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‘Before and after’ Glacier images

Columbia Glacier, Alaska, August 28, 2009. Columbia Glacier, Alaska, June 22, 2015

https://www.reddit.com/r/pics/comments/3t1j5p/columbia_glacier_alaska_august_28_2009_columbia/
http://nationalgeographic.com/


Global Warming Science 101, Mountain glaciers, Eli Tziperman

https://newatlas.com/before-after-photos-glaciers-climate-change/49143/

Stein Glacier, Switzerland, has retreated by 550 m between 2006 and 2015 

James Balog and the extreme ice survey

‘Before and after’ Glacier images
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Qori Kalis Glacier in Peru has retreated by 1.14 km between 1978 and 2016 

Lonnie Thompson

‘Before and after’ Glacier images
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https://newatlas.com/before-after-photos-glaciers-climate-change/49143/

Thrift Glacier, Switzerland, has retreated by 1.17 km between 2006 and 2015 
James Balog and the extreme ice survey

‘Before and after’ Glacier images
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Videos 

Climate Change Shrinking Mountain WA Glaciers  
https://www.youtube.com/watch?v=ct-FptrxO-8  

 Africa’s First Mountains To Lose Their Glaciers  
https://www.thestoryinstitute.com/rwenzori-mountains 

Half of All Mountain Glaciers Are Expected to Disappear by 2100/Glacial floods 
https://www.scientificamerican.com/article/half-of-all-mountain-glaciers-are-

expected-to-disappear-by-2100/ 

https://www.youtube.com/watch?v=ct-FptrxO-8
https://www.thestoryinstitute.com/rwenzori-mountains
https://www.scientificamerican.com/article/half-of-all-mountain-glaciers-are-expected-to-disappear-by-2100/
https://www.scientificamerican.com/article/half-of-all-mountain-glaciers-are-expected-to-disappear-by-2100/
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Glacier lengths records
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16 Chapter 1. Introduction

it depends on the ocean temperature and why the magnitude of hurricanes
may be expected to increase in a warmer climate. We also analyze the
observed record, and examine the many uncertainty factors involved in the
projection of future hurricane magnitude.

Figure 1.4: The cryosphere. (a) The yearly minimum (September) Arctic
sea ice area as function of year over the satellite era, superimposed on
NASA images of sea ice cover the first year of data, 1979, and a year of a
particular small sea ice area, 2012. (b) Records of glacier length for a few
mountain glaciers, relative to their length in 1960.

The following three chapters deal with the cryosphere: Arctic sea ice,
ice sheets over Greenland and Antarctica and mountain glaciers. First, the
processes and powerful feedbacks behind the dramatic and well-observed
decline of summer Arctic sea ice (but not sea ice near Antarctica, interest-
ingly) over the past few decades seen in Figure 1.4a, and that may lead to
an even more dramatic decline over the next few decades, are explained in
chapter 9. We also discuss ways of differentiating between a sea-ice melt
trend due to anthropogenic climate change and due to natural variability.
Then, possible mechanisms and feedbacks that may lead to significant re-
duction of the ice mass of the large ice sheets of Greenland and Antarctica
are presented in chapter 10. Such a reduction can cause a further rise of sea
level by many meters over a timescale of hundreds to thousands of years,
and involves a large degree of uncertainty. There is the (quite uncertain)

Figure 1.4: Records of glacier length for a few mountain 
glaciers, relative to their length in 1960. 

Example glacier length records
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Their shrinking area therefore has significant socioeconomic effects, as
well as effects on the surrounding natural habitats. Fig. 11.1 shows the
record of glacier length (the location of the front of the glaciers relative to
their location in 1960), and it is evidently clear that a strong and universal
retreat is occurring for nearly all glaciers, as will be further analyzed below.
Because the retreat seems to have started around 1850, prior to a significant
increase in greenhouse forcing, one needs to address whether it is a result
of the exit from the naturally occurring “little ice age” (extending roughly
from 1300 to about 1850) or of anthropogenic climate change, and this is
addressed below in several ways.

Figure 11.1: Glacier length time series for 879 records, relative to their
position in 1960.

We start with the definition of some basic terms in section 11.2, fol-
lowed by a more quantitative analysis of the retreat (section 11.3). Moun-
tain glaciers contain several indicators of climate change history, as dis-
cussed in section 11.4: first, the detailed history of glacier length may be
quantitatively related to the warming responsible for the retreat. Second,
ice cores drilled over the past decades in high altitude mountain glaciers in
a heroic effort of a few climate scientists, contain a detailed climate record
as well. Finally, we discuss the dynamics of glacier flow and how glaciers
are expected to respond to climate warming (section 11.5). A brief final

170 Chapter 11. Mountain glaciers

Figure 11.2: (a) A bin-average of the glacier length records seen in Fig. 11.1.
(b) The number of observations per bin.

spatial patterns or seasonality of accumulation, that compensate for the
increase in temperature. A glacier can also increase in thickness following
a naturally occurring “surge” event that led to thinning and mass loss.

Figure 11.3: Showing all glaciers with observed edge location time series,
marking the 791 glaciers with negative trends in red, and the 29 with
positive trends in blue. The blue symbols are drawn on top of the red ones,
assuring that the few locations with positive trends are clearly highlighted.

Given the dramatic retreat of these glaciers, and in particular their
acceleration in the recent decades, one wonders if it is still possible for this
to be a delayed response to the naturally occurring warming at the end of the
little ice age. A very powerful evidence against this possibility is provided
by carbon dating of exposed plant material under retreating glaciers. There

Figure 11.3: Showing all glaciers 
with observed edge location time 
series, marking the 791 glaciers 
with negative trends in red, and the 
29 with positive trends in blue. The 
blue symbols are drawn on top of 
the red ones, assuring that the few 
locations with positive trends are 
clearly highlighted. 

Figure 11.1: Glacier length time 
series for 879 records, relative to 
their position in 1960. 

All glacier length time series
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Figure 11.2: (a) A bin-average of the glacier length records seen in Fig. 11.1.
(b) The number of observations per bin.

spatial patterns or seasonality of accumulation, that compensate for the
increase in temperature. A glacier can also increase in thickness following
a naturally occurring “surge” event that led to thinning and mass loss.

Figure 11.3: Showing all glaciers with observed edge location time series,
marking the 791 glaciers with negative trends in red, and the 29 with
positive trends in blue. The blue symbols are drawn on top of the red ones,
assuring that the few locations with positive trends are clearly highlighted.

Given the dramatic retreat of these glaciers, and in particular their
acceleration in the recent decades, one wonders if it is still possible for this
to be a delayed response to the naturally occurring warming at the end of the
little ice age. A very powerful evidence against this possibility is provided
by carbon dating of exposed plant material under retreating glaciers. There

Figure 11.2: (a) A bin-average of the glacier length records seen in Fig. 11.1. (b) 
The number of observations per bin. 

Averaged/binned length records
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Are glaciers retreating due to end of little ice age?

https://en.wikipedia.org/wiki/Little_Ice_Age
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Are glaciers retreating due to end of little ice age?

“The Norse colonies in Greenland starved and vanished by the early 15th century, as crops 
failed and livestock could not be maintained through increasingly harsh winters. Greenland 
was largely cut off by ice from 1410 to the 1720s.”  
(https://en.wikipedia.org/wiki/Little_Ice_Age)

Erik Thorvaldsson (c.950 – c.1003), known as 
Erik the Red, was a Norse explorer, described in 
medieval andIcelandic saga sources as having 
founded the first settlement in Greenland.

https://en.wikipedia.org/wiki/Erik_the_Red

https://en.wikipedia.org/wiki/Norse_colonization_of_the_Americas
https://en.wikipedia.org/wiki/Greenland
https://en.wikipedia.org/wiki/Little_Ice_Age
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Are glaciers retreating due to end of little ice age?

https://en.wikipedia.org/wiki/Little_Ice_Age

The last written records of 
the Norse Greenlanders are from a 1408 
marriage at Hvalsey Church, now the best-
preserved of the Norse ruins.

“The Norse colonies in Greenland starved and vanished by the early 15th century, as crops 
failed and livestock could not be maintained through increasingly harsh winters. Greenland 
was largely cut off by ice from 1410 to the 1720s.”  
(https://en.wikipedia.org/wiki/Little_Ice_Age)

Erik Thorvaldsson (c.950 – c.1003), known as 
Erik the Red, was a Norse explorer, described in 
medieval andIcelandic saga sources as having 
founded the first settlement in Greenland.

https://en.wikipedia.org/wiki/Erik_the_Red

https://en.wikipedia.org/wiki/Norsemen
https://en.wikipedia.org/wiki/Hvalsey_Church
https://en.wikipedia.org/wiki/Norse_colonization_of_the_Americas
https://en.wikipedia.org/wiki/Greenland
https://en.wikipedia.org/wiki/Little_Ice_Age
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Are glaciers retreating due to end of little ice age?

https://en.wikipedia.org/wiki/Little_Ice_Age

The Frozen Thames, 1677
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Are glaciers retreating due to end of little ice age?

https://en.wikipedia.org/wiki/Little_Ice_Age

The Frozen Thames, 1677

Winter skating on the main canal of 
Pompenburg, Rotterdam in 1825, 
shortly before the minimum, by 
Bartholomeus Johannes van Hove

https://en.wikipedia.org/wiki/Rotterdam
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Are glaciers retreating due to end of little ice age?

https://en.wikipedia.org/wiki/Little_Ice_Age

The Frozen Thames, 1677

Winter skating on the main canal of 
Pompenburg, Rotterdam in 1825, 
shortly before the minimum, by 
Bartholomeus Johannes van Hove

Winter landscape with iceskaters, c. 1608, Hendrick Avercamp
Netherland

https://en.wikipedia.org/wiki/Rotterdam
https://en.wikipedia.org/wiki/Hendrick_Avercamp
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Consider four lines of evidence that the observed 
glacier retreat during recent decades is not due 
to the end of the little ice age:
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Consider four lines of evidence that the observed 
glacier retreat during recent decades is not due 
to the end of the little ice age:

1. Last-exposure dates from plants recovered under 
melting glaciers.
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Consider four lines of evidence that the observed 
glacier retreat during recent decades is not due 
to the end of the little ice age:

1. Last-exposure dates from plants recovered under 
melting glaciers.

2. Relation between temperature and glacier extent, and 
deduced glacier adjustment time scale. 
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Consider four lines of evidence that the observed 
glacier retreat during recent decades is not due 
to the end of the little ice age:

1. Last-exposure dates from plants recovered under 
melting glaciers.

2. Relation between temperature and glacier extent, and 
deduced glacier adjustment time scale. 

3. Ice cores: Glacier isotopic records and recent melt 
events.
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Consider four lines of evidence that the observed 
glacier retreat during recent decades is not due 
to the end of the little ice age:

1. Last-exposure dates from plants recovered under 
melting glaciers.

2. Relation between temperature and glacier extent, and 
deduced glacier adjustment time scale. 

3. Ice cores: Glacier isotopic records and recent melt 
events.

4. Mountain glaciers’ flow and adjustment time scale to 
temperature/Surface Mass Balance (SMB) changes.
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Are glaciers retreating due to end of little ice age? 

First line of evidence: 
Last-exposure dates from recovered plants
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Last-exposure dates from recovered plants

Fig. 2. Glacier retreat as documented in the 
Peruvian Andes. (A) Retreat of Qori Kalis 
from 1963 to 2005. (B) Retreat records for 
Qori Kalis and six other Andean glaciers. (C) 
The photos document the expansion of the 
proglacial lake from 1991 to 2005 as Qori 
Kalis retreated. 

Abrupt tropical climate change: Past and present 
Lonnie G. Thompson*†‡, Ellen Mosley-Thompson*§, Henry Brecher*, Mary Davis*, Blanca Leo ́ n¶, Don Les�, Ping-Nan Lin*, Tracy Mashiotta*, and Keith Mountain**           PNAS, 2006
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Last-exposure dates from recovered plants

Fig. 7. The plant Distichia muscoides 
(5,138 45 yr B.P.) collected at the 
retreating margin of the Quelccaya ice 
cap in August of 2002 is compared with 
the modern plant (see Table 1 for dates 
on this and other plants). 

±Fig. 2. Glacier retreat as documented in the 
Peruvian Andes. (A) Retreat of Qori Kalis 
from 1963 to 2005. (B) Retreat records for 
Qori Kalis and six other Andean glaciers. (C) 
The photos document the expansion of the 
proglacial lake from 1991 to 2005 as Qori 
Kalis retreated. 

