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Regional and global signals: Monsoons

[http://en.wikipedia.org/wiki/File:India_southwest_summer_monsoon_onset_map_en.svg]
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http://en.wikipedia.org/wiki/File:India_southwest_summer_monsoon_onset_map_en.svg%5D
http://science.nationalgeographic.com/wallpaper/science/photos/climate/wind/%5D
http://mapurva.wordpress.com/2011/08/01/crazy-monsoon/%5D


The monsoon circulation

• monsoon circulation driven by large 
seasonal temperature gradient between 
land surface and adjacent ocean water

• summer monsoon bring heavy 
convective rainfall events, winter 
monsoon cold, dry air to the land 
surfaces

• most strong summer monsoons occur in 
the Northern Hemisphere (larger land 
masses, plus high Tibetan mountains in 
Asia)
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The global monsoon circulation
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http://www.lasg.ac.cn/staff/ljp/Monsoon.html%5D


The North African monsoon circulation

[from: Ruddiman, 2008]



Orbital-scale control of monsoon circulation

orbital monsoon hypothesis (J. Kutzbach, early 1980s)

• stronger summer insolation caused by orbital changes 
should cause stronger summer monsoon

• vice versa for winter monsoon

• annual precipitation effects don‘t cancel each other out, as 
normal winter monsoon is often very dry, already 
=> summer monsoon changes dominate annual signal 
(nonlinear response of the climate system)

stronger summer 
monsoon

stronger winter 
monsoon
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Orbital-scale control of North African monsoon circulation

• 1st test of North African orbital monsoon 
hypothesis:

• if summer monsoon brings more rain, 
there should have been more lakes in 
Northern Africa

• old lake-beds should still be found

• dating of lake sediments should be 
consistent with past times of high 
summer insolation values  
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Orbital-scale control of North African monsoon circulation
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The site of Lake Megafezzan as it appears today. All that 
remains is sand. (Image from Google Earth)
(from: http://climatesanity.wordpress.com/category/mega-lakes/)

http://climatesanity.wordpress.com/category/mega-lakes/


Orbital-scale control of North African monsoon circulation

• 2nd test of North African orbital monsoon 
hypothesis:

• if summer monsoon brings more rain, the 
Nile transports more fresh to the 
Mediterranean Sea 

• the circulation of the Eastern 
Mediterranean Sea should change

• deep ocean should loose its oxygen

• organic-rich black muds should be 
deposited (so-called sapropels)
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Orbital-scale control of North African monsoon circulation
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Orbital-scale control of North African monsoon circulation
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• Sapropels are found in marine sediment cores from the Eastern Mediterranean Sea and their 
occurrence coincides with periods of strong summer insolation 

http://www.pmbio.icbm.de/projects/meteor51-3.htm%5D


Orbital-scale control of North African monsoon circulation

• 3rd test of North African orbital monsoon 
hypothesis:

• if monsoon lakes dry out, the shells of 
fresh-water organisms (e.g., diatoms) 
are exposed to surface winds 

• small shells & shell particles are 
blown westwards into the Atlantic

• marine sediments should contain 
these shells

• the drying and sediment deposition 
should occur after the intervals of 
strongest monsoon activity

[from: Ruddiman, 2008]



Orbital-scale control of North African monsoon circulation

[from: Ruddiman, 2008]



Orbital-scale control of monsoon circulation

[h
tt

p:
//w

w
w

.la
sg

.a
c.

cn
/s

ta
ff/

ljp
/M

on
so

on
.h

tm
l]

http://www.lasg.ac.cn/staff/ljp/Monsoon.html%5D


Orbital-scale control of Asian monsoon circulation

significant common cycles centred at 6.1, 4.7, 4.2, 3.0, 1.6 and 1.2 kyr,
similar to North Atlantic ice-rafted debris15 and/or interstadial
cycles16(Supplementary Fig. 7), supporting the close link between
the CIS and GIS. Forcing mechanisms for millennial-scale events
have been explained by changing rates of North Atlantic Deep
Water formation, resulting in changing heat transport to the North
Atlantic17. Our data further indicate that (1) the duration and fre-
quency of the millennial-scale events change systematically through-
out the course of a glacial period, and (2) that the general nature of
these changes is reproducible for the last two glacial periods. These

observations suggest a link between ice volume, which could have
changed in broadly the same fashion during the last two glacial per-
iods, and the character, duration and pacing of millennial-scale
events, consistent with recent simulation results that the mean cli-
mate state represented by global ice-volume can pace climatic
events8,9. Therefore, ice volume, affecting ice dynamics, probably
with feedbacks affecting atmospheric and oceanic circulation, may
have a significant influence on GIS and CIS events.

