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“Greenhouse” effect
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Methods
• Trapped gas bubbles in ice 

cores

• absolute gas concentration

• isotopic ratios  (D:H) ⇒ 

temperature

• Tree rings

• Glacier length
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MISs 13.3 and 13.1 look similar to those of
the last deglaciation (9): CO2 rises first, CH4

is delayed, and CO2 stops rising when CH4

rises abruptly. In comparison to the last
deglaciation, the CH4 rise at 513 kyr B.P. is
rather small. This may be explained by the
colder interglacial temperatures that would
have favored a relative increase in metha-
notrophy over methanogenesis, thereby con-
tributing to lowered net CH4 emissions in
the northern extratropics and/or the sub-
tropical and tropical regions. Additionally,
the Northern Hemisphere ice sheets may
not have retreated as far north during MIS 13.
As a consequence, the uncovered areal ex-
tent of additional CH4 source regions was
smaller and therefore, the CH4 overshoot,
usually found at terminations, may not have
occurred.

At this point, it is difficult to characterize
MISs 13 and 15 as interglacials, because the
dD values barely exceed –403°. We there-
fore refer to these periods as intermediate
warm periods (IWP) (27). This and their
specific evolution of CH4 suggests that they
are similar to MISs 5.1 to 5.3 and MISs 7.1
to 7.3 (2) (Fig. 4). In all cases, regular events
with CH4 amplitudes of 50 to 140 ppbv
occurred, similar to events marked by stars
in Fig. 2. The average return time of the
events during MIS 13 is approximately 20
ky, and they last for 5 to 10 ky. The origin of
these fluctuations is probably related to the
precession cycle (19 to 23 ky) of summer
insolation in mid-low to low northern
latitudes, as observed for the CH4 amplitude

during the last glacial period (13). The N2O
amplitude appears to be modulated by
different mechanisms from those responsible
for CH4, as seen in MISs 13 and 15 (e.g., at
498 and 596 kyr B.P.), where N2O peaks are
quite large despite the small CH4 peaks.
Similar discrepancies are in fact found in the
last glacial period, e.g., at D/O events 19 and
20 (13).

MIS 12 is believed to be a very cold
period showing millennial time-scale vari-
ations similar to those observed in the last
glacial period (28). The Dome C record
shows CH4 variations lasting about 1 to 3
ky, with amplitudes of 40 to 120 ppbv (Fig.
2). In addition, Antarctic warming events of
7 to 19° are present in the dD record. Their
independent evolution on millennial time
scales is an indication that the bipolar
seesaw may have been operational also
during MIS 12 (29), but the resolution of
our measurements and the uncertainty in
their timing prevent us from drawing final
conclusions.

Our CH4 measurements provide an un-
disturbed record for the entire MIS 11 (Fig.
3B) and support, except for a small offset
(19), the recently reconstructed MIS 11
record of Vostok (30). This is important for
two reasons. First, MIS 11 is the longest
warm phase of the Antarctic temperature
record over the past 740 ky (24), with a
mean temperature comparable to the Holo-
cene. CH4 exceeded the minimum Holocene
value of 560 ppbv for more than 28 ky.
Second, CH4 increased to 689 ppbv at ter-

mination V, followed by an early decrease
for about 5000 years, which is very similar
to the early Holocene CH4 record (gray
curves in Fig. 3B). It then rose to the high
concentration of about 700 ppbv. Ruddiman
(31) argued that such a behavior of the CH4

during the early Holocene is due to early
anthropogenic interference and that this
would be unique. Our data provide a crucial
counterexample to this postulated behavior:
The early temporary reduction was clearly
not an indication of an impending ice age,
which started some 20,000 years later in MIS
11, and the increase after this reduction has
been established without human influence.