Abrupt tropical climate change: Past and present 
Lonnie G. Thompson*†‡, Ellen Mosley-Thompson*§, Henry Brecher*, Mary Davis*, Blanca Leo ́ n¶, Don Les�, Ping-Nan Lin*, Tracy Mashiotta*, and Keith Mountain**           PNAS, 2006
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Last-exposure dates from recovered plants

Summer warming in the Arctic has significantly outpaced
global average warming over the past several decades1,2 and
Arctic glaciers are consequently retreating rapidly, espe-

cially in the Eastern Canadian Arctic3, where summer air tem-
perature explains >90% of the year-to-year variability in glacier
surface mass balance4. The large influence of summer tempera-
ture on glacier mass balance also suggests that past changes in
glacier dimensions can be used to place contemporary warming
in a multi-millennial perspective5,6. Here we exploit the high
potential for thin, cold-based, non-erosive ice caps to preserve
the landscapes over which they advance, including delicate
tundra plants and un-eroded rocks. Under these conditions,
radiocarbon dates of plants newly exposed by recent melting
(hereafter plant 14C) constrain the time of plant death due to
snowline lowering and glacier expansion7–9. Recently reported
plant 14C dates > 40 ka from four ice caps on Baffin Island,
Arctic Canada, further suggest that ice cover at those locations
may have persisted through the warmest part of the Holocene7.
However, given the small number of sites, it is possible that local
conditions may have favored anomalous preservation of plants
following melt out and exposure, allowing for subsequent
reburial. Here we expand the number of ice caps with plant 14C
ages > 40 ka from 4 to 30, greatly reducing the likelihood that
the earlier dates reflected anomalous conditions. We also
provide in situ cosmogenic 14C inventories from rock surfaces
(14C produced within minerals via cosmic ray bombardment;
hereafter in situ 14C) adjacent to plant collections with radio-
carbon ages > 40 ka to test the assertion that such sites were
continuously covered by ice throughout the Holocene. The
combination of 30 retreating ice caps revealing plants with pre-
Holocene radiocarbon ages and measured in situ 14C inventories
provides strong evidence for continuous ice coverage of these
locations for >40 ka. When viewed in context of temperature
records from Greenland ice cores, these results suggest that the
past century of warming is likely greater than any preceding
century in the past ~115,000 years.

Results
Newly exposed plants killed by snowline lowering >40 ka.
Forty-eight in situ tundra plants collected within 1 m of the ice
margin at the time of collection from 30 different ice caps on
eastern Baffin Island (Fig. 1) were dated through accelerator mass
spectrometry (AMS) 14C analysis; with radiocarbon ages of 40 to
>50 ka, close to or beyond the range of 14C dating (Table 1). Most
of the sampled ice caps are small (1–2 km2), and all lie within a
region of 170 × 70 km (Fig. 1). Replicate plant collections were
14C dated at nine ice caps, including separate strands from the
same plant and different plants collected within 100 m along the
same ice margin. Some early collections that did not undergo
rigorous pretreatment because they were expected to be < 10 ka
returned apparent finite ages < 40 ka (14C age), but subsequent
analyses of the same samples following rigorous pretreatment
yielded 14C ages > 40 ka (sites 11 and 12; Table 1).

Plant 14C ages define the time when summer temperature
decline resulted in snowline lowering, leading directly to
permanent plant burial by snow or by ice margin expansion
across the site shortly thereafter. Prior field observations suggest
that once plants are exposed by ice recession, they are efficiently
removed from the landscape by meltwater in summer and wind-
blown snow in winter7. In addition, colonization by new plants,
and in some instances regrowth of recently exposed dead moss,
begins within 1–3 years10. The combination of rapid removal and
high rate of contemporary ice retreat (0.5–1.0 m yr−1 vertical
lowering of glacier surfaces3, corresponding to ~10 m yr–1 rate of
horizontal retreat in most settings), suggests that plants collected

within 1 m of the ice margin were likely first exposed the year
they were collected. In rare cases, preservation of dead plants
exposed by ice retreat has been noted up to 200 m beyond current
ice margins, indicating that they have survived on the landscape
for several decades following exposure11,12. Given the possibility
that some plants may have been exposed and then re-entombed,
we independently evaluate the exposure history of the sites using
in situ 14C in associated rock samples.

In situ 14C inventories. The in situ 14C inventory in the surface
of rocks now emerging from beneath receding cold-based ice
reflects the cumulative 14C production during exposure when the
rocks were ice-free, and attenuated production when rocks were
covered by thin ice, as well as losses due to the continuous decay
of 14C (half-life 5700 ± 30 years13) and erosion of the rock sur-
face. Unlike plant 14C, which records the timing of plant death by
snow and/or ice cover, in situ 14C records the cumulative expo-
sure and burial history of a rock surface over the lifespan of the
isotope (i.e., several half-lives). Two mechanisms dominate in situ
14C production: (1) energetic spallation reactions between a high-
energy nucleon and a target atom, and (2) low-energy (slow)
muogenic reactions that occur when a negatively charged muon
falls into the electron shell of an atom and is captured by the
nucleus14. Various higher-energy (fast) muogenic reactions are
less important for in situ 14C production15–17 but cannot be
neglected. Although in situ 14C production is dominated by
spallation in unshielded rock surfaces15–17, these reactions are
negligible beneath ~10 m of ice18. Muogenic production in
unshielded rock surfaces is much lower than production by
spallation, but decreases more slowly with ice thickness, not
reaching negligible amounts until ice thickness exceeds 40 m.
Since any in situ 14C produced prior to ~40 ka will have decayed
below detection, and all sites are expected to have been covered
by at least 40 m of ice during the last glacial maximum (LGM),
in situ 14C inventories19–21 at all our sites must have been neg-
ligible by the onset of deglaciation. Thus, measured in situ 14C
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Fig. 1 Map showing sample localities on eastern Baffin Island. White circles
indicate locations of plant samples, squares indicate locations with both
plant and rock (in situ cosmogenic 14C) samples. Site a is an unglaciated
steep-sided summit where only rock was sampled (imagery: Google Earth:
Image IBCAO, Landsat/Copernicus)
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Fig. 1 Map showing sample localities on 
eastern Baffin Island. White circles indicate 
locations of plant samples, squares indicate 
locations with both plant and rock (in situ 
cosmogenic 14C) samples. Site a is an 
unglaciated steep-sided summit where only 
rock was sampled (imagery: Google Earth: 
Image IBCAO, Landsat/Copernicus)

inventories reflect primarily the local variation of ice thickness
history during and after regional deglaciation.

Measured in situ 14C concentrations in rock surfaces adjacent
to nine of the study sites with plant 14C ages > 40 ka (Fig. 1) are
all above established detection limits (Supplementary Table 2)19
and range between 7000 and 133,400 at g−1, with samples from all
but two sites below 73,000 at g−1 (Table 2, Fig. 2, Supplementary
Fig. 1). In contrast, a nearby unglaciated, steep-sided coastal summit
(site a, Fig. 1) that was likely never glaciated, has an in situ 14C
inventory of ~368,800 at g−1 (Table 2), consistent with continuous
subaerial exposure for more than 20 ka. Farther north on Baffin
Island, an in situ 14C concentration of ~249,000 at g−1 was reported
in rock at 939m above sea level (asl) from a location that has been

ice-free since local deglaciation ~13 ka22. Several rocks on the
central Baffin Island plateau repeatedly exposed and buried by local
ice caps during the Holocene have in situ 14C concentrations of
~85,000 at g−1 23. The new inventories reported here are generally
significantly less than reported elsewhere on Baffin Island, despite
site-specific production rates at the new, higher elevation sites
that are on average ~60% higher than at these other locations on
Baffin Island (Supplementary Table 3). These comparisons indicate
that most of the newly sampled sites likely experienced significantly
more burial than the other Baffin Island sites.

Ice cover simulations. We use a numerical simulation to estimate
in situ 14C inventories for a range of plausible post-LGM ice

Table 1 Sample locations and 14C ages

Site # Sample ID 14C age (yr) 14C ± 1σ (yr) Cal age (yr) ±1σ (yr)

1 M13-B002v >43,300 – – –
2 M13-B005v >48,370 – – –
2 M13-B007v >45,277 – – –
3 M13-B011v 43,770 4670 45,443 +4557/−1177
3 M14-B101v >46,320 – – –
4 M13-B018v >45,277 – – –
5 M13-B028v >45,277 – – –
6 M13-B045v >49,990 – – –
7 M13-B051v >45,277 – – –
7 M13-B052v >47,000 – – –
7 M14-B139v >44,940 – – –
8 M13-B055v >45,277 – – –
9 M13-B064v 41,800 3250 45,171 +2893/−2420
10 M13-B066v 45,830 1770 48,199 +1801/–520
10 M13-B069v >47,800 – – –
11 M13-B094v 48,850 2570 48,491 +1509/−390
11 M13-B091v 45,240 2570 47,449 +2551/−730
11ab M10-B258v 34,300 3600 38,214 +3662/−3200
11ab M10-B258v 39,740 950 43,550 +689/−810
11ab M10-B258v 37,510 490 41,880 +380/−320
12 M13-B104v >45,277 – – –
12ab M10-B231v 29,100 1500 33,094 +1265/−1600
12ab M10-B231v 44,300 1300 47,570 +1306/−1280
12ab M10-B231v 23,920 100 27,959 +97/−150
12ab M10-B232v 37,500 3600 41,194 +3738/−3110
13 M13-B195v 52,120 3860 48,226 +1774/−460
13 M13-B196v 42,100 1270 45,545 +1080/–1280
14 M13-B201v 50,300 3080 48,419 +1581/−410
15 M14-B020v >45,650 – – –
16 M14-B085v 39,280 1230 43,228 +910/-980
17 M14-B107v >46,320 – – –
18 M14-B113v >46,320 – – –
19 M14-B143v >46,320 – – –
20 M14-B154v >45,980 – – –
21 M14-B158v >46,320 – – –
22 M14-B163v >46,380 – – –
23 M14-B164v >45,220 – – –
23 M14-B165V 46,120 2870 47,592 +2408/–690
24 M14-B183v 45,780 2750 47,549 +2451/–700
24 M14-B184v >46,320 – – –
25 M15-B047v >47,000 – – –
25 M15-B048v >44,400 – – –
26ab M10-B247v 45,600 2500 47,636 +2364/−680
27ab M10-B255v 43,200 2700 46,338 +2541/−1830
27ab M10-B256v 50,700 3100 48,468 +1532/−390
28 M14-B009v 44,200 1850 47,303 +1842/−1370
29 M13-B046v >50,143 – – −
30 M14-B161v >50,768 – – –

All plant samples were collected between 2010 and 2015 (year of collection denoted by sample ID prefix, M10-, M13-, etc.). Samples with > are minimum limiting ages and indistinguishable from the
organic measurement blank. All other samples are also reported in calibrated years BP using IntCal 2013 and OxCal 4.2.450,51. For sample metadata see Supplementary Table 1
aFrom Miller et al.7
bReceived only deionized water pretreatment

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08307-w ARTICLE

NATURE COMMUNICATIONS | ���������(2019)�10:445� | https://doi.org/10.1038/s41467-019-08307-w |www.nature.com/naturecommunications 3

Rapidly receding Arctic Canada glaciers revealing landscapes 
continuously ice-covered for more than 40,000 years  (Pendleton et al, 2019)
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Last-exposure dates from recovered plants

Regeneration of Little Ice Age bryophytes emerging from a polar glacier with 
implications of totipotency in extreme environments, 2013, PNAS
Catherine La Fargea,1, Krista H. Williamsa, and John H. Englandb  

Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
arrows) marks the trimline at the limit of the LIA advance. Subglacial samples were collected between the Xs (red) within 10 m of glacial margin.
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Fig. 1. Location of study site. (A) Map of the Canadian High Arctic 
and northwest Greenland with ice cover in white. Teardrop Glacier, 
Sverdrup Pass, Ellesmere Island, Nunavut, is indicated by a red arrow. 
(B) Oblique aerial view (from the north) of Teardrop Glacier, July 
2009. Light-toned perimeter (white arrows) marks the trimline at the 
limit of the LIA advance. Subglacial samples were collected between 
the Xs (red) within 10 m of glacial margin. 
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Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
arrows) marks the trimline at the limit of the LIA advance. Subglacial samples were collected between the Xs (red) within 10 m of glacial margin.

Fig. 2. Subglacial LIA bryophyte populations emerging from Teardrop Glacier margin. (A) Intact population of P. alpinum at glacier margin. (Scale bar,
10 cm.) (B) Corresponding detail of same P. alpinum population (red arrow). (C) Populations of A. turgidum < 1 m from glacier margin. (Scale bar, 20 cm). (D)
Corresponding detail of same of A. turgidum (red arrow) showing intact stems and leaves.
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Fig. 1. Location of study site. (A) Map of the Canadian High Arctic 
and northwest Greenland with ice cover in white. Teardrop Glacier, 
Sverdrup Pass, Ellesmere Island, Nunavut, is indicated by a red arrow. 
(B) Oblique aerial view (from the north) of Teardrop Glacier, July 
2009. Light-toned perimeter (white arrows) marks the trimline at the 
limit of the LIA advance. Subglacial samples were collected between 
the Xs (red) within 10 m of glacial margin. 

Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
arrows) marks the trimline at the limit of the LIA advance. Subglacial samples were collected between the Xs (red) within 10 m of glacial margin.

Fig. 2. Subglacial LIA bryophyte populations emerging from Teardrop Glacier margin. (A) Intact population of P. alpinum at glacier margin. (Scale bar,
10 cm.) (B) Corresponding detail of same P. alpinum population (red arrow). (C) Populations of A. turgidum < 1 m from glacier margin. (Scale bar, 20 cm). (D)
Corresponding detail of same of A. turgidum (red arrow) showing intact stems and leaves.
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Fig. 2. Subglacial LIA bryophyte populations emerging 
from Teardrop Glacier margin. (A) Intact population of P. 
alpinum at glacier margin. (Scale bar, 10 cm.) (B) 
Corresponding detail of same P. alpinum population (red 
arrow). (C) Populations of A. turgidum < 1 m from 
glacier margin. (Scale bar, 20 cm). (D) Corresponding 
detail of same of A. turgidum (red arrow) showing intact 
stems and leaves. 
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Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
arrows) marks the trimline at the limit of the LIA advance. Subglacial samples were collected between the Xs (red) within 10 m of glacial margin.