The Sanbao/Hulu d18O records are characterized by a broadly
sinusoidal pattern with a ,23 kyr cycle throughout (Supplementary
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Figure 1 | Comparison of Sanbao/Hulu d18O records with NHSI and
atmospheric d18O record over the past 224 kyr BP. a, Time versus Sanbao
d18O records (red, stalagmite SB11; green, SB23; yellow, SB25-1; pink, SB22;
dark blue, SB3; purple, SB10 and orange, SB26) and Hulu cave (blue)2, and
NHSI (Northern Hemisphere summer insolation, 21 July) at 65uN10 (grey).

For comparison, the Hulu d18O record is plotted 1.6% more negative to
account for the higher Hulu values than Sanbao cave (see Supplementary
Fig. 4). The 230Th ages and errors (2s error bars at top) are colour-coded by
stalagmites. Numbers indicate the marine isotope stages and substages.
b, The atmospheric d18O record from Vostok ice core, Antarctica28.
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Figure 2 | Comparison of millennial-scale oscillations of the AM between
the last and penultimate interglacial-glacial cycles. a, Last cycle;
b, penultimate cycle. The same colours as in Fig. 1 are used to denote
samples. Numbers indicate Chinese interstadials1 (A25 to A1 in the last

interglacial–glacial cycle and B24 to B1 in the penultimate
interglacial–glacial cycle). See detailed plots of Hulu CIS A1–A13 and
B1–B10 in refs 1 and 2. The summer (21 July) insolation at 65uN10 (grey
curves) is also plotted for comparison.
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Millennial- and orbital-scale changes in the East
Asian monsoon over the past 224,000 years
Yongjin Wang1, Hai Cheng1,2, R. Lawrence Edwards2, Xinggong Kong1, Xiaohua Shao1, Shitao Chen1, Jiangyin Wu1,
Xiouyang Jiang1, Xianfeng Wang2 & Zhisheng An3

High-resolution speleothem records from China have provided
insights into the factors that control the strength of the East Asian
monsoon1–4. Our understanding of these factors remains incom-
plete, however, owing to gaps in the record of monsoon history over
the past two interglacial–glacial cycles. In particular, missing sec-
tions have hampered our ability to test ideas about orbital-scale
controls on the monsoon5–7, the causes of millennial-scale events8,9

and relationships between changes in the monsoon and climate in
other regions. Here we present an absolute-dated oxygen isotope
record from Sanbao cave, central China, that completes a Chinese-
cave-based record of the strength of the East Asian monsoon that
covers the past 224,000 years. The record is dominated by 23,000-
year-long cycles that are synchronous within dating errors with
summer insolation at 656 N (ref. 10), supporting the idea that
tropical/subtropical monsoons respond dominantly and directly
to changes in Northern Hemisphere summer insolation on orbital
timescales5. The cycles are punctuated by millennial-scale strong-
summer-monsoon events (Chinese interstadials1), and the new
record allows us to identify the complete series of these events over
the past two interglacial–glacial cycles. Their duration decreases and
their frequency increases during glacial build-up in both the last and
penultimate glacial periods, indicating that ice sheet size affects
their character and pacing. The ages of the events are exceptionally
well constrained and may thus serve as benchmarks for correlating
and calibrating climate records.

The last glacial period is characterized by millennial-scale events,
first identified in Greenland, including 25 Greenland interstadials
(GIS) during the last interglacial–glacial period11–13. We previously
identified a number of Chinese interstadial (CIS) events2,4 (relatively
strong summer millennial-scale East Asian monsoon, EAM, events)
and correlated them with analogous GIS events. We also identified
CIS events from portions of the penultimate glacial period, and
established a nomenclature with last glacial period CIS denoted
CIS A1, A2, and so on, from youngest to oldest, and those of the
penultimate glacial period denoted CIS B1, B2, and so on1. Here we
present an EAM record from Sanbao cave, together with our previous
Hulu records1,2, and characterize the complete CIS series for the last
and penultimate interglacial–glacial cycles, including events not
previously identified.