The good agreement between the Dome
C and the Vostok (15, 30) record over MISs
1 to 7 and MIS 11 increases our confidence
in the fidelity of a composite record of
atmospheric CH4 over the past 650 ky (Fig.
4). The composite record, established by
wiggle matching (32), demonstrates, within
the resolution of our measurements, that
preindustrial atmospheric concentrations of
CH4 reconstructed from two Antarctic ice
cores have not exceeded 773 T 15 ppbv
(single values at MIS 9.3) during the past
650 ky. The highest mean N2O values (278
ppbv T 7 ppbv) over at least a period of 7 ky
covered by our records are found during MIS
15.1, slightly higher than early Holocene
values. The differing response to climate
change of CH4 and N2O during MISs 15.1
and 15.5 suggests that the main source
regions and/or strengths may strongly differ
during interglacials and IWP. High levels are
sustained longer for N2O than for CH4

during MISs 5.5, 15.1, and 15.3 (Fig. 4),
either due to the release of oceanic N2O or
because N2O soil sources are also productive
under semiarid conditions (13).

In general, CH4 is well correlated with
dD on glacial-interglacial time scales (940
ky), including lower CH4 concentrations
during the IWP than during interglacials of
the past 420 ky. At terminations, the
amplitude of the CH4 increase is highly
correlated with the corresponding Antarctic
temperature (r2 0 0.80). CH4 has mainly
tropical and Northern Hemisphere sources,
but only very small austral sources (mainly
open-ocean contributions), which suggests
that the generally smaller glacial-interglacial
temperature change before 440 kyr B.P.
revealed by Dome C dD was also of global
importance at that time (33). The preces-
sional insolation signal in low- to mid-
northern latitudes has a strong influence on
the amplitude of CH4 variations for glacial
periods and IWP, but the Northern wetlands,
episodically covered by boreal ice sheets and
exposed to different precipitation patterns,
are likely to contribute to this D/O-like
variability of the CH4 concentration (21).
Furthermore, sink feedbacks, through changes
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Fig. 4. CH4 record over the past 650 ky, composed of Dome C CH4 (purple line) [(8, 9) and new
data] and Vostok CH4 (blue line) (2, 15). Also shown are the N2O data measured along the Dome
C ice cores (red line) [(8, 20, 36) and new data] and dD records from Dome C (black line) (24) as
well as those from Vostok !42° (gray line) (2). N2O artifacts are not shown in this figure. Gray
shaded areas highlight interglacial periods with a dD value 9–403° as defined in (3). Numbers of
MISs are given at the bottom of the figure (25). Data are shown on the EDC2 time scale (3).
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• Long glacials, 
short 
interglacials

• CH4 = 
wetland 
production

• CO2 = – plant 
growth

• isotope ratio 
= temperature 
proxy

Renato Spahni et al., Science 310 25 November 2005, p. 1317
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the sun, methane emissions start to de-
cline. They bottom out 11,000 years 
later—the point in the cycle when North-
ern Hemisphere summers receive the 
least solar radiation.

Unexpected Reversals
e x a m i n i ng  r e c or d s  from the 
Vostok ice core closely, I spotted some-
thing odd about the recent part of the 
record. Early in previous interglacial in-
tervals, the methane concentration typi-
cally reached a peak of almost 700 parts 
per billion (ppb) as precession brought 
summer radiation to a maximum. The 

same thing happened 11,000 years ago, 
just as the current interglacial period be-
gan. Also in agreement with prior cycles, 
the methane concentration then declined 
by 100 ppb as summer sunshine subse-
quently waned. Had the recent trend 
continued to mimic older interglacial in-
tervals, it would have fallen to a value 
near 450 ppb during the current mini-
mum in summer heating. Instead the 
trend reversed direction 5,000 years ago 
and rose gradually back to almost 700 
ppb just before the start of the industrial 
era. In short, the methane concentration 
rose when it should have fallen, and it 

ended up 250 ppb higher than the equiv-
alent point in earlier cycles.

Like methane, CO2 has behaved un-
expectedly over the past several thou-
sand years. Although a complex combi-
nation of all three orbital cycles controls 
CO2 variations, the trends during previ-
ous interglacial intervals were all sur-
prisingly similar to one another. Con-
centrations peaked at 275 to 300 parts 
per million (ppm) early in each warm pe-
riod, even before the last remnants of the 
great ice sheets fi nished melting. The 
CO2 levels then fell steadily over the 
next 15,000 years to an average of about 
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Summer warmth in the Northern Hemisphere peaks 
once every 22,000 years, when the yearly northern 
summer coincides with the earth’s closest passage 
to the sun and the Northern Hemisphere receives 
the most intense sunlight.