Fig. 2. Subglacial LIA bryophyte populations emerging from Teardrop Glacier margin. (A) Intact population of P. alpinum at glacier margin. (Scale bar,
10 cm.) (B) Corresponding detail of same P. alpinum population (red arrow). (C) Populations of A. turgidum < 1 m from glacier margin. (Scale bar, 20 cm). (D)
Corresponding detail of same of A. turgidum (red arrow) showing intact stems and leaves.
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Fig. 1. Location of study site. (A) Map of the Canadian High Arctic 
and northwest Greenland with ice cover in white. Teardrop Glacier, 
Sverdrup Pass, Ellesmere Island, Nunavut, is indicated by a red arrow. 
(B) Oblique aerial view (from the north) of Teardrop Glacier, July 
2009. Light-toned perimeter (white arrows) marks the trimline at the 
limit of the LIA advance. Subglacial samples were collected between 
the Xs (red) within 10 m of glacial margin. 

Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
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Fig. 2. Subglacial LIA bryophyte populations emerging from Teardrop Glacier margin. (A) Intact population of P. alpinum at glacier margin. (Scale bar,
10 cm.) (B) Corresponding detail of same P. alpinum population (red arrow). (C) Populations of A. turgidum < 1 m from glacier margin. (Scale bar, 20 cm). (D)
Corresponding detail of same of A. turgidum (red arrow) showing intact stems and leaves.
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Fig. 2. Subglacial LIA bryophyte populations emerging 
from Teardrop Glacier margin. (A) Intact population of P. 
alpinum at glacier margin. (Scale bar, 10 cm.) (B) 
Corresponding detail of same P. alpinum population (red 
arrow). (C) Populations of A. turgidum < 1 m from 
glacier margin. (Scale bar, 20 cm). (D) Corresponding 
detail of same of A. turgidum (red arrow) showing intact 
stems and leaves. 

Fig 4. Examples of extant, pioneer species growing on exhumed 
LIA plant material. (A) Extensive populations of LIA A. turgidum 
used as a colonizing substrate for P. cavifolium (a common weedy 
species) ∼6 m from glacier margin. (B) P. cavifolium growing on 
blackened mats of LIA populations ∼10 m from glacier margin. 

sample (Materials and Methods). Based on these criteria, our
results indicate regrowth from 11 cultures derived from seven
subglacial specimens, representing four distinct taxa (Table S2).
Our most consistent regenerate was A. turgidum, which pro-
duced seven in vitro cultures from three subglacial specimens
(SBG2: D4, D5, D20, J9; SBG27: D7; SBG44: D10, D12) (Fig. 6
B–D). Three additional species, Distichium capillaceum (SBG8:
D30), Encalypta procera (SBG–CLF13145: D69) (Fig. 6A), and
Syntrichia ruralis (SBG37: D42, D43) were also cultured from
parental subglacial samples.
Of the regenerated taxa, the hydric species A. turgidum pro-

duced the most luxuriant growth in vitro. We emphasize that
D. capillaceum, a mesic widespread species, was grown from LIA
material chipped from the ice margin and selectively sown as
a single species. S. ruralis represents the most xeric member of
the regenerated taxa. In the high arctic, it is a widespread and
abundant species that is not known to produce sporophytes, and
therefore its regrowth is dependent on clonal reproduction. The
culture of E. procera is particularly noteworthy, given that spe-
cialized asexual propagules (axillary gemmae) were selectively
sown from a single stem (Fig. 6A), collected 1.5 m from the ice
margin, indicating <1 y of exposure. This LIA specimen con-
tained axillary gemmae that are specifically developed for rapid
establishment of new populations. The culture produced new
stems with the typical axillary gemmae, and protonema covering
the culture substrate with prolific amounts of desiccation re-
sistant, protonemal gemmae. This type of gemmae has not been
reported previously for Encalypta and is identified by specialized
abscission (tmema) cells. A recent systematic study of Ptychos-
tomum (commonly referred to as Bryum) has shown that the
protonemal gemmae are in fact the most ubiquitous type of
propagule (vs. rhizoidal tubers, axillary gemmae or bulbils, foliar
gemmae) for the genus, but are often overlooked in the field
(25). This finding is based on the fact that they occur on the soil,
which often is not examined when determining a taxon. The ca-
pacity to retain E. procera’s specialized clonal strategy on a tem-
poral scale (i.e., 400 y) demonstrates a remarkable biological
advantage within land plants.
Collectively, the paleoecological reconstruction of these sub-

glacial taxa represents a broad range of habitats (hydric to xeric)

based on the extant assemblages of Sverdrup Pass, as well as
a quantitative study of High Arctic bryophytes (26). These LIA
assemblages form either large populations comprised of few
species or diverse, mixed populations comparable to the well-
established assemblages of Sverdrup Pass. The four regenerated
species (above) do not represent weedy, pioneer colonizers on
the foreland that are typified by prolific spore production (e.g.,
Funaria arctica, Psilopilum cavifolium, Leptobryum pyriforme,
Ptychostomum spp., and Pohlia spp.) (Fig. 4). The remaining
cultures of these subglacial specimens (22 of 32) (Table S2)
lacked growth or produced fungal hyphae, green algae, weedy
taxa (see above), or local taxa not recorded in the original
sample (Materials and Methods). L. pyriforme was recorded as the
only contaminant in the control dishes; it grows in Sverdrup Pass,
but is also a common greenhouse invader.
The diversity of bryophytes exhumed from beneath the Tear-

drop Glacier provides a window into the communities present
during the LIA. This subglacial flora (60 spp.: 52 mosses, 8
hepatics) (Table S3) is exceptional, representing 42% of the
extant flora (144 spp., 133 mosses and 11 hepatics) of Sverdrup
Pass based on our current surveys (2007 and 2009). The extant
bryophyte flora also exceeds the reported lichen (115 spp.), algal
(84 spp.), and cyanobacteria (52 spp.) floras of Sverdrup Pass
(21, 22), emphasizing the prominence of bryophytes within the
modern Canadian arctic floras. Furthermore, the subfossil spe-
cies richness approaches that of the extant vascular plants (75
spp.) within Sverdrup Pass (20).

Discussion
The uniqueness of this study is the regeneration of exhumed
LIA bryophytes after 400 y of ice entombment, demonstrating
their remarkable biological resilience in the terrestrial ecology of
polar environments. Often ignored in ecosystem studies, this
ancient (470 Ma) group of land plants has developed unique
evolutionary solutions (27, 28). Bryophytes are predominantly
clonal organisms with cells that are: (i) totipotent: the capacity of
a living cell to dedifferentiate into a meristematic state that can
then reprogram the cell for development of the organism (29,
30); and (ii) poikilohydric: lacking the ability to control water
content. Hence, bryophyte cells can shut down physiologically
during desiccation and revive when conditions are favorable (31).
Together, these attributes enable fragmentary gametophytic (i.e.,
leaf, rhizoid, stem) or more rarely sporophytic (i.e., seta, capsule)
tissue to regenerate new plants initiated from dedifferentiated
cells. Recent genomic research on Physcomitrella patens suggests
a genetic basis for totipotent cells, which have a similar function
to stem cells in faunal organisms (32). The ability of exhumed
bryophyte tissue (gametophytic) to regenerate emphasizes their
successful adaptation to extreme polar environments.
Bryophytes, constrained by their structural and reproductive

simplicity, are not just reduced vascular plants but have evolved

Fig. 3. Average retreat rates of Teardrop Glacier, Sverdrup Pass, central
Ellesmere Island. Initial rates were determined for intervals of 1959–1986,
1986–1992, 1992–2004, and extended in our study for 2004–2007 and 2007–
2009 (see text). Each, averaged interval is represented by a horizontal line
with a diamond representing the midpoint. The line of connected diamonds
shows the increasing retreat rate. Note the abrupt acceleration in retreat
rates post-2004, which coincides with increased rates of net mass loss
reported for ice caps from Arctic Canada.

Fig. 4. Examples of extant, pioneer species growing on exhumed LIA plant
material. (A) Extensive populations of LIA A. turgidum used as a colonizing
substrate for P. cavifolium (a common weedy species) ∼6 m from glacier
margin. (B) P. cavifolium growing on blackened mats of LIA populations
∼10 m from glacier margin.
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Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
arrows) marks the trimline at the limit of the LIA advance. Subglacial samples were collected between the Xs (red) within 10 m of glacial margin.

Fig. 2. Subglacial LIA bryophyte populations emerging from Teardrop Glacier margin. (A) Intact population of P. alpinum at glacier margin. (Scale bar,
10 cm.) (B) Corresponding detail of same P. alpinum population (red arrow). (C) Populations of A. turgidum < 1 m from glacier margin. (Scale bar, 20 cm). (D)
Corresponding detail of same of A. turgidum (red arrow) showing intact stems and leaves.

9840 | www.pnas.org/cgi/doi/10.1073/pnas.1304199110 La Farge et al.

D
ow

nl
oa

de
d 

at
 H

ar
va

rd
 L

ib
ra

ry
 o

n 
Se

pt
em

be
r 1

3,
 2

02
0 

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic 
and northwest Greenland with ice cover in white. Teardrop Glacier, 
Sverdrup Pass, Ellesmere Island, Nunavut, is indicated by a red arrow. 
(B) Oblique aerial view (from the north) of Teardrop Glacier, July 
2009. Light-toned perimeter (white arrows) marks the trimline at the 
limit of the LIA advance. Subglacial samples were collected between 
the Xs (red) within 10 m of glacial margin. 

Results
Median radiocarbon dates (2σ) on three subglacial samples from
the Teardrop Glacier foreland ranged from 404.5 to 614.5 cali-
brated years Before Present (cal y BP), documenting LIA
assemblages inside the trim-line (Fig.1B and Table S1). Aula-
comnium turgidum provides the youngest date, which is the best
maximum age of the subsequent entombment by ice. Recent
retreat rates of the Teardrop Glacier averaged 3.2 m/y (n = 1)
between 2004 and 2007 and 4.1 m/y (n = 1) between 2007 and
2009, documenting rapid exposure of subglacial bryophyte
assemblages along the margin (Figs. 2 and 3). These rates double
earlier calculations (1.6 ± 0.3 SE m/y, n = 9) made by comparing
the 1986 glacier margin to that recorded in the 1959 aerial
photograph (19). As well, retreat rates for the 1987–1992 interval
averaged 1.88 m/y (n = 1) that increased to 2.01 ± 0.13 SE m/y
(n = 7) from 1992–2004 (5). Despite multiple measurements for
two of the intervals (n = 7 or 9), ice retreat rates along the entire

margin were similar (SE ≤ 0.3 m/y). Since 2004, the accelerated
exposure of the foreland coincides with the sharp increase in
negative mass balance of glaciers and ice caps across the Cana-
dian Arctic (2).
In addition to the radiocarbon dates from the LIA populations,

the distinction between extant, colonizing bryophytes and the
exhumed subglacial assemblages is conspicuous on recently ex-
posed terrain (Fig. 4). Nonetheless, examination of subglacial
samples indicated lateral branch development or apical stem re-
generation from LIA populations, suggesting unprecedented
regrowth (Fig. 5). In vitro culture assays of the subglacial bryo-
phytes were analyzed and a conservative interpretation of the
results has been made. Only cultures that contained the same
species present in the original subglacial sample are considered
unequivocal examples of regeneration. Furthermore, we excluded
all weedy, prolific taxa that occur in the extant flora of the fore-
land, regardless of whether they are also represented in the LIA

Fig. 1. Location of study site. (A) Map of the Canadian High Arctic and northwest Greenland with ice cover in white. Teardrop Glacier, Sverdrup Pass,
Ellesmere Island, Nunavut, is indicated by a red arrow. (B) Oblique aerial view (from the north) of Teardrop Glacier, July 2009. Light-toned perimeter (white
arrows) marks the trimline at the limit of the LIA advance. Subglacial samples were collected between the Xs (red) within 10 m of glacial margin.

Fig. 2. Subglacial LIA bryophyte populations emerging from Teardrop Glacier margin. (A) Intact population of P. alpinum at glacier margin. (Scale bar,
10 cm.) (B) Corresponding detail of same P. alpinum population (red arrow). (C) Populations of A. turgidum < 1 m from glacier margin. (Scale bar, 20 cm). (D)
Corresponding detail of same of A. turgidum (red arrow) showing intact stems and leaves.

9840 | www.pnas.org/cgi/doi/10.1073/pnas.1304199110 La Farge et al.
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Fig. 2. Subglacial LIA bryophyte populations emerging 
from Teardrop Glacier margin. (A) Intact population of P. 
alpinum at glacier margin. (Scale bar, 10 cm.) (B) 
Corresponding detail of same P. alpinum population (red 
arrow). (C) Populations of A. turgidum < 1 m from 
glacier margin. (Scale bar, 20 cm). (D) Corresponding 
detail of same of A. turgidum (red arrow) showing intact 
stems and leaves. 