Sanbao cave is in Hubei province, central China, on the northern
slope of Mt Shennongjia, near the southern edge of the Chinese loess
plateau (110u 269 E, 31u 409 N, 1,900 m above sea level). Regional cli-
mate is dominated by the EAM, a sub-system of the Asian monsoon
(AM) (Supplementary Fig. 1), with a mean annual rainfall of 1,900–
2,000 mm and a mean temperature of 8–9 uC. During boreal summer
(June to September), warm/humid air from the equatorial Pacific
penetrates to the northern slope of Mt Shennongjia, delivering more

than 80% of annual precipitation. Twelve stalagmites, collected
,1,500 m from the cave entrance, were dated, with 127 230Th dates
with typical errors in age (2s) of less than 1% (see Methods,
Supplementary Table 1 and Supplementary Fig. 2). The record was
established with 3,779 d18O data (see Methods and Supplementary
Table 2) with an average resolution of ,70 yr between 224 and 55 kyr
before present (BP) and ,40 yr or better between 19 and 0.5 kyr BP.

Virtually identical fluctuations of d18O from different stalagmites
over contemporaneous growth periods (Fig. 1) provide a robust
replication test for equilibrium calcite deposition14 (Supplementary
Fig. 3). Furthermore, the Sanbao d18O record is broadly similar to
Hulu and Dongge records1–4 for all overlapping time intervals
(Supplementary Fig. 4), providing another replication test, and indi-
cating that changes in climate have been similar over broad regions of
China. Previous studies showed that shifts in stalagmite d18O largely
reflect changes in d18O values of meteoric precipitation at Hulu and
Dongge caves. These shifts, in turn, relate to changes in summer EAM
intensity1,3. The similarities among the Sanbao, Hulu and Dongge
records indicate that the Sanbao record is also a summer EAM proxy.

The EAM fluctuations recorded at Sanbao and Hulu broadly fol-
low orbitally induced Northern Hemisphere summer insolation10

(NHSI; Fig. 1) and are punctuated by many millennial-scale strong
monsoon events (25 in the last glacial cycle, CIS A1–A25, and 24 in
the penultimate glacial cycle, CIS B1–B24, Fig. 2 and Supplementary
Fig. 5). We previously correlated most of the CIS A events with GIS
events2,4. The Sanbao data complete this set of correlations through
the full set of 25 GIS13 and CIS A events, including identification of
CIS A21, A22 and A25, and their correlation with analogous GIS
events. For the penultimate glacial period, we have identified an
additional 9 CIS B events so that the full CIS B sequence includes
24 events (Fig. 2 and Supplementary Fig. 5).

When directly compared to each other, there are some striking
similarities in the character of analogous CIS A and CIS B events,
particularly the older events, CIS A17–A24 and CIS B17–B24 (Fig. 2).
In the penultimate interglacial–glacial cycle, the CIS events between
224 and 160 kyr BP (CIS B24–B12) are, in general, longer in duration
(average ,3 kyr) and less frequent (,1 event in 5 kyr on average) in
comparison with those between 160 and 130 kyr BP (CIS B15–B1,
average duration of ,1.5 kyr and frequency of ,1 event in 2.5 kyr)
(Fig. 2 and Supplementary Fig. 5). These relationships are similar to
the variations of the CIS in the last interglacial–glacial cycle, with an
average duration of ,3 kyr and frequency of ,1 event in 4.5 kyr
between 110 and 50 kyr BP, and an average duration of ,2 kyr and
frequency of ,1 event in 2.5 kyr between 50 and 10 kyr BP. Time–
frequency analysis supports this generalization (Supplementary Fig. 6).

Furthermore, cross-spectral analysis between d18O records of
Sanbao/Hulu and Greenland ice14 over the past 120 kyr also reveals

1College of Geography Science, Nanjing Normal University, Nanjing, Jiangsu 210097, China. 2Department of Geology and Geophysics, University of Minnesota, Minneapolis,
Minnesota 55455, USA. 3State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an, Shanxi 710054, China.
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Orbital-scale control of South American monsoon circulation

temperature change between glacial and interglacial climates in the
subtropics15,16. Furthermore, the colder temperatures of the glacial
period at ,18 kyr ago would result in more positive calcite d18O
values, not more negative as is observed during the Last Glacial
Maximum. We conclude that d18O of speleothem BT2 primarily
reflects changes in d18O of regional precipitation.
Figure 2 shows a comparison of the BT2 isotopic time series with