Summer heat bottoms out 11,000 years later, after 
the earth’s axis has shifted (precessed) to the opposite 
position. The Northern Hemisphere then receives the 
least summer sunlight, because the earth is farthest 
from the sun. 

Methane concentrations rose and fell over the past 250,000 years in 
near harmony with the precession-induced ups and downs of solar 
radiation in the Northern Hemisphere. The highest temperatures 
stimulated extreme methane production in wetlands, which are the 
atmosphere’s primary natural source of this greenhouse gas.

CO2 concentrations, which fl uctuated in cycles over the past 
350,000 years, varied in response to precession as well as to 
shifts in the tilt of the earth’s rotational axis and in the shape 
of its orbit. These other cycles occur every 41,000 and 100,000 
years, respectively.

Wobble in the earth’s 
axis of rotation, known 
as precession, is one 
of the three orbital 
cycles that account for 
sunlight variations in the 
Northern Hemisphere. 
Like a toy top about 
to fall, the earth’s axis 
traces imaginary circles 
in space, making one 
revolution every 
22,000 years.
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Natural variations in the earth’s orbit, such as those related to 
precession (diagrams), redistribute the sunlight that reaches 
the globe over long timescales. For the past million years, 
these subtle changes have driven major dips and swells in 
atmospheric concentrations of methane and carbon dioxide 

(graphs). Although scientists do not fully understand why, 
global concentrations of these greenhouse gases respond 
mainly to changes that occur during summer in the Northern 
Hemisphere, the time of year when the North Pole is pointed 
most directly at the sun. 
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William F. Ruddiman, Scientific American, March 2005, p. 46
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• Eccentricity of earth orbit varies between near 0 
and 0.06 at periods of ~100 ky and 400 ky

• Tilt in earth’s axis varies between 22° and 25° with 
a period of ~41 ky

• Axis precession caused by torque on equatorial 
bulge: 26 ky

• Precession of the equinoxes: 22 ky

Astronomical Clues

T. J. Crowley, G. R. North, Paleoclimatology (Oxford U. Press, New York, 1991), Chapter 7.

Portions of winter 
hemisphere get 10% more 
insolation than 11 ky later}
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axis tilt (41 ky)

orbit eccentricity

precession (26 ky)

Wikipedia
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best that can be done at this

point, but it is less than satis-

fying, as one wonders about

smaller levels of contamina-

tion at lower dust levels. 

What causes the glacial-

interglacial variations in

these gases? For carbon

dioxide, this question has

been a grand challenge in

geochemistry for decades.

The answer most likely lies

in the ocean, and the tight

coupling with Antarctic cli-

mate suggests that high-lati-

tude Southern Ocean pro-

cesses are important. Dome

C gives us more data to rein-

force these thoughts, but

convincing explanations are

still elusive. Methane varia-

tions are widely believed to

result from climate driven

changes in emissions from

tropical and boreal wetlands

(6). The new methane data

reinforce the climate-

methane connection but

leave on the table lingering

questions about methane

hydrates (7) and new ones

about the atmospheric

methane sink (8). For nitrous

oxide, climate-driven variations in both

marine and terrestrial sources are probably

the dominant factors (9, 10). Another chal-

lenge is to understand the feedbacks that con-

trol the rather uniform upper and lower limits

of the natural concentration cycles. The

Dome C record lengthens the target for bio-

geochemical modelers bold enough to accept

these challenges. In fact, some have already

risen to the bait, and the first evaluation of

modeling skill will come when the results of

the “EPICA Challenge,” a contest of sorts to

predict the Dome C greenhouse gas records

(11), are evaluated. 

The new results also provide a tantalizing

view of greenhouse gas variations within the

older climate cycles. These cycles have been

correlated with marine isotope stages (MISs)

of the oceanic oxygen isotope record, used by

paleoceanographers. For both methane and

carbon dioxide there are millennial-scale vari-

ations in cold stages that presage similar vari-

ability during the last ice age (6, 12, 13),

known to be related to abrupt climate shifts

recorded in Greenland ice cores and other

archives. There are also interesting variations

in warm stages.  During MIS 11, an inter-

glacial period between about 420,000 to

370,000 years ago, methane reached typical

maximum levels, fell by about 100 parts per

billion over 5000 years, then rose again toward

the end of the interglacial period. This is simi-

lar to the pattern over the past 10,000 years

(14), which has been the subject of an interest-

ing argument over the impact of early human

activities on the atmosphere (15, 16).