Fig 4. Examples of extant, pioneer species growing on exhumed 
LIA plant material. (A) Extensive populations of LIA A. turgidum 
used as a colonizing substrate for P. cavifolium (a common weedy 
species) ∼6 m from glacier margin. (B) P. cavifolium growing on 
blackened mats of LIA populations ∼10 m from glacier margin. 

sample (Materials and Methods). Based on these criteria, our
results indicate regrowth from 11 cultures derived from seven
subglacial specimens, representing four distinct taxa (Table S2).
Our most consistent regenerate was A. turgidum, which pro-
duced seven in vitro cultures from three subglacial specimens
(SBG2: D4, D5, D20, J9; SBG27: D7; SBG44: D10, D12) (Fig. 6
B–D). Three additional species, Distichium capillaceum (SBG8:
D30), Encalypta procera (SBG–CLF13145: D69) (Fig. 6A), and
Syntrichia ruralis (SBG37: D42, D43) were also cultured from
parental subglacial samples.
Of the regenerated taxa, the hydric species A. turgidum pro-

duced the most luxuriant growth in vitro. We emphasize that
D. capillaceum, a mesic widespread species, was grown from LIA
material chipped from the ice margin and selectively sown as
a single species. S. ruralis represents the most xeric member of
the regenerated taxa. In the high arctic, it is a widespread and
abundant species that is not known to produce sporophytes, and
therefore its regrowth is dependent on clonal reproduction. The
culture of E. procera is particularly noteworthy, given that spe-
cialized asexual propagules (axillary gemmae) were selectively
sown from a single stem (Fig. 6A), collected 1.5 m from the ice
margin, indicating <1 y of exposure. This LIA specimen con-
tained axillary gemmae that are specifically developed for rapid
establishment of new populations. The culture produced new
stems with the typical axillary gemmae, and protonema covering
the culture substrate with prolific amounts of desiccation re-
sistant, protonemal gemmae. This type of gemmae has not been
reported previously for Encalypta and is identified by specialized
abscission (tmema) cells. A recent systematic study of Ptychos-
tomum (commonly referred to as Bryum) has shown that the
protonemal gemmae are in fact the most ubiquitous type of
propagule (vs. rhizoidal tubers, axillary gemmae or bulbils, foliar
gemmae) for the genus, but are often overlooked in the field
(25). This finding is based on the fact that they occur on the soil,
which often is not examined when determining a taxon. The ca-
pacity to retain E. procera’s specialized clonal strategy on a tem-
poral scale (i.e., 400 y) demonstrates a remarkable biological
advantage within land plants.
Collectively, the paleoecological reconstruction of these sub-

glacial taxa represents a broad range of habitats (hydric to xeric)

based on the extant assemblages of Sverdrup Pass, as well as
a quantitative study of High Arctic bryophytes (26). These LIA
assemblages form either large populations comprised of few
species or diverse, mixed populations comparable to the well-
established assemblages of Sverdrup Pass. The four regenerated
species (above) do not represent weedy, pioneer colonizers on
the foreland that are typified by prolific spore production (e.g.,
Funaria arctica, Psilopilum cavifolium, Leptobryum pyriforme,
Ptychostomum spp., and Pohlia spp.) (Fig. 4). The remaining
cultures of these subglacial specimens (22 of 32) (Table S2)
lacked growth or produced fungal hyphae, green algae, weedy
taxa (see above), or local taxa not recorded in the original
sample (Materials and Methods). L. pyriforme was recorded as the
only contaminant in the control dishes; it grows in Sverdrup Pass,
but is also a common greenhouse invader.
The diversity of bryophytes exhumed from beneath the Tear-

drop Glacier provides a window into the communities present
during the LIA. This subglacial flora (60 spp.: 52 mosses, 8
hepatics) (Table S3) is exceptional, representing 42% of the
extant flora (144 spp., 133 mosses and 11 hepatics) of Sverdrup
Pass based on our current surveys (2007 and 2009). The extant
bryophyte flora also exceeds the reported lichen (115 spp.), algal
(84 spp.), and cyanobacteria (52 spp.) floras of Sverdrup Pass
(21, 22), emphasizing the prominence of bryophytes within the
modern Canadian arctic floras. Furthermore, the subfossil spe-
cies richness approaches that of the extant vascular plants (75
spp.) within Sverdrup Pass (20).

Discussion
The uniqueness of this study is the regeneration of exhumed
LIA bryophytes after 400 y of ice entombment, demonstrating
their remarkable biological resilience in the terrestrial ecology of
polar environments. Often ignored in ecosystem studies, this
ancient (470 Ma) group of land plants has developed unique
evolutionary solutions (27, 28). Bryophytes are predominantly
clonal organisms with cells that are: (i) totipotent: the capacity of
a living cell to dedifferentiate into a meristematic state that can
then reprogram the cell for development of the organism (29,
30); and (ii) poikilohydric: lacking the ability to control water
content. Hence, bryophyte cells can shut down physiologically
during desiccation and revive when conditions are favorable (31).
Together, these attributes enable fragmentary gametophytic (i.e.,
leaf, rhizoid, stem) or more rarely sporophytic (i.e., seta, capsule)
tissue to regenerate new plants initiated from dedifferentiated
cells. Recent genomic research on Physcomitrella patens suggests
a genetic basis for totipotent cells, which have a similar function
to stem cells in faunal organisms (32). The ability of exhumed
bryophyte tissue (gametophytic) to regenerate emphasizes their
successful adaptation to extreme polar environments.
Bryophytes, constrained by their structural and reproductive

simplicity, are not just reduced vascular plants but have evolved

Fig. 3. Average retreat rates of Teardrop Glacier, Sverdrup Pass, central
Ellesmere Island. Initial rates were determined for intervals of 1959–1986,
1986–1992, 1992–2004, and extended in our study for 2004–2007 and 2007–
2009 (see text). Each, averaged interval is represented by a horizontal line
with a diamond representing the midpoint. The line of connected diamonds
shows the increasing retreat rate. Note the abrupt acceleration in retreat
rates post-2004, which coincides with increased rates of net mass loss
reported for ice caps from Arctic Canada.

Fig. 4. Examples of extant, pioneer species growing on exhumed LIA plant
material. (A) Extensive populations of LIA A. turgidum used as a colonizing
substrate for P. cavifolium (a common weedy species) ∼6 m from glacier
margin. (B) P. cavifolium growing on blackened mats of LIA populations
∼10 m from glacier margin.
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Conclusion: dates of exposed plant material 

indicate that glacier retreat is exceptional 

relative to the past 2000+ years. Glaciers are 

not merely retreating after briefly expanding 

during the little ice age a few hundred years 

ago. 
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Are glaciers retreating due to end of little ice age? 

Second line of evidence: 
Relation between temperature and glacier extent 

and glacier adjustment time scale.
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Notes section 11.2.1 

(1) Basics: Accumulation & ablation zones, equilibrium line 
(2) SMB, PDD 
(3) Reconstructing temperature from glacier extent  

use following slides
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Accumulation & ablation zones, equilibrium line 

Glaciation, Michael E. Ritter 
https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/
The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation 

https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation
https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation
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Accumulation & ablation zones, equilibrium line 

Glaciation, Michael E. Ritter 
https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/
The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation 

SMB: Surface Mass Balance: rate of snow accumulation 
minus surface melting/ ablation.  

https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation
https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation
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Accumulation & ablation zones, equilibrium line 

Glaciation, Michael E. Ritter 
https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/
The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation 

PDD: positive degree days: an empirical measure of surface 
melting rate:  PDD = ∑

days (i)
(Ti − Tmelt)ℋ(Ti − Tmelt)

SMB: Surface Mass Balance: rate of snow accumulation 
minus surface melting/ ablation.  

https://geo.libretexts.org/Bookshelves/Geography_%28Physical%29/The_Physical_Environment_%28Ritter%29/19%3A_Glacial_Systems/19.01%3A_Glaciation
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Reconstructing temperature from glacier extent 
Let the lacier length anomaly be L’; & local temperature anomaly be T’. 
Assuming a simple linear relation between length & temperature 

 . L′ = − cT′ 

[Oerleman, 2005]
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Reconstructing temperature from glacier extent 
Let the lacier length anomaly be L’; & local temperature anomaly be T’. 
Assuming a simple linear relation between length & temperature 

 . L′ = − cT′ 

If the temperature changes too quickly to allow glacier lengths to 
equilibrate at any given time, the glacier length continuously adjusts 
toward its equilibrium with the changing atmospheric temperature, with a 
typical timescale ,τ

----1

---0

---+1

In addition to the above-mentioned observation that glacier length seems
more sensitive to temperature than to a change in accumulation, we note that
the spatial patternsof observedprecipitation changes tend tobeof a smaller scale
than that of observedwarming.These two observations, plus the fact that glacier
retreat is an essentially global phenomenon (Figure 11.3), suggest that it may
be possible to relate glacier length to temperature alone. The adjustment time
of glaciers to temperature changes can vary from decades to hundreds of years,
depending on the topographic slope, accumulation rate, and more. Let us first
consider for simplicity the unrealistic scenario that a given glacier is in equilib-
riumwith the local temperaturebecause the temperature is changing very slowly,
allowing the glacier length to fully adjust to the temperature at any given time. In
that case, we can relate the glacier length anomaly to the temperature anomaly.
Let the glacier length anomaly, defined as its deviation from the length in a spec-
ified reference year, be L0, and let the local temperature anomaly relative to that
in the reference year beT0. Assuming a simple linear relation between length and
temperature, one writes L0 D �cT0. The proportionality constant is the climate
sensitivity of the glacier, measured in km/K.

However, over the past century and a half, temperature has changed too
quickly to allow glacier lengths to equilibrate at any given time, and this equi-
librium relation cannot be assumed to hold. Instead, the glacier length contin-
uously adjusts toward its equilibrium with the changing atmospheric temper-
ature, with a typical timescale ⌧ (typically decades to hundreds of years; see
below). The adjustment may be described by the simple differential equation

dL0.t/
dt

D �1
⌧

�
L0.t/ C cT0.t/

�
: (11.1)

We can intuitively understand this equation by assuming a simple scenario: Sup-
pose that at t D 0 the glacier had a length L0

0 when the temperature has changed
to some new fixed value T0

0 and remained there, and that the glacier length is
now adjusting to the new temperature. The solution to equation (11.1) for this
case of a constant temperature is

L0.t/ D .L0
0 C cT0

0/e
�t=⌧ � cT0

0; (11.2)

MOUNTAIN GLACIERS j 199
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0 when the temperature has changed
to some new fixed value T0

0 and remained there, and that the glacier length is
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case of a constant temperature is
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Figure 11.4:Glacier adjustment to temperature perturbation.
Two idealized adjustment scenarios of glacier length based on solution (11.2), assuming
a glacier adjustment time of ⌧ D 15 yr, and based on the initial lengths and perturbation
temperatures indicated.

which may be verified by noting that it satisfies both the differential equation
and the prescribed initial condition for the glacier length at t D 0. We see from
this solution that as the first term decays, the glacier length is approaching its
final equilibrium state�cT0

0 exponentially with a timescale ⌧ . Figure 11.4 shows
two example scenarios, one in which the glacier is advancing and one in which
it is retreating, both showing the exponential approach to the new equilibrium.
More generally, we can now understand equation (11.1) to describe the expo-
nential approach of the glacier length L0.t/ toward its equilibrium value with
the continuously changing temperature perturbation T0.t/, with an adjustment
time ⌧ .

We next proceed to the analysis of the more realistic case of a temperature
that keeps changing, in order to be able to relate observations of global mean
temperature and glacier length records over the past century and a half. For this
purpose, we take L0.t/ in (11.1) to be the glacier length anomaly relative to
that at year 1960 and T0.t/ to be the temperature anomaly relative to that year.
Equation (11.1) may be rewritten as an equation for the temperature,

T0.t/ D �1
c

✓
L0.t/ C ⌧

dL0.t/
dt

◆
: (11.3)

We can evaluate the length anomaly and its time derivative, which both appear
on the RHS, from the mean glacier anomaly extent in Figure 11.2a. We take the
adjustment timescale ⌧ and the climate sensitivity c as unknowns, although for

200 j CHAPTER 11

This suggests,

[Oerleman, 2005]
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time ⌧ .

We next proceed to the analysis of the more realistic case of a temperature
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If the temperature changed abruptly to  and then remained constant, 
the differential equation may be solved,

T′ 0

[Oerleman, 2005]
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solution that the glacier length is changing exponentially with a timescale
t toward its new equilibrium value �cT 0

0. Fig. 11.4 shows two example
scenarios, one in which the glacier is expanding and one in which it is
retreating, both showing the exponential approach to the new equilibrium.

Figure 11.5: Relating temperature to glacier length. (a) Globally and
annually averaged surface temperature (blue) and its smoothed version
used for the analysis of glacier length and global temperature (red). (b)
The binned-average glacier length from Fig. 11.2a, interpolated to 1-year
resolution (blue) and smoothed (red). (c) The optimal solution for the
global mean surface temperature calculated from the binned glacier extent
using eqn (11.3) is shown in red, together with the observed smoothed
temperature redrawn from panel a, and with the equilibrium temperature
with the glacier length (dash, see text for details).

We next proceed to the analysis of the more realistic case of a tempera-
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from decades to hundreds of years, depending on the topographic slope,
accumulation rate, and more. In spite of that, let us first assume for
simplicity that a given glacier is in equilibrium with the local temperature,
because the temperature is changing very slowly, allowing the glacier
length to fully adjust to the temperature at any given time. In that case,
we can related the glacier length anomaly to the temperature anomaly.
Let the glacier length anomaly, defined as its deviation from the length
in a specified reference year, be L0, and let the local temperature anomaly
relative to that in the reference year be T 0. Assuming a simple linear relation
between length and temperature, one writes L0 =�cT 0. The proportionality
constant is the “climate sensitivity” of the glacier, measured in km/K.

