1947) 2004 (1962–2011) −1.56±0.03 2.31 −23.35 to 0.03
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Fig. 1. Examples of glacier length records from different parts of the world. Each dot represents
a data point. Data points are connected with Stineman interpolation. Data from WGMS (2012;
and earlier volumes, and references therein), with additions from: 1 Glazovsky et al. (2009), I.
Solovjanova, personal communication (2006); 2 Zeeberg and Forman (2001), this study; 3 Yde
and Knudsen (2007); 4 O. Sigurdsson personal communication, 2008; 5 Østrem et al. (1977),
Nesje et al. (2008), Nussbaumer et al. (2011); 6 Weeks (2011), Wiles and Calkin (1994), Le
Bris et al. (2011); 7 Koch et al. (2009); 8 De Smedt and Pattyn (2003); 10 Heliker et al. (1984),
Granshaw and Fountain (2009); 11 Nussbaumer et al. (2007); 12 Laverov (2004), Panov (1993),
Zolotarev (2009); 13 Aizen et al. (2006) ; 14 Schmidt and Nüsser (2009); 15 Kaser and Osmaston
(2002), Taylor et al. (2006); 16 Rabatel et al. (2008); 17 Araneda et al. (2009), Le Quesne et al.
(2009); 18 Villalba et al. (1990), Leclercq et al. (2012b); 19 McKinzey et al. (2004), Williams Jr.
and Ferrigno (1989), B. Fitzharris, personal communication (1993); 20 Cook et al. (2005).
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Fig. 5. Number of glacier length data points for each year in the period 1500–2010.
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Fig. 9. (a) Regional changes in glacier length over time. For each region, the length change
relative to L1950 is averaged over the available records. The averages have jumps when a new
record starts. In the 20th century most regional averages are smooth because the number
of available records is larger (cf. Fig. 7). (b) Uncertainty in the regional average due to the
uncertainty in the data points and interpolation. Colours of the lines in (b) correspond to those
in (a).
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Fig. 10. (a) Global average length change with respect to 1950 of calving glaciers, both tidewa-
ter and calving in lakes, (red) and non-calving glaciers (black). The globally averaged relative
length change (∆L divided by the glacier length in 1950) is given in dashed lines for both calving
(dashed red) and non-calving (dashed back) glaciers (scale on right axis). (b) Number of calv-
ing glaciers in the data set as a function of time. Prior to ±1860 the number of calving glaciers
is very small and the average length change is dominated by the large advance of San Rafael
Glacier, Patagonia.
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Fig. 11. Glacier length change (m) over the period 1900–2000 as a function of (a) the mean
slope (hmax−hmin)/L1950 of the glacier and (b) the precipitation on the glacier. The length change
is only shown for the 227 records that entirely cover the period 1900–2000.
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