Apparently, natural variability can also result

in relatively large oscillations in greenhouse

gases during interglacial periods. MIS 11 has

previously been identified as an exceptionally

long interglacial (17), but the Dome C record

now suggests that MISs 13 and 15 were simi-

larly long, with surprisingly constant levels of

carbon dioxide, methane, and nitrous oxide in

MIS 15. Although this suggests that inter-

glacial periods can last for quite a long time,

and may assuage fears about the demise of the

current one, there are complications. Isotopic

records from benthic-dwelling foraminifera—

which record a combined signal of tempera-

ture and continental ice volume change, and

provide, to first order, a global record of cli-

mate change—don’t support the long MIS 15,

raising the possibility of some uncertainty in

this part of the Dome C time scale. 

Chronological uncertainties also may be

apparent in MIS 14, where the temporal phas-

ing of methane, nitrous oxide, and carbon

dioxide are different than expected, and in

MIS 13, where the Dome C temperature

proxy appears to lag the benthic oxygen iso-

tope signal (the reverse is expected because of

the slow response of the ice sheets to climate

change). The Dome C time scale is based on

ties to the marine isotope

record, but also on glaciologi-

cal calculations of ice flow,

thinning, and densif ication

(4). (The latter is particularly

important for estimating the

age difference between gases

and ice—and therefore the age

difference between these

gases and the temperature

record—because of bubble

close-off at depth in the snow-

pack.) These are in turn based

on assumptions about ice

thickness history, basal melt-

ing, and snow accumulation

(derived from the temperature

proxy). There are no ties to the

marine record within MISs 13

to 15 (4), so inaccuracies in

glaciological parameters, pos-

sibly anomalies in ice flow,

may explain the chronological

mismatches. It is worth point-

ing out that the entire pre-

Vostok section of the Dome C

core is in the bottom ~400 m of

a 3200-m ice core (4). There is

no evidence of large-scale

irregularities in the stratigra-

phy of the record, but the risk

of glaciological anomalies

clearly increases as one

approaches bedrock. Sorting out the chrono-

logical details related to these issues will take

time, but these uncertainties in no way dimin-

ish the importance of the Dome C records,

which set a new standard for ice core science. 

What’s next for old ice core gases? Further

analysis of the Dome C and other cores,

including stable isotopic composition of the

three gases, will help establish the patterns

and causes of variability more firmly. We also

may go deeper and thus older. The Dome C ice

record may ultimately extend to 900,000 years

(4). Interpreting the bottom section of an ice

core is a tricky business, however, because

melting, folding, and other processes can dis-

tort the stratigraphic order and contaminate

the record. Getting back this far is a tantalizing

goal, though, because it is at about this time

(the so called “mid-Pleistocene transition”)

when marine sediment records indicate a

change in the period of Earth’s major climate

cycles, from a dominance of ~40,000-year

cycles (the “40 k” world) to the 100,000-year

cycles (the “100 k” world). This transition is

not well understood. One commonly cited

hypothesis involves long-term cooling and

increasing ice volume due to a decrease in

average atmospheric carbon dioxide levels

over the past 2 million years (18). Many com-

peting mechanisms have been invoked, how-

ever, and even the existence of a global long-

term cooling trend is not clear (19). 
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http://cdiac.ornl.gov/ftp/ndp001/maunaloa.co2

Charles Keeling

Mauna Loa CO2
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• Dansgaard-Oeschger 
events: in Northern 
Hemisphere, rapid rise (a 
few decades), followed by 
gradual cooling over a 
longer period

• 23 D/O events in 110 - 23 
ky BP

• Related to Heinrich events, 
which are disruptions in the 
North Atlantic 
thermohaline circulation

http://en.wikipedia.org/wiki/Dansgaard-Oeschger_events
accessed 20 February 2006
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MELTING TOWARD A COLD SNAP?
As global warming continues to heat up the planet, many 
scientists fear that large pulses of freshwater melting off the 
Greenland ice sheet and other frozen northern landmasses 
could obstruct the so-called North Atlantic conveyor, the 
system of ocean currents that brings warmth to Europe and 

strongly infl uences climate elsewhere in the world. A conveyor 
shutdown—or even a signifi cant slowdown—could cool the 
North Atlantic region even as global temperatures continue 
to rise. Other challenging and abrupt climate changes would 
almost certainly result. 