However, over the past century and a half, temperature has changed too
quickly to allow glacier lengths to equilibrate at any given time, and this
equilibrium relation cannot be assumed to hold. Instead, the glacier length
continuously adjusts toward its equilibrium with the changing atmospheric
temperature, with a typical timescale t (typically decades to hundreds
of years, more below). The adjustment may be described by the simple
differential equation,

dL0(t)
dt

=�1
t
�
L0(t)+ cT 0(t)

�
. (11.1)

We can intuitively understand this equation by assuming a simple scenario:
suppose that at t = 0 the glacier had a length L0

0, when the temperature
has changed to some new fixed value T 0

0 and remained there, and that the
glacier length is now adjusting to the new temperature. The solution to
(11.1) for this case of a constant temperature is

L0(t) = (L0
0 + cT 0

0)e
�t/t � cT 0

0, (11.2)

which may be verified by noting that it satisfies both the differential equa-
tion and the prescribed initial condition for the glacier length at t = 0. We
see from this solution that the glacier length is changing exponentially with
a timescale t toward its new equilibrium value �cT 0

0. Figure 11.4 shows
two example scenarios, one in which the glacier is expanding and one in
which it is retreating, both showing the exponential approach to the new
equilibrium.

We next proceed to the analysis of the more realistic case of a tempera-
ture that keeps changing, in order to related observations of global mean
temperature and glacier length records over the past century and a half. For
this purpose, we take L0(t) in (11.1) to be the glacier length anomaly rela-
tive to that at year 1960, and T 0(t) to be the temperature anomaly relative
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And, if :T(t) = T0 = constant

[Oerleman, 2005]
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I constructed a temperature history for different parts of the world from 169
glacier length records. Using a first-order theory of glacier dynamics, I related
changes in glacier length to changes in temperature. The derived temperature
histories are fully independent of proxy and instrumental data used in earlier
reconstructions. Moderate global warming started in the middle of the 19th
century. The reconstructed warming in the first half of the 20th century is
0.5 kelvin. This warming was notably coherent over the globe. The warming
signals from glaciers at low and high elevations appear to be very similar.

The worldwide retreat of many glaciers during
the past few decades is frequentlymentioned as
a clear and unambiguous sign of global warm-
ing (1, 2). Recent glaciometeorological field
experiments and modeling studies have led
to a much improved understanding of the
link between climate processes and glacier
mass balance (3, 4). Yet, the climatic infor-
mation contained in records of glacier ge-
ometry, particularly glacier length, has only
partly been exploited. This is perhaps due to
the nature of the data. Because data points
on glacier length are irregularly spaced in
time (Fig. 1), the data are more difficult to
handle than some other proxies. Therefore, in
most temperature reconstructions of the late
Holocene climate, glacier records are not in-
cluded and most information comes from tree
rings (5, 6).

Compared with biogenic climate indica-
tors like tree rings, glacier systems react in a
relatively simple way to climate change. The
transfer function does not change in time and
geometric effects can be addressed. Interest-
ingly, many glaciers are found at high ele-
vations. This implies that a climate signal
reflected in glacier fluctuations can be studied
as a function of height. The recent discussion
on the possible discrepancy between surface-
temperature observations and satellite mea-
surements (7) and the problems involved in
analyzing radiosonde temperature data (8)
demonstrates the importance of climate
proxies from high-elevation sites.

Although glacier retreat is mentioned in
almost all assessments on climate change, the
number of systematic studies of longer rec-
ords is quite small. Some glaciers have been
studied in great detail Eincluding Storglaci.ren,
Sweden (9); Nigardsbreen, Norway (10);
Rhonegletscher, Switzerland (11); and Untere
Grindelwaldgletscher, Switzerland (12)^, but
the methods used cannot be applied to a
large sample because the required input data

are not available. Direct mass-balance obser-
vations have been analyzed to estimate the
contribution of glaciers to sea-level change
(13). Unfortunately, such observations started
only in the second half of the 20th century
and do not provide information about the
transition from the Little Ice Age to the cur-
rent climatic state.

Here, I present an objective climatic
interpretation of glacier length records from
all over the world. A linear inverse model
provides the basis for an individual treatment
of all length records. Differences in the cli-
mate sensitivity and response time of glaciers
are taken into account.

Records of glacier length were compiled
from various sources, building on a data set
from an earlier study (14). It was possible to
extend the set of 48 records to a set of 169
records from glaciers found at widely dif-
fering latitudes and elevations. The core of
the data set comes from the files of the World
Glacier Monitoring Service in Z[rich (15).
Records were then included from glaciers in
Patagonia (16), southern Greenland (17),
Iceland (18), and Jan Mayen (19). Additional

information was taken from the Satellite
Image Atlas of Glaciers of the World (20)
and from reports of the Swiss Academy of
Sciences (21). The character of the records
differs widely (Fig. 1). Some start in 1600
and have typically 10 data points until 1900
and more afterward. Other records start
around 1900 but have annual resolution
throughout. The longest record is that of the
Untere Grindelwaldgletscher, which starts in
1534 (22).

Data points in the earlier parts of glacier
records are sparse but normally quite reliable.
The information on maximum stands from
sketches, etches, paintings, and photographs
can be checked with moraine systems that are
still in place today. However, records based
on information from moraines dated by li-
chenometry or fossil wood without any ad-
ditional evidence have not been used in the
present study.

The records are not spread equally over the
globe. There is a strong bias toward the Euro-
pean Alps, where a wealth of documents exists
and glacier monitoring was introduced rela-
tively early. Fluctuations of some glaciers in
Iceland and Scandinavia before 1800 have
also been documented well (18, 23, 24). Gla-
cier records in North America have not been
kept up to date and many series do not extend
beyond 1985. The 169 glaciers in the data set
are located in the European Alps (93 records),
Caucasus (8), tropical Africa (5), Central Asia
(9), Irian Jaya (2), New Zealand (2), Patago-
nia (6), Northwest America (27), South
Greenland (1), Iceland (4), Jan Mayen (1),
Svalbard (3), and Scandinavia (8). In discus-
sing the results, glaciers are grouped into re-
gions, which are referred to as the Southern
Hemisphere (tropics, New Zealand, and Pat-
agonia), Northwest America (mainly Canadian
Rockies), the Atlantic sector (SouthGreenland,
Iceland, Jan Mayen, Svalbard, and Scan-

Institute for Marine and Atmospheric Research, Utrecht
University, Princetonplein 5, 3584 CC Utrecht, Neth-
erlands. E-mail: j.oerlemans@phys.uu.nl

Fig. 1. Examples of glacier length
records from different parts of
the world. Each dot represents a
data point. Data points are
scarce before 1900; after 1900 a
considerable number of records
have annual resolution.
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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 scarce 
before 1900; after 1900 a considerable number 
of records have annual resolution. 
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and glacier monitoring was introduced rela-
tively early. Fluctuations of some glaciers in
Iceland and Scandinavia before 1800 have
also been documented well (18, 23, 24). Gla-
cier records in North America have not been
kept up to date and many series do not extend
beyond 1985. The 169 glaciers in the data set
are located in the European Alps (93 records),
Caucasus (8), tropical Africa (5), Central Asia
(9), Irian Jaya (2), New Zealand (2), Patago-
nia (6), Northwest America (27), South
Greenland (1), Iceland (4), Jan Mayen (1),
Svalbard (3), and Scandinavia (8). In discus-
sing the results, glaciers are grouped into re-
gions, which are referred to as the Southern
Hemisphere (tropics, New Zealand, and Pat-
agonia), Northwest America (mainly Canadian
Rockies), the Atlantic sector (SouthGreenland,
Iceland, Jan Mayen, Svalbard, and Scan-

Institute for Marine and Atmospheric Research, Utrecht
University, Princetonplein 5, 3584 CC Utrecht, Neth-
erlands. E-mail: j.oerlemans@phys.uu.nl

Fig. 1. Examples of glacier length
records from different parts of
the world. Each dot represents a
data point. Data points are
scarce before 1900; after 1900 a
considerable number of records
have annual resolution.

3

2

1

0

-1

-2

Year

Le
ng

th
 r

el
at

iv
e 

to
 y

ea
r 

19
50

 (k
m

)

Nigardsbreen, Norway

Hansbreen, Svalbard

Franz-Josef Gl., New Zealand

Wedgemount, Western Canada

Sorbreen, Jan Mayen

R E P O R T S

www.sciencemag.org SCIENCE VOL 308 29 APRIL 2005 675
Fig. 1. Examples of glacier length records 
from different parts of the world. Each dot 
represents a data point. Data points are scarce 
before 1900; after 1900 a considerable number 
of records have annual resolution. 

dinavia), and the Alps and Asia (Caucasus and
Central Asia).

In all records, data points were connected
by interpolation. Normally cubic splines were
used. However, in some cases a combination
of linear interpolation and fitting with splines
performed better. All interpolated records
were visually checked for spurious effects.

The number of records reveals a strong
increase at the end of the 19th century, both for
the Alps and for all other glaciers (Fig. 2A).
Stacking all records yields a curve for the
change in mean glacier length (Fig. 2B). The
curve was not smoothed, implying that some
irregularities occur when a glacier with a
large change in length is added to the sample
(or disappears from the sample at the very
end). The curve for all glaciers outside the
Alps is notably similar to the curve for the
entire sample. This reflects the notion that
glacier retreat on the century time scale is
rather uniform over the globe. Around 1800,
mean glacier length was decreasing and this
decrease accelerated gradually. The present
data set thus suggests that the Little Ice Age
was at its maximum around 1800 rather than
at the end of the 19th century as indicated by
some other temperature proxies (6).

Histograms of mean retreat rates for
selected periods show that very few glaciers
in the sample actually became longer (fig. S1).
For the period from 1860 to 1900 (36 records),
one glacier advanced and all of the others
retreated. For the period from 1900 to 1980,
142 of the 144 glaciers retreated.

The response of a glacier to climate change
depends on its geometry and on the climatic
setting. To unravel the climate signal con-
tained in the glacier length records, it is
necessary to discriminate with respect to the
climate sensitivity c and to the response time t
(the time a glacier needs to approach a new
equilibrium state). Similar to other climate
proxies, glacier length fluctuations are the
product of variations in more than one mete-
orological parameter. Glacier mass balance
depends mainly on air temperature, solar radi-
ation, and precipitation. Extensive meteoro-

logical experiments on glaciers have shown
that the primary source for melt energy is
solar radiation but that fluctuations in the
mass balance through the years are mainly
due to temperature and precipitation (25, 26).
Mass-balance modeling for a large number of
glaciers has shown that a 25% increase in
annual precipitation is typically needed to
compensate for the mass loss due to a uniform
1 K warming (3, 27). These results, combined
with evidence that precipitation anomalies
normally have smaller spatial and temporal
scales than those of temperature anomalies
(2), indicate that glacier fluctuations over dec-
ades to centuries on a continental scale are
primarily driven by temperature. Here, the
climate sensitivity c is therefore defined as the
decrease in equilibrium glacier length per de-
gree temperature increase.

The simplest approach that deals with lag
effects is a linear response equation:

dL¶ðtÞ
dt

0 j
1

t
EcT ¶ðtÞ þ L¶ðtÞ^ ð1Þ

Here, t is time, L¶ is the glacier length with
respect to a reference state, and T ¶ is a
temperature perturbation (annual mean) with
respect to a reference state. The inverse
model is now obtained by solving for T ¶:

T ¶ðtÞ 0 j
1

c
L¶ðtÞ þ t

dL¶ðtÞ
dt

! "

ð2Þ

For any glacier length record, the corre-
sponding temperature history can be obtained
with Eq. 2 once the climate sensitivity and
response time are known.

A number of glaciers have been studied by
explicit numerical modeling (28) or more
refined linear inverse modeling (29). Howev-
er, the input data required for these methods is
not available for most glaciers considered
here. Therefore, c and t were determined from
a simple theory of glacier dynamics, calibrated
with results from numerical studies (30).
Climate sensitivity depends in particular on
the surface slope (a geometric effect) and the
annual precipitation (a mass-balance effect).

Glaciers in a wetter climate are more sensitive
(31, 3), and this is taken into account (30). As
a result, in the sample of 169 glaciers, c varies
by a factor of 10, from È1 to È10 km K–1

(fig. S2). The response time is to a large extent
determined by the slope and the balance
gradient (the rate at which the mass gain or
loss changes with elevation). Values of t vary
from about 10 years for the steepest glaciers to
a few hundreds of years for the largest glaciers
in the sample with a small slope (the glaciers
in Svalbard). Most of the values are in the
range of 40 to 100 years (fig. S2).

Because the right-hand side of Eq. 2
contains the time derivative of glacier length,
the calculated temperature curves can be
noisy. This noise was removed by filtering,
which effectively smoothed out the variability
on time scales shorter than about a decade.

Reconstructed temperatures for five re-
gions are shown in Fig. 3A. The interpretation
of the temperature curves before 1800 should
be done with caution, because the number of
records is small (Fig. 2A). From 1860 onward,
most regions show a temperature increase. In
the first half of the 20th century the temper-
ature rise is notably similar for all regions:
about 0.5 K in 40 years. After 1945, the global
mean temperature drops slightly until 1970,
when it starts to rise again. For North America,
the reconstruction shows a marked cooling af-
ter 1940, which seems to be at odds with the
substantial retreat observed for most glaciers
during the past 20 years. This apparent dis-
crepancy is due to the fact that many records
from North America are not up to date and
end in the period of 1975 to 1990 (table S1).