incoming solar radiation for the month of February at 308 S.
Variation in the latter is dominated by changes in precession of
the Earth’s orbit17. For each of the last five precessional cycles,
minima and maxima in solar radiation align remarkably well with
maxima and minima, respectively (the scale for insolation in Fig. 2
is reversed), in calcite d18O. In addition, amplitude of the isotopic
variation matches that of insolation. Spectral analysis of the BT2
record shows a dominant peak in spectral power at 23 kyr (see
Supplementary Information S4), as does precession. By far the
majority of the variance in d18O is related to changes in insolation.
Insolation could affect the isotopic composition of precipitation,
and stalagmite BT2, in two main ways.
First, on the basis of modern isotopic climatology, we interpret

increases in the isotopic values to reflect a greater proportion of
winter versus summer rainfall. This seasonal balance in precipi-
tation is in turn controlled by the long-term mean location and
southward extent of convective activity associated with the South
American summer monsoon and southern boundary of the Hadley
cell in the Southern Hemisphere. Because of its location, the
isotopic record of stalagmite BT2 should also record changes in
the location of the SACZ. Indeed, the SACZ is the exit region of
the monsoon low-level winds and its intensity during summer
reflects the moisture convergence associated with this monsoon
flow18. During minima in summer solar radiation in the Southern
Hemisphere tropics and subtropics, the mean location of the
SASM and the SACZ may shift northward and less Amazon
basin moisture will be captured and transported towards the
southeast, decreasing the relative contribution of summer monsoo-
nal rainfall. The opposite will be true when summer insolation is at a
maximum.
Second, insolation could influence the isotopic composition of

rainfall and stalagmite BT2 by affecting the intensity of convection

in both SASM and the SACZ. Convective intensity could affect
the isotopic composition of rainfall through an amount effect.
Speleothem d18O values, particularly those from the tropics or
subtropics5,6, are often interpreted as indicating changes in the
amount of rainfall because rainfall amount and d18O are observed
to be inversely correlated in regions of deep convection19. Periods of
increased summer insolation in the region should be periods of
increased convection, increased precipitation and decreased d18O
values of that precipitation. In fact, today d18O over southern Brazil
(Porto Alegre) is significantly correlated with monsoon intensity
and the southward extent of the SASM20. During periods of
increased convection and precipitation associated with an intensi-
fied SASM, the remaining water vapour—which is subsequently
transported towards the SACZ by the ALLJ—is more depleted in
d18O. An intensified SASM over tropical South America leads to
enhanced tropical convection and preferential rainout of 18O over
the Amazon and ultimately to more depleted d18O downstream20.
Thus, changes in convective intensity within the SASM/SACZ may
significantly contribute to and reinforce the effect that the location
of this system has on the d18O of precipitation. The BT2 record
probably reflects both of these processes and suggests that both
effects are primarily steered by precession-driven changes in solar
insolation. Maxima in solar insolation in Southern Hemisphere
summer result in maximum movement of the SASM/SACZ to the
south and intensified convective activity in this system.

A comparison of the Holocene portion of our record with other
studies of climate change in South America supports this interpret-
ation. The BT2 isotopic record becomes progressively more negative
over the course of the Holocene, during which time palynological
studies indicate expansion of the Atlantic rainforest in coastal
regions of southern Brazil21 and a southward expansion of the
Amazon rainforest along its southwestern border22. Studies of lakes
on the Peruvian and Bolivian Altiplano also indicate increasing
available moisture, sourced from the Amazon basin, over the course
of the Holocene23,24.

The d18O values of stalagmite BT2 also show a strong correspon-
dence with atmospheric methane concentrations (Fig. 2) as deter-
mined from ice-core records in Greenland25. Rapid increases in
methane concentrations are coincident with rapid increases in d18O

Figure 2 Stable oxygen isotope profile for stalagmite BT2. The BT2 profile (a) is compared
with February solar insolation for 308 S (b), oxygen isotopes of the NGrip ice core from
Greenland (c), and atmospheric methane concentrations from the Greenland ice core (d).

Figure 1 Age versus depth model for stalagmite BT2. Error bars are 95% confidence

limits. The solid line connecting the data points is the linear interpolation used to calculate

ages of individual oxygen isotope data points.
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During the last glacial period, large millennial-scale temperature
oscillations—the ‘Dansgaard/Oeschger’ cycles—were the pri-
mary climate signal in Northern Hemisphere climate archives
from the high latitudes to the tropics1–6. But whether the
influence of these abrupt climate changes extended to the tropical
and subtropical Southern Hemisphere, where changes in insola-
tion are thought to be the main direct forcing of climate, has
remained unclear. Here we present a high-resolution oxygen
isotope record of a U/Th-dated stalagmite from subtropical
southern Brazil, covering the past 116,200 years. The oxygen
isotope signature varies with shifts in the source region and
amount of rainfall in the area, and hence records changes in