CONVEYOR ON Prevailing 
winds

Greenland

Atlantic 
Ocean

Freshwater runoff

Conveyor

CONVEYOR OFF
If too much freshwater enters 
the North Atlantic, it dilutes 
the salty currents from 
the south. Surface waters 
no longer become dense 
enough to sink, no matter 
how cold the water gets, 
and the conveyor shuts 
down or slows. Prevailing 
winds now carry frigid air 
eastward (large arrows). 
This cold trend could 
endure for decades or 
more—until southern 
waters become salty 
enough to overwhelm 
the fresher water up 
north, restarting 
the conveyor in an 
enormous rush.

Salty ocean currents (red) 
fl owing northward from the 
tropics warm prevailing 
winds (large arrows) as they 
blow eastward toward Europe. 
The heat-bearing currents, 
which are dense, become 
even denser as they lose 
heat to the atmosphere. 
Eventually the cold, 
salty water becomes 
dense enough to sink 
near Greenland. It then 
migrates southward 
along the seafl oor (blue), 
leaving a void that 
draws more warm water 
from the south to take 
its place.

RESULTING CLIMATE
As the conveyor grows quiet, winters become harsher in much of Europe and North America, and agriculture suffers. 
These regions, along with those that usually rely on seasonal monsoons, suffer from droughts sometimes enhanced by 
stronger winds. Central Asia gets drier, and many regions in the Southern Hemisphere become warmer than usual. 

RESULTING CLIMATE
When the North Atlantic conveyor is active, temperate conditions with relatively warm winters enable rich 
agricultural production in much of Europe and North America. Seasonal monsoons fuel growing seasons in broad 
swaths of Africa and the Far East. Central Asia is wet, and Antarctica and the South Atlantic are typically cold.
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Richard B. Alley, Scientific American, November 2004, p. 62
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strongly infl uences climate elsewhere in the world. A conveyor 
shutdown—or even a signifi cant slowdown—could cool the 
North Atlantic region even as global temperatures continue 
to rise. Other challenging and abrupt climate changes would 
almost certainly result. 
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the salty currents from 
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enough to sink, no matter 
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The heat-bearing currents, 
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salty water becomes 
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near Greenland. It then 
migrates southward 
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leaving a void that 
draws more warm water 
from the south to take 
its place.

RESULTING CLIMATE
As the conveyor grows quiet, winters become harsher in much of Europe and North America, and agriculture suffers. 
These regions, along with those that usually rely on seasonal monsoons, suffer from droughts sometimes enhanced by 
stronger winds. Central Asia gets drier, and many regions in the Southern Hemisphere become warmer than usual. 

RESULTING CLIMATE
When the North Atlantic conveyor is active, temperate conditions with relatively warm winters enable rich 
agricultural production in much of Europe and North America. Seasonal monsoons fuel growing seasons in broad 
swaths of Africa and the Far East. Central Asia is wet, and Antarctica and the South Atlantic are typically cold.
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TIME BOMB

the consequences are potentially disastrous. 
would also yield a cleaner, healthier atmosphere, could slow, and eventually stop, the process

BY JAMES HANSEN

Global
Warming
Defusing
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perature swings. Cold times in the north 
typically brought drought to Saharan 
Africa and India. About 5,000 years ago 
a sudden drying converted the Sahara 
from a green landscape dotted with lakes 
to the scorching, sandy desert it is today. 
Two centuries of dryness about 1,100 
years ago apparently contributed to the 
end of classic Mayan civilization in Mex-
ico and elsewhere in Central America. In 
modern times, the El Niño phenomenon 
and other anomalies in the North Pa-

cifi c occasionally have steered weather 
patterns far enough to trigger surprise 
droughts, such as the one responsible for 
the U.S. dust bowl of the 1930s. 