The global mean temperature shown in
Fig. 3A is a weighted mean for the period
from 1834 to 1990. To obtain a curve for the
period from 1600 to 1990, it can be combined
with a stacked temperature reconstruction for
all glaciers before 1834 (Fig. 3B). The major
sources of error for the global mean temper-
ature reconstruction are (i) the influence of
meteorological variables other than tempera-
ture, (ii) uncertainty in the climate sensitivity
of the glaciers (which affects the amplitude

Fig. 2. (A) Number of
records for the last 300
years. The decline after
1990 is due to a large
delay in the reporting
and publishing of data
in a suitable form. (B)
Stacked records of gla-
cier length. Irregular-
ities occur when a
glacier with a large
length change is add-
ed. However, this does
not necessarily involve
a large change in cli-
matic conditions be-
cause glaciers exhibiting large changes are normally those that have a large climate sensitivity (and thus respond in a more pronounced way to, for instance,
a temperature change). After 1900, the irregularities disappear because the number of glaciers in the sample increases strongly.
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Fig. 2. (A) Number of records for the last 300 years. The decline after 1990 is due to a large 
delay in the reporting and publishing of data in a suitable form. (B) Stacked records of glacier 
length. Irregularities occur when a glacier with a large length change is added. However, this 
does not necessarily involve a large change in climatic conditions because glaciers exhibiting 
large changes are normally those that have a large climate sensitivity (and thus respond in a 
more pronounced way to, for instance, a temperature change). After 1900, the irregularities 
disappear because the number of glaciers in the sample increases strongly. 
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still in place today. However, records based
on information from moraines dated by li-
chenometry or fossil wood without any ad-
ditional evidence have not been used in the
present study.

The records are not spread equally over the
globe. There is a strong bias toward the Euro-
pean Alps, where a wealth of documents exists
and glacier monitoring was introduced rela-
tively early. Fluctuations of some glaciers in
Iceland and Scandinavia before 1800 have
also been documented well (18, 23, 24). Gla-
cier records in North America have not been
kept up to date and many series do not extend
beyond 1985. The 169 glaciers in the data set
are located in the European Alps (93 records),
Caucasus (8), tropical Africa (5), Central Asia
(9), Irian Jaya (2), New Zealand (2), Patago-
nia (6), Northwest America (27), South
Greenland (1), Iceland (4), Jan Mayen (1),
Svalbard (3), and Scandinavia (8). In discus-
sing the results, glaciers are grouped into re-
gions, which are referred to as the Southern
Hemisphere (tropics, New Zealand, and Pat-
agonia), Northwest America (mainly Canadian
Rockies), the Atlantic sector (SouthGreenland,
Iceland, Jan Mayen, Svalbard, and Scan-
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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
scarce before 1900; after 1900 a
considerable number of records
have annual resolution.
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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 scarce 
before 1900; after 1900 a considerable number 
of records have annual resolution. 

dinavia), and the Alps and Asia (Caucasus and
Central Asia).

In all records, data points were connected
by interpolation. Normally cubic splines were
used. However, in some cases a combination
of linear interpolation and fitting with splines
performed better. All interpolated records
were visually checked for spurious effects.

The number of records reveals a strong
increase at the end of the 19th century, both for
the Alps and for all other glaciers (Fig. 2A).
Stacking all records yields a curve for the
change in mean glacier length (Fig. 2B). The
curve was not smoothed, implying that some
irregularities occur when a glacier with a
large change in length is added to the sample
(or disappears from the sample at the very
end). The curve for all glaciers outside the
Alps is notably similar to the curve for the
entire sample. This reflects the notion that
glacier retreat on the century time scale is
rather uniform over the globe. Around 1800,
mean glacier length was decreasing and this
decrease accelerated gradually. The present
data set thus suggests that the Little Ice Age
was at its maximum around 1800 rather than
at the end of the 19th century as indicated by
some other temperature proxies (6).

Histograms of mean retreat rates for
selected periods show that very few glaciers
in the sample actually became longer (fig. S1).
For the period from 1860 to 1900 (36 records),
one glacier advanced and all of the others
retreated. For the period from 1900 to 1980,
142 of the 144 glaciers retreated.

The response of a glacier to climate change
depends on its geometry and on the climatic
setting. To unravel the climate signal con-
tained in the glacier length records, it is
necessary to discriminate with respect to the
climate sensitivity c and to the response time t
(the time a glacier needs to approach a new
equilibrium state). Similar to other climate
proxies, glacier length fluctuations are the
product of variations in more than one mete-
orological parameter. Glacier mass balance
depends mainly on air temperature, solar radi-
ation, and precipitation. Extensive meteoro-

logical experiments on glaciers have shown
that the primary source for melt energy is
solar radiation but that fluctuations in the
mass balance through the years are mainly
due to temperature and precipitation (25, 26).
Mass-balance modeling for a large number of
glaciers has shown that a 25% increase in
annual precipitation is typically needed to
compensate for the mass loss due to a uniform
1 K warming (3, 27). These results, combined
with evidence that precipitation anomalies
normally have smaller spatial and temporal
scales than those of temperature anomalies
(2), indicate that glacier fluctuations over dec-
ades to centuries on a continental scale are
primarily driven by temperature. Here, the
climate sensitivity c is therefore defined as the
decrease in equilibrium glacier length per de-
gree temperature increase.

The simplest approach that deals with lag
effects is a linear response equation:

dL¶ðtÞ
dt

0 j
1

t
EcT ¶ðtÞ þ L¶ðtÞ^ ð1Þ

Here, t is time, L¶ is the glacier length with
respect to a reference state, and T ¶ is a
temperature perturbation (annual mean) with
respect to a reference state. The inverse
model is now obtained by solving for T ¶:

T ¶ðtÞ 0 j
1

c
L¶ðtÞ þ t

dL¶ðtÞ
dt

! "

ð2Þ

For any glacier length record, the corre-
sponding temperature history can be obtained
with Eq. 2 once the climate sensitivity and
response time are known.

A number of glaciers have been studied by
explicit numerical modeling (28) or more
refined linear inverse modeling (29). Howev-
er, the input data required for these methods is
not available for most glaciers considered
here. Therefore, c and t were determined from
a simple theory of glacier dynamics, calibrated
with results from numerical studies (30).
Climate sensitivity depends in particular on
the surface slope (a geometric effect) and the
annual precipitation (a mass-balance effect).

Glaciers in a wetter climate are more sensitive
(31, 3), and this is taken into account (30). As
a result, in the sample of 169 glaciers, c varies
by a factor of 10, from È1 to È10 km K–1

(fig. S2). The response time is to a large extent
determined by the slope and the balance
gradient (the rate at which the mass gain or
loss changes with elevation). Values of t vary
from about 10 years for the steepest glaciers to
a few hundreds of years for the largest glaciers
in the sample with a small slope (the glaciers
in Svalbard). Most of the values are in the
range of 40 to 100 years (fig. S2).

Because the right-hand side of Eq. 2
contains the time derivative of glacier length,
the calculated temperature curves can be
noisy. This noise was removed by filtering,
which effectively smoothed out the variability
on time scales shorter than about a decade.

Reconstructed temperatures for five re-
gions are shown in Fig. 3A. The interpretation
of the temperature curves before 1800 should
be done with caution, because the number of
records is small (Fig. 2A). From 1860 onward,
most regions show a temperature increase. In
the first half of the 20th century the temper-
ature rise is notably similar for all regions:
about 0.5 K in 40 years. After 1945, the global
mean temperature drops slightly until 1970,
when it starts to rise again. For North America,
the reconstruction shows a marked cooling af-
ter 1940, which seems to be at odds with the
substantial retreat observed for most glaciers
during the past 20 years. This apparent dis-
crepancy is due to the fact that many records
from North America are not up to date and
end in the period of 1975 to 1990 (table S1).

The global mean temperature shown in
Fig. 3A is a weighted mean for the period
from 1834 to 1990. To obtain a curve for the
period from 1600 to 1990, it can be combined
with a stacked temperature reconstruction for
all glaciers before 1834 (Fig. 3B). The major
sources of error for the global mean temper-
ature reconstruction are (i) the influence of
meteorological variables other than tempera-
ture, (ii) uncertainty in the climate sensitivity
of the glaciers (which affects the amplitude

Fig. 2. (A) Number of
records for the last 300
years. The decline after
1990 is due to a large
delay in the reporting
and publishing of data
in a suitable form. (B)
Stacked records of gla-
cier length. Irregular-
ities occur when a
glacier with a large
length change is add-
ed. However, this does
not necessarily involve
a large change in cli-
matic conditions be-
cause glaciers exhibiting large changes are normally those that have a large climate sensitivity (and thus respond in a more pronounced way to, for instance,
a temperature change). After 1900, the irregularities disappear because the number of glaciers in the sample increases strongly.
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Fig. 2. (A) Number of records for the last 300 years. The decline after 1990 is due to a large 
delay in the reporting and publishing of data in a suitable form. (B) Stacked records of glacier 
length. Irregularities occur when a glacier with a large length change is added. However, this 
does not necessarily involve a large change in climatic conditions because glaciers exhibiting 
large changes are normally those that have a large climate sensitivity (and thus respond in a 
more pronounced way to, for instance, a temperature change). After 1900, the irregularities 
disappear because the number of glaciers in the sample increases strongly. 

of the temperature reconstruction), (iii) un-
certainty in the response times (which affects
the phase of the temperature reconstruction),
and (iv) the number of glacier length records
and degree of global coverage. An error es-
timate was made by assigning T20% errors to
climate sensitivities and response times of
individual glaciers and by making 10 sub-
samples of glacier length records (randomly
removing 50% of the records). In total, 100
alternative temperature reconstructions were
generated. The standard deviation calculated
from this set of reconstructions is taken as an
estimate of the error in the best estimate
based on all records. This standard deviation
has been smoothed in time. Changes in the
resulting bandwidth reflect first of all the
effect of the steadily increasing number of
glacier records (Fig. 3B). The possibility that
changes in precipitation are responsible for
part of the observed glacier fluctuations cannot
be excluded. However, a very large drying on a
global scale would be needed to explain the
worldwide glacier retreat, and there is no
independent evidence at all of such a phenom-
enon (2).

The derived global temperature record is
in broad agreement with other reconstruc-
tions and for the last part also with the in-
strumental record (fig. S3). However, the
glacier reconstruction shows a somewhat
larger amplitude on the century time scale.
Because glaciers need time to react and the
number of records drops sharply after 1995,
the warming seen in the instrumental record
over the past 15 years is not yet reflected in
the reconstruction.

Temperature curves appear to be very
similar for glaciers with low and high median
elevation (fig. S4A). Low and high glaciers
are classified as glaciers with median eleva-
tion below and above 2850 m, respectively
(fig. S5). For this threshold, the number of

glaciers in both classes is approximately
equal. Although the evidence is not conclusive
because only a limited altitudinal range is
considered, the glacier record does not show
any sign of a height dependence of the global
warming signal.

Glaciers witnessed a particularly strong
warming at high northern latitudes in the first
decades of the 20th century (fig. S4B). Unlike
the global mean signal, reconstructed tem-
perature shows a minimum in the second
half of the 19th century, when the Northern
Hemisphere mid-latitudes were already warm-
ing up.

The temperature reconstruction presented
here is fully independent of other sources
(proxy or instrumental). It thus provides com-
plementary evidence on the magnitude of the
current global warming, on the time that this
warming started, and on the notion that in the
lower troposphere the warming appears to be
independent of elevation.
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Fig. 3. (A) Temperature reconstruction for various regions. The black
curve shows an estimated global mean value, obtained by giving
weights of 0.5 to the Southern Hemisphere (SH), 0.1 to Northwest
America, 0.15 to the Atlantic sector, 0.1 to the Alps, and 0.15 to Asia.

(B) Best estimate of the global mean temperature obtained by com-
bining the weighted global mean temperature from 1834 with the
stacked temperature record before 1834. The band indicates the es-
timated standard deviation.
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Fig. 3. (A) Temperature reconstruction for various regions. The 
black curve shows an estimated global mean value, obtained by 
giving weights of 0.5 to the Southern Hemisphere (SH), 0.1 to 
Northwest America, 0.15 to the Atlantic sector, 0.1 to the Alps, and 
0.15 to Asia.  Year  (B) Best estimate of the global mean 
temperature obtained by combining the weighted global mean 
temperature from 1834 with the stacked temperature record before 
1834. The band indicates the estimated standard deviation. 
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Extracting a Climate Signal from
169 Glacier Records

J. Oerlemans

I constructed a temperature history for different parts of the world from 169
glacier length records. Using a first-order theory of glacier dynamics, I related
changes in glacier length to changes in temperature. The derived temperature
histories are fully independent of proxy and instrumental data used in earlier
reconstructions. Moderate global warming started in the middle of the 19th
century. The reconstructed warming in the first half of the 20th century is
0.5 kelvin. This warming was notably coherent over the globe. The warming
signals from glaciers at low and high elevations appear to be very similar.

The worldwide retreat of many glaciers during
the past few decades is frequentlymentioned as
a clear and unambiguous sign of global warm-
ing (1, 2). Recent glaciometeorological field
experiments and modeling studies have led
to a much improved understanding of the
link between climate processes and glacier
mass balance (3, 4). Yet, the climatic infor-
mation contained in records of glacier ge-
ometry, particularly glacier length, has only
partly been exploited. This is perhaps due to
the nature of the data. Because data points
on glacier length are irregularly spaced in
time (Fig. 1), the data are more difficult to
handle than some other proxies. Therefore, in
most temperature reconstructions of the late
Holocene climate, glacier records are not in-
cluded and most information comes from tree
rings (5, 6).