Point of No Return
be they wa r m spells , cold snaps 
or prolonged droughts, the precipitous 
climate changes of the past all happened 
for essentially the same reason. In each 
case, a gradual change in temperature 
or other physical condition pushed a 

key driver of climate toward an invisible 
threshold. At the point that threshold 
was crossed, the climate driver—and thus 
the climate as well—fl ipped to a new and 
different state and usually stayed there 
for a long time [see box on next page]. 

Crossing a climate threshold is simi-
lar to fl ipping a canoe. If you are sitting 
in a canoe on a lake and you lean gradu-
ally to one side, the canoe tips, too. You 
are pushing the canoe toward a thresh-
old—the position after which the boat 
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Abrupt climate change has marked the earth’s history for 
eons. Ice cores from Greenland, for instance, reveal that 
wild temperature swings (top left) punctuated the gradual 
warming that brought the planet out of the last ice age starting 
about 18,000 years ago. Fossil shells in lake sediments 

from Mexico’s Yucatán Peninsula record sudden and severe 
droughts (bottom left) because a diagnostic ratio of oxygen 
isotopes in the shells shoots up when more water evaporates 
from the lake than falls as rain. Societies have often suffered 
as a result of these rapid shifts (photographs). 

Viking settlement, now in ruins, was among 
those in Greenland abandoned during an 
abrupt cold spell called the Little Ice Age. 

Mayan rain god (statue in foreground) 
was apparently no match for the drought 
now widely blamed for the collapse of Mayan 
civilization about 1,100 years ago.
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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-

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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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¶!t"
dt

0 j
1

t
EcT ¶!t" # L¶!t"^ !1"

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 ¶!t" 0 j
1

c
L¶!t" # t

dL¶!t"
dt

! "

!2"

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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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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• Glacier length has a response 
time of 50-100 y
• Depends on T much more 
than precipitation
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Figure 1: Variations of the Earth’s
surface temperature over the last
140 years and the last millennium.
(a) The Earth’s surface temperature is
shown year by year (red bars) and
approximately decade by decade (black
line, a filtered annual curve suppressing
fluctuations below near decadal
time-scales). There are uncertainties in
the annual data (thin black whisker
bars represent the 95% confidence
range) due to data gaps, random
instrumental errors and uncertainties,
uncertainties in bias corrections in the
ocean surface temperature data and
also in adjustments for urbanisation over
the land. Over both the last 140 years
and 100 years, the best estimate is that
the global average surface temperature
has increased by 0.6 ± 0.2°C.

(b) Additionally, the year by year (blue
curve) and 50 year average (black
curve) variations of the average surface
temperature of the Northern Hemisphere
for the past 1000 years have been
reconstructed from “proxy” data
calibrated against thermometer data (see
list of the main proxy data in the
diagram). The 95% confidence range in
the annual data is represented by the
grey region. These uncertainties increase
in more distant times and are always
much larger than in the instrumental
record due to the use of relatively sparse
proxy data. Nevertheless the rate and
duration of warming of the 20th century
has been much greater than in any of
the previous nine centuries. Similarly, it
is likely [7] that the 1990s have been the
warmest decade and 1998 the warmest
year of the millennium.
[Based upon (a) Chapter 2, Figure 2.7c
and (b) Chapter 2, Figure 2.20]
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Figure 2: Long records of past changes in
atmospheric composition provide the context for
the influence of anthropogenic emissions.
(a) shows changes in the atmospheric
concentrations of carbon dioxide (CO2), methane
(CH4), and nitrous oxide (N2O) over the past 1000
years. The ice core and firn data for several sites in
Antarctica and Greenland (shown by different
symbols) are supplemented with the data from direct
atmospheric samples over the past few decades
(shown by the line for CO2 and incorporated in the
curve representing the global average of CH4). The
estimated positive radiative forcing of the climate
system from these gases is indicated on the righthand
scale. Since these gases have atmospheric
lifetimes of a decade or more, they are well mixed,
and their concentrations reflect emissions from
sources throughout the globe. All three records show
effects of the large and increasing growth in
anthropogenic emissions during the Industrial Era.
(b) illustrates the influence of industrial emissions on
atmospheric sulphate concentrations, which produce
negative radiative forcing. Shown is the time history
of the concentrations of sulphate, not in the
atmosphere but in ice cores in Greenland (shown by
lines; from which the episodic effects of volcanic
eruptions have been removed). Such data indicate
the local deposition of sulphate aerosols at the site,
reflecting sulphur dioxide (SO2) emissions at
mid-latitudes in the Northern Hemisphere. This
record, albeit more regional than that of the
globally-mixed greenhouse gases, demonstrates the
large growth in anthropogenic SO2 emissions during
the Industrial Era. The pluses denote the relevant
regional estimated SO2 emissions (right-hand scale).
[Based upon (a) Chapter 3, Figure 3.2b (CO2);
Chapter 4, Figure 4.1a and b (CH4) and Chapter 4,
Figure 4.2 (N2O) and (b) Chapter 5, Figure 5.4a]
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Topic 2 Causes of change