Compared with biogenic climate indica-
tors like tree rings, glacier systems react in a
relatively simple way to climate change. The
transfer function does not change in time and
geometric effects can be addressed. Interest-
ingly, many glaciers are found at high ele-
vations. This implies that a climate signal
reflected in glacier fluctuations can be studied
as a function of height. The recent discussion
on the possible discrepancy between surface-
temperature observations and satellite mea-
surements (7) and the problems involved in
analyzing radiosonde temperature data (8)
demonstrates the importance of climate
proxies from high-elevation sites.

Although glacier retreat is mentioned in
almost all assessments on climate change, the
number of systematic studies of longer rec-
ords is quite small. Some glaciers have been
studied in great detail Eincluding Storglaci.ren,
Sweden (9); Nigardsbreen, Norway (10);
Rhonegletscher, Switzerland (11); and Untere
Grindelwaldgletscher, Switzerland (12)^, but
the methods used cannot be applied to a
large sample because the required input data

are not available. Direct mass-balance obser-
vations have been analyzed to estimate the
contribution of glaciers to sea-level change
(13). Unfortunately, such observations started
only in the second half of the 20th century
and do not provide information about the
transition from the Little Ice Age to the cur-
rent climatic state.

Here, I present an objective climatic
interpretation of glacier length records from
all over the world. A linear inverse model
provides the basis for an individual treatment
of all length records. Differences in the cli-
mate sensitivity and response time of glaciers
are taken into account.

Records of glacier length were compiled
from various sources, building on a data set
from an earlier study (14). It was possible to
extend the set of 48 records to a set of 169
records from glaciers found at widely dif-
fering latitudes and elevations. The core of
the data set comes from the files of the World
Glacier Monitoring Service in Z[rich (15).
Records were then included from glaciers in
Patagonia (16), southern Greenland (17),
Iceland (18), and Jan Mayen (19). Additional

information was taken from the Satellite
Image Atlas of Glaciers of the World (20)
and from reports of the Swiss Academy of
Sciences (21). The character of the records
differs widely (Fig. 1). Some start in 1600
and have typically 10 data points until 1900
and more afterward. Other records start
around 1900 but have annual resolution
throughout. The longest record is that of the
Untere Grindelwaldgletscher, which starts in
1534 (22).

Data points in the earlier parts of glacier
records are sparse but normally quite reliable.
The information on maximum stands from
sketches, etches, paintings, and photographs
can be checked with moraine systems that are
still in place today. However, records based
on information from moraines dated by li-
chenometry or fossil wood without any ad-
ditional evidence have not been used in the
present study.

The records are not spread equally over the
globe. There is a strong bias toward the Euro-
pean Alps, where a wealth of documents exists
and glacier monitoring was introduced rela-
tively early. Fluctuations of some glaciers in
Iceland and Scandinavia before 1800 have
also been documented well (18, 23, 24). Gla-
cier records in North America have not been
kept up to date and many series do not extend
beyond 1985. The 169 glaciers in the data set
are located in the European Alps (93 records),
Caucasus (8), tropical Africa (5), Central Asia
(9), Irian Jaya (2), New Zealand (2), Patago-
nia (6), Northwest America (27), South
Greenland (1), Iceland (4), Jan Mayen (1),
Svalbard (3), and Scandinavia (8). In discus-
sing the results, glaciers are grouped into re-
gions, which are referred to as the Southern
Hemisphere (tropics, New Zealand, and Pat-
agonia), Northwest America (mainly Canadian
Rockies), the Atlantic sector (SouthGreenland,
Iceland, Jan Mayen, Svalbard, and Scan-
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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
scarce before 1900; after 1900 a
considerable number of records
have annual resolution.
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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 scarce 
before 1900; after 1900 a considerable number 
of records have annual resolution. 

dinavia), and the Alps and Asia (Caucasus and
Central Asia).

In all records, data points were connected
by interpolation. Normally cubic splines were
used. However, in some cases a combination
of linear interpolation and fitting with splines
performed better. All interpolated records
were visually checked for spurious effects.

The number of records reveals a strong
increase at the end of the 19th century, both for
the Alps and for all other glaciers (Fig. 2A).
Stacking all records yields a curve for the
change in mean glacier length (Fig. 2B). The
curve was not smoothed, implying that some
irregularities occur when a glacier with a
large change in length is added to the sample
(or disappears from the sample at the very
end). The curve for all glaciers outside the
Alps is notably similar to the curve for the
entire sample. This reflects the notion that
glacier retreat on the century time scale is
rather uniform over the globe. Around 1800,
mean glacier length was decreasing and this
decrease accelerated gradually. The present
data set thus suggests that the Little Ice Age
was at its maximum around 1800 rather than
at the end of the 19th century as indicated by
some other temperature proxies (6).

Histograms of mean retreat rates for
selected periods show that very few glaciers
in the sample actually became longer (fig. S1).
For the period from 1860 to 1900 (36 records),
one glacier advanced and all of the others
retreated. For the period from 1900 to 1980,
142 of the 144 glaciers retreated.

The response of a glacier to climate change
depends on its geometry and on the climatic
setting. To unravel the climate signal con-
tained in the glacier length records, it is
necessary to discriminate with respect to the
climate sensitivity c and to the response time t
(the time a glacier needs to approach a new
equilibrium state). Similar to other climate
proxies, glacier length fluctuations are the
product of variations in more than one mete-
orological parameter. Glacier mass balance
depends mainly on air temperature, solar radi-
ation, and precipitation. Extensive meteoro-

logical experiments on glaciers have shown
that the primary source for melt energy is
solar radiation but that fluctuations in the
mass balance through the years are mainly
due to temperature and precipitation (25, 26).
Mass-balance modeling for a large number of
glaciers has shown that a 25% increase in
annual precipitation is typically needed to
compensate for the mass loss due to a uniform
1 K warming (3, 27). These results, combined
with evidence that precipitation anomalies
normally have smaller spatial and temporal
scales than those of temperature anomalies
(2), indicate that glacier fluctuations over dec-
ades to centuries on a continental scale are
primarily driven by temperature. Here, the
climate sensitivity c is therefore defined as the
decrease in equilibrium glacier length per de-
gree temperature increase.

The simplest approach that deals with lag
effects is a linear response equation:

dL¶ðtÞ
dt

0 j
1

t
EcT ¶ðtÞ þ L¶ðtÞ^ ð1Þ

Here, t is time, L¶ is the glacier length with
respect to a reference state, and T ¶ is a
temperature perturbation (annual mean) with
respect to a reference state. The inverse
model is now obtained by solving for T ¶:

T ¶ðtÞ 0 j
1

c
L¶ðtÞ þ t

dL¶ðtÞ
dt

! "

ð2Þ

For any glacier length record, the corre-
sponding temperature history can be obtained
with Eq. 2 once the climate sensitivity and
response time are known.

A number of glaciers have been studied by
explicit numerical modeling (28) or more
refined linear inverse modeling (29). Howev-
er, the input data required for these methods is
not available for most glaciers considered
here. Therefore, c and t were determined from
a simple theory of glacier dynamics, calibrated
with results from numerical studies (30).
Climate sensitivity depends in particular on
the surface slope (a geometric effect) and the
annual precipitation (a mass-balance effect).

Glaciers in a wetter climate are more sensitive
(31, 3), and this is taken into account (30). As
a result, in the sample of 169 glaciers, c varies
by a factor of 10, from È1 to È10 km K–1

(fig. S2). The response time is to a large extent
determined by the slope and the balance
gradient (the rate at which the mass gain or
loss changes with elevation). Values of t vary
from about 10 years for the steepest glaciers to
a few hundreds of years for the largest glaciers
in the sample with a small slope (the glaciers
in Svalbard). Most of the values are in the
range of 40 to 100 years (fig. S2).

Because the right-hand side of Eq. 2
contains the time derivative of glacier length,
the calculated temperature curves can be
noisy. This noise was removed by filtering,
which effectively smoothed out the variability
on time scales shorter than about a decade.

Reconstructed temperatures for five re-
gions are shown in Fig. 3A. The interpretation
of the temperature curves before 1800 should
be done with caution, because the number of
records is small (Fig. 2A). From 1860 onward,
most regions show a temperature increase. In
the first half of the 20th century the temper-
ature rise is notably similar for all regions:
about 0.5 K in 40 years. After 1945, the global
mean temperature drops slightly until 1970,
when it starts to rise again. For North America,
the reconstruction shows a marked cooling af-
ter 1940, which seems to be at odds with the
substantial retreat observed for most glaciers
during the past 20 years. This apparent dis-
crepancy is due to the fact that many records
from North America are not up to date and
end in the period of 1975 to 1990 (table S1).

The global mean temperature shown in
Fig. 3A is a weighted mean for the period
from 1834 to 1990. To obtain a curve for the
period from 1600 to 1990, it can be combined
with a stacked temperature reconstruction for
all glaciers before 1834 (Fig. 3B). The major
sources of error for the global mean temper-
ature reconstruction are (i) the influence of
meteorological variables other than tempera-
ture, (ii) uncertainty in the climate sensitivity
of the glaciers (which affects the amplitude

Fig. 2. (A) Number of
records for the last 300
years. The decline after
1990 is due to a large
delay in the reporting
and publishing of data
in a suitable form. (B)
Stacked records of gla-
cier length. Irregular-
ities occur when a
glacier with a large
length change is add-
ed. However, this does
not necessarily involve
a large change in cli-
matic conditions be-
cause glaciers exhibiting large changes are normally those that have a large climate sensitivity (and thus respond in a more pronounced way to, for instance,
a temperature change). After 1900, the irregularities disappear because the number of glaciers in the sample increases strongly.
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Fig. 2. (A) Number of records for the last 300 years. The decline after 1990 is due to a large 
delay in the reporting and publishing of data in a suitable form. (B) Stacked records of glacier 
length. Irregularities occur when a glacier with a large length change is added. However, this 
does not necessarily involve a large change in climatic conditions because glaciers exhibiting 
large changes are normally those that have a large climate sensitivity (and thus respond in a 
more pronounced way to, for instance, a temperature change). After 1900, the irregularities 
disappear because the number of glaciers in the sample increases strongly. 

of the temperature reconstruction), (iii) un-
certainty in the response times (which affects
the phase of the temperature reconstruction),
and (iv) the number of glacier length records
and degree of global coverage. An error es-
timate was made by assigning T20% errors to
climate sensitivities and response times of
individual glaciers and by making 10 sub-
samples of glacier length records (randomly
removing 50% of the records). In total, 100
alternative temperature reconstructions were
generated. The standard deviation calculated
from this set of reconstructions is taken as an
estimate of the error in the best estimate
based on all records. This standard deviation
has been smoothed in time. Changes in the
resulting bandwidth reflect first of all the
effect of the steadily increasing number of
glacier records (Fig. 3B). The possibility that
changes in precipitation are responsible for
part of the observed glacier fluctuations cannot
be excluded. However, a very large drying on a
global scale would be needed to explain the
worldwide glacier retreat, and there is no
independent evidence at all of such a phenom-
enon (2).

The derived global temperature record is
in broad agreement with other reconstruc-
tions and for the last part also with the in-
strumental record (fig. S3). However, the
glacier reconstruction shows a somewhat
larger amplitude on the century time scale.
Because glaciers need time to react and the
number of records drops sharply after 1995,
the warming seen in the instrumental record
over the past 15 years is not yet reflected in
the reconstruction.

Temperature curves appear to be very
similar for glaciers with low and high median
elevation (fig. S4A). Low and high glaciers
are classified as glaciers with median eleva-
tion below and above 2850 m, respectively
(fig. S5). For this threshold, the number of

glaciers in both classes is approximately
equal. Although the evidence is not conclusive
because only a limited altitudinal range is
considered, the glacier record does not show
any sign of a height dependence of the global
warming signal.

Glaciers witnessed a particularly strong
warming at high northern latitudes in the first
decades of the 20th century (fig. S4B). Unlike
the global mean signal, reconstructed tem-
perature shows a minimum in the second
half of the 19th century, when the Northern
Hemisphere mid-latitudes were already warm-
ing up.

The temperature reconstruction presented
here is fully independent of other sources
(proxy or instrumental). It thus provides com-
plementary evidence on the magnitude of the
current global warming, on the time that this
warming started, and on the notion that in the
lower troposphere the warming appears to be
independent of elevation.
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Fig. 3. (A) Temperature reconstruction for various regions. The black
curve shows an estimated global mean value, obtained by giving
weights of 0.5 to the Southern Hemisphere (SH), 0.1 to Northwest
America, 0.15 to the Atlantic sector, 0.1 to the Alps, and 0.15 to Asia.

(B) Best estimate of the global mean temperature obtained by com-
bining the weighted global mean temperature from 1834 with the
stacked temperature record before 1834. The band indicates the es-
timated standard deviation.
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Fig. 3. (A) Temperature reconstruction for various regions. The 
black curve shows an estimated global mean value, obtained by 
giving weights of 0.5 to the Southern Hemisphere (SH), 0.1 to 
Northwest America, 0.15 to the Atlantic sector, 0.1 to the Alps, and 
0.15 to Asia.  Year  (B) Best estimate of the global mean 
temperature obtained by combining the weighted global mean 
temperature from 1834 with the stacked temperature record before 
1834. The band indicates the estimated standard deviation. 