Radiative forcing components

Figure 2.4. Global average radiative forcing (RF) in 2005 (best estimates and 5 to 95% uncertainty ranges) with respect to 1750 for CO2, CH4, N2O and other
important agents and mechanisms, together with the typical geographical extent (spatial scale) of the forcing and the assessed level of scientific understand-
ing (LOSU). Aerosols from explosive volcanic eruptions contribute an additional episodic cooling term for a few years following an eruption. The range for
linear contrails does not include other possible effects of aviation on cloudiness. {WGI Figure SPM.2}

Most of the observed increase in global average tempera-
tures since the mid-20th century is very likely due to the
observed increase in anthropogenic GHG concentrations.8

This is an advance since the TAR’s conclusion that “most
of the observed warming over the last 50 years is likely to
have been due to the increase in GHG concentrations” (Fig-
ure 2.5). {WGI 9.4, SPM}

The observed widespread warming of the atmosphere and ocean,
together with ice mass loss, support the conclusion that it is ex-
tremely unlikely that global climate change of the past 50 years can
be explained without external forcing and very likely that it is not
due to known natural causes alone. During this period, the sum of
solar and volcanic forcings would likely have produced cooling,
not warming. Warming of the climate system has been detected in
changes in surface and atmospheric temperatures and in tempera-
tures of the upper several hundred metres of the ocean. The ob-
served pattern of tropospheric warming and stratospheric cooling

is very likely due to the combined influences of GHG increases and
stratospheric ozone depletion. It is likely that increases in GHG
concentrations alone would have caused more warming than ob-
served because volcanic and anthropogenic aerosols have offset
some warming that would otherwise have taken place. {WGI 2.9, 3.2,
3.4, 4.8, 5.2, 7.5, 9.4, 9.5, 9.7, TS.4.1, SPM}

It is likely that there has been significant anthropogenic
warming over the past 50 years averaged over each conti-
nent (except Antarctica) (Figure 2.5). {WGI 3.2, 9.4, SPM}

The observed patterns of warming, including greater warming
over land than over the ocean, and their changes over time, are
simulated only by models that include anthropogenic forcing. No
coupled global climate model that has used natural forcing only
has reproduced the continental mean warming trends in individual
continents (except Antarctica) over the second half of the 20th cen-
tury. {WGI 3.2, 9.4, TS.4.2, SPM}

8 Consideration of remaining uncertainty is based on current methodologies.

IPCC 2007
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Figure 4: Simulating the Earth’s temperature variations, and comparing the results to measured changes, can provide insight into the
underlying causes of the major changes.
A climate model can be used to simulate the temperature changes that occur both from natural and anthropogenic causes. The simulations
represented by the band in (a) were done with only natural forcings: solar variation and volcanic activity. Those encompassed by the band in (b) were
done with anthropogenic forcings: greenhouse gases and an estimate of sulphate aerosols, and those encompassed by the band in (c) were done with
both natural and anthropogenic forcings included. From (b), it can be seen that inclusion of anthropogenic forcings provides a plausible explanation
for a substantial part of the observed temperature changes over the past century, but the best match with observations is obtained in (c) when both
natural and anthropogenic factors are included. These results show that the forcings included are sufficient to explain the observed changes, but do
not exclude the possibility that other forcings may also have contributed. The bands of model results presented here are for four runs from the same
model. Similar results to those in (b) are obtained with other models with anthropogenic forcing. [Based upon Chapter 12, Figure 12.7]
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Ocean Heating
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