Conclusion: ✼ The close relation between 

glacier extent and global temperature indicates 

that glaciers are affected by recent warming.  

✼ Their response time scale calculated from 

the fit to GMST is too short to be consistent 

with a response in the 2000s to little ice age 

termination in the 1800s. 
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Are glaciers retreating due to end of little ice age? 

Third line of evidence: 
Glacier isotopic records and recent melt events
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Notes section 11.2.2  
glacier ice cores: isotopic and melt records 
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Workshop 4  
Isotopic records from Quelccaya ice cores 
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Figure 11.6: Isotopic records from the Quelccaya Ice Cap in the Andes, Peru 
(latitude 13S). (a) Two high-resolution shallow ice cores showing the presence of 
a seasonal cycle in 1976 (blue) and its elimination by surface melting and 
percolation of melt water by the time the 2016 core was drilled (red). (b) A 
decadal bin-average of a long record from the Quelccaya Summit Ice core. The 
cyan shading indicates plus and minus one standard deviation for each decade. 
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Figure 11.6: Isotopic records from the Quelccaya Ice Cap in the Andes,
Peru (latitude 13S). (a) Two high-resolution shallow ice cores showing the
presence of a seasonal cycle in 1976 (blue) and its elimination by surface
melting and percolation of melt water by the time the 2016 core was drilled
(red). (b) A decadal bin-average of a long record from the Quelccaya
Summit Ice core. The cyan shading indicates plus and minus one standard
deviation for each decade.

length, as expected. Again, the lowest portion of the glacier lies below the
new ELA, being fed by ice flow from the smaller accumulation zone above
the ELA.

Fig. 11.8 shows the result of a scenario in which the glacier was at
a steady state with the lower prescribed ELA, which was then abruptly
raised. The glacier thickness as function of horizontal location is shown by
Fig. 11.8a, with different times indicated by the thin lines changing color
from blue to red as the simulation progresses. Fig. 11.8b shows that the
glacier length (measured along the x axis rather than down the mountain
slope) takes some 10 years to start responding, but then changes rapidly
from about 20 years, followed by a slower equilibration of the glacier
length to the new ELA position. The glacier response to climate warming
may now be understood as follows. The warming changes the SMB, raising
the ELA. This leads to a melting of the lower part of the glacier that used to
be in the accumulation zone and is now in the ablation zone. The resulting
reduction in the glacier thickness in the lower part of the glacier strengthens
the downslope surface gradients of surface ice height. This then results in
an initially enhanced ice flow downhill, accompanied by stronger melting
in the lower parts of the glaciers, until the new equilibrium is reached.

Glacier ice cores: isotopic records

[Data from Thompson et al., 2013; Thompson et al., 2017]
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Figure 11.6: Isotopic records from the Quelccaya Ice Cap in the Andes,
Peru (latitude 13S). (a) Two high-resolution shallow ice cores showing the
presence of a seasonal cycle in 1976 (blue) and its elimination by surface
melting and percolation of melt water by the time the 2016 core was drilled
(red). (b) A decadal bin-average of a long record from the Quelccaya
Summit Ice core. The cyan shading indicates plus and minus one standard
deviation for each decade.

length, as expected. Again, the lowest portion of the glacier lies below the
new ELA, being fed by ice flow from the smaller accumulation zone above
the ELA.

Fig. 11.8 shows the result of a scenario in which the glacier was at
a steady state with the lower prescribed ELA, which was then abruptly
raised. The glacier thickness as function of horizontal location is shown by
Fig. 11.8a, with different times indicated by the thin lines changing color
from blue to red as the simulation progresses. Fig. 11.8b shows that the
glacier length (measured along the x axis rather than down the mountain
slope) takes some 10 years to start responding, but then changes rapidly
from about 20 years, followed by a slower equilibration of the glacier
length to the new ELA position. The glacier response to climate warming
may now be understood as follows. The warming changes the SMB, raising
the ELA. This leads to a melting of the lower part of the glacier that used to
be in the accumulation zone and is now in the ablation zone. The resulting
reduction in the glacier thickness in the lower part of the glacier strengthens
the downslope surface gradients of surface ice height. This then results in
an initially enhanced ice flow downhill, accompanied by stronger melting
in the lower parts of the glaciers, until the new equilibrium is reached.

Glacier ice cores: isotopic records

Conclusion: Isotopes in mountain/tropical 

glaciers that are used as a proxy of 

temperature show that past decades 

experienced unusual warming. Recorded 

recent melting events are exceptional relative to 

previous decades.

[Data from Thompson et al., 2013; Thompson et al., 2017]



Global Warming Science 101, Mountain glaciers, Eli Tziperman

Are glaciers retreating due to end of little ice age? 

Fourth line of evidence: 
Mountain glacier flow and adjustment time to 

temperature/SMB changes
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AK-05 Mendhenhall Glacier 2007-2017
https://vimeo.com/168243535 Extreme Ice Survey

Glacier flow

https://vimeo.com/168243535
https://vimeo.com/168243535
https://vimeo.com/extremeice
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GL-05 Ilulissat Glacier June 2007 - August 2017
https://vimeo.com/168243534 Extreme Ice Survey

Glacier flow

https://vimeo.com/extremeice
https://vimeo.com/168243534
https://vimeo.com/168243534
https://vimeo.com/168243534
https://vimeo.com/168243534
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Notes section 11.4 

Glacier dynamics
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Workshop 3: 

Idealized glacier-length adjustment scenarios
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Figure 11.4: Two idealized adjustment scenarios of glacier length based on solution (11.2), 
assuming τ = 15 years, and based on the initial lengths and perturbation temperatures 
indicated. 
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Figure 11.4: Two idealized adjustment scenarios of glacier length based
on solution (11.2), assuming t = 15 years, and based on the initial lengths
and perturbation temperatures indicated.

temperature, because the temperature is changing very slowly, allowing
the glacier length to fully adjust to the temperature at any given time. Let
the glacier length anomaly, defined as its deviation from the length in
a specified reference year, be L0, and let the local temperature anomaly
relative to that in the reference year be T 0. Assuming a simple linear relation
between length and temperature, one writes L0 =�cT 0. The proportionality
constant is the “climate sensitivity” of the glacier, measured in km per K.
The adjustment time of glaciers can change from decades to hundreds of
years, depending on the topographic slope, accumulation rate, and more.
However, over the past century and a half, temperature has changed too
quickly to allow glacier lengths to equilibrate to the temperature at any
given time, and this equilibrium relation cannot be assumed to hold. Instead,
one may assume that the glacier length adjusts toward its equilibrium with
a typical timescale t (typically decades to hundreds of years, more below).
The adjustment may be described by the simple differential equation,

dL0(t)
dt

=�1
t
�
L0(t)+ cT 0(t)

�
. (11.1)

We can intuitively understand this equation by assuming a simple scenario:
suppose that at t = 0 the glacier had a length L0

0, when the temperature
has changed to some new fixed value T 0

0 and remained there, and that the
glacier length is now adjusting to the new temperature. The solution to this
equation in this case of a constant temperature is

L0(t) = (L0
0 + cT 0

0)exp(�t/t)� cT 0
0, (11.2)

which may be verified by noting that it satisfies both the equation and the
prescribed initial condition for the glacier length at t = 0. We see from this

Idealized glacier-length adjustment scenarios
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11.6 Mountain glacier retreat in perspective 177

The slow final states of the equilibration seen in this simulation (years
40–100 in Fig. 11.8b) are in marked contrast to the observed global glacier
retreat which seem to have actually accelerated in the past 20–30 years
(Fig. 11.2a). This again suggests that this recent accelerated retreat is
unlikely to be a response to the termination of the little ice age in the
nineteenth century, as we should have been in the slow final adjustment to
that change, by now.

The results in Figs. 11.7 and 11.8 were obtained by solving what is
known as the “shallow ice approximation” (SIA) for glacier or ice sheet
flow, based on the assumption that the ice thickness is significantly smaller
than its horizontal extent.

Figure 11.7: (a) Surface mass balance for two scenarios (solid blue vs dash
red), showing also the corresponding Equilibrium Line Altitudes (horizon-
tal dash lines). (b) The steady solution of the Shallow Ice Approximation
for glacier height for the two scenarios.

11.6 Mountain glacier retreat in perspective
The above results suggest that, unlike many other issues surrounding global
warming, there is little uncertainty surrounding the existence of a global
mountain glacier retreat and its being a result of the robustly observed
warming global temperatures. The map in Fig. 11.3 leaves very little doubt
that this is a global event. And we have discussed multiple lines of evidence
that the accelerated retreat in the past few decades (different from the initial
retreat during the 19th century, or perhaps even during the first half of

Figure 11.7: (a) Surface mass balance for two scenarios (solid blue vs dash red), 
showing also the corresponding Equilibrium Line Altitudes (horizontal dash lines). (b) 
The steady solution of the Shallow Ice Approximation for glacier height for the two 
scenarios. 

Glacier flow: steady response to two SMBs

(Calculated using an ice flow code by Bueler, 2021) 
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Figure 11.8: The time-dependent transition between the blue and red solutions in 
Fig. 11.7b. (a) Glacier thickness as function of horizontal thickness for different 
times after the ELA changed from the blue to the red lines in Fig. 11.7a. 
Progressing times are denoted by changing color of the thin lines from blue to 
green to red. (b) Glacier length as function of time during the transition. 
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Figure 11.8: The time-dependent transition between the blue and red
solutions in Fig. 11.7b. (a) Glacier thickness as function of horizontal
thickness for different times after the ELA changed from the blue to the
red lines in Fig. 11.7a. Progressing times are denoted by changing color of
the thin lines from blue to green to red. (b) Glacier length as function of
time during the transition.

the 20th century) is not likely to be a result of an exit from the naturally
occurring little ice age that lasted from 1300 to about 1850. To reiterate the
evidence,

• Carbon-dated exposed plant material suggests the last time such a re-
treat of mountain glaciers occurred was many hundreds to thousands
of years ago, long before the start of the little ice age.

• The close relation of glacier length records to global temperature
indicates that present-day glacier extent record must be as unusual as
the recent warming seen in the temperature record from independent
sources.

• Accelerating rate of retreat seen in recent decades is in contrast to
expected slowdown of response to termination of little ice age over a
100 years ago.

• The adjustment time calculated for most glaciers is short (one to a
few decades), suggesting that any adjustment to the exit from the
little ice age is long over.

• Isotopic composition in ice cores considered as a temperature proxy
suggests that the 20th century is unusual within the past 1500 years
or so.

Glacier flow: time dependent adjustment to 2 SMBs

(Calculated using an ice flow code by Bueler, 2021) 
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Figure 11.8: The time-dependent transition between the blue and red
solutions in Fig. 11.7b. (a) Glacier thickness as function of horizontal
thickness for different times after the ELA changed from the blue to the
red lines in Fig. 11.7a. Progressing times are denoted by changing color of
the thin lines from blue to green to red. (b) Glacier length as function of
time during the transition.

the 20th century) is not likely to be a result of an exit from the naturally
occurring little ice age that lasted from 1300 to about 1850. To reiterate the
evidence,

• Carbon-dated exposed plant material suggests the last time such a re-
treat of mountain glaciers occurred was many hundreds to thousands
of years ago, long before the start of the little ice age.

• The close relation of glacier length records to global temperature
indicates that present-day glacier extent record must be as unusual as
the recent warming seen in the temperature record from independent
sources.

• Accelerating rate of retreat seen in recent decades is in contrast to
expected slowdown of response to termination of little ice age over a
100 years ago.

• The adjustment time calculated for most glaciers is short (one to a
few decades), suggesting that any adjustment to the exit from the
little ice age is long over.

• Isotopic composition in ice cores considered as a temperature proxy
suggests that the 20th century is unusual within the past 1500 years
or so.

Glacier flow: time dependent adjustment to 2 SMBs

(Calculated using an ice flow code by Bueler, 2021) 

adjustment 
time
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Figure 11.8: The time-dependent transition between the blue and red
solutions in Fig. 11.7b. (a) Glacier thickness as function of horizontal
thickness for different times after the ELA changed from the blue to the
red lines in Fig. 11.7a. Progressing times are denoted by changing color of
the thin lines from blue to green to red. (b) Glacier length as function of
time during the transition.

the 20th century) is not likely to be a result of an exit from the naturally
occurring little ice age that lasted from 1300 to about 1850. To reiterate the
evidence,

• Carbon-dated exposed plant material suggests the last time such a re-
treat of mountain glaciers occurred was many hundreds to thousands
of years ago, long before the start of the little ice age.

• The close relation of glacier length records to global temperature
indicates that present-day glacier extent record must be as unusual as
the recent warming seen in the temperature record from independent
sources.

• Accelerating rate of retreat seen in recent decades is in contrast to
expected slowdown of response to termination of little ice age over a
100 years ago.

• The adjustment time calculated for most glaciers is short (one to a
few decades), suggesting that any adjustment to the exit from the
little ice age is long over.

• Isotopic composition in ice cores considered as a temperature proxy
suggests that the 20th century is unusual within the past 1500 years
or so.

Glacier flow: time dependent adjustment to 2 SMBs

(Calculated using an ice flow code by Bueler, 2021) 

adjustment 
time

Conclusion: The adjustment time scale of 

glaciers to changes in temperature (deduced 

here from the understanding/modeling of 

glacier ice flow) is too short to be consistent 

with a retreat in the 2000s in response to the 

warming that ended around 1850.
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The End