atmospheric circulation and convective intensity over South
America. We find that these variations in rainfall source and
amount are primarily driven by summer solar radiation, which is
controlled by the Earth’s precessional cycle. The Dansgaard/
Oeschger cycles can be detected in our record and therefore we
confirm that they also affect the tropical hydrological cycle,
but that in southern subtropical Brazil, millennial-scale
climate changes are not as dominant as they are in the Northern
Hemisphere.
The study area in subtropics of southeastern Brazil is well-

situated for investigating changes in tropical and subtropical
atmospheric circulation. Although wet and dry seasons are not
observed, the region receives rainfall from two distinct sources in
different seasons (see Supplementary Information S1). During the
austral winter and early spring, equatorward incursions of mid-
latitude cold dry air result in cyclonic storms that move moisture
inland from the nearby Atlantic Ocean7. During the late summer
and early autumn, rainfall is related to the intense convection
over the interior Amazon basin that is associated with the South
American summermonsoon (SASM)8. FromDecember toMarch, a
northwesterly low-level flow, the Andean low-level jet (ALLJ),
transports Amazon tropical moisture from interior Brazil near the
Equator towards the South Atlantic Convergence Zone (SACZ)
located over southern Brazil9. At the study site (278 S), a significant
fraction of summer precipitation derives from this moisture flux10.
Thus, although it is not directly beneath the centre of convective

activity over the Amazon basin, summer rainfall in southeastern
Brazil is strongly influenced by the southward progression of
convection across the Amazon basin through the summer. The
two sources of rainfall also have quite distinct oxygen isotopic
ratios. The more locally sourced winter rainfall is enriched in 18O
compared to summer precipitation, with average d18O values of
precipitation during the winter of 23‰ as compared to average
values of 27‰ in the early autumn at Porto Alegre City, southern
Brazil11 (and see Supplementary Information S2). At present the
mean annual isotopic composition of rainfall is mainly determined
by the relative contribution of summer, monsoonal precipitation
versus winter, extratropical precipitation and not by temperature or
amount effects. This interpretation is supported by the coincidence
of more positive values of d18O with the rainiest period in Porto
Alegre during winter and early spring, which is contrary to the
expected tendency if either temperature or precipitation amount
were the major source of variation in rainfall oxygen isotope
ratios12.
Stalagmite BT2 was collected from Botuverá Cave (278 13 0 24 00 S;

498 09 0 20 00 W, 230m above sea level, a.s.l.). On the basis of 20U/Th
analyses, the 70-cm-long stalagmite was deposited from ,116
thousand years (kyr) ago to the present without detectable hiatuses
(Fig. 1). Samples for stable isotopic analyses were taken every 1mm,
which represents an average resolution of ,150 yr. Values of d18O
for stalagmite BT2 range from 20.5 to 25.0 with an apparent
cyclicity of,20 kyr (Fig. 2). The lowest values are observed around
14–20 kyr ago and around 40–45 kyr ago. Superimposed on the
longer-term cyclicity are more abrupt millennial-scale variations
with an amplitude of ,1 to 1.5‰.
Stalagmite BT2 appears to have been deposited in approximate

isotopic equilibrium with cave drip water as indicated by the
relatively small ranges of d18O along single speleothem (such as
stalactites or stalagmites) layers13 (S3a) and absence of significant
correlations between d18O and d13C (Supplementary Information
S3b and c). The relatively large range of variation in d18O,more than
5‰ in the speleothem, also suggests that temperature, through its
effect in the calcite–water fractionation factor, is not the primary
cause of the observed variation. The temperature-dependent frac-
tionation between calcite and water is 20.24‰ per 8C (ref. 14),
requiring 20 8C of temperature change to explain the total range of
variation in d18O, or more than twice what is thought to be the total
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During the last glacial period, large millennial-scale temperature
oscillations—the ‘Dansgaard/Oeschger’ cycles—were the pri-
mary climate signal in Northern Hemisphere climate archives
from the high latitudes to the tropics1–6. But whether the
influence of these abrupt climate changes extended to the tropical
and subtropical Southern Hemisphere, where changes in insola-
tion are thought to be the main direct forcing of climate, has
remained unclear. Here we present a high-resolution oxygen
isotope record of a U/Th-dated stalagmite from subtropical
southern Brazil, covering the past 116,200 years. The oxygen
isotope signature varies with shifts in the source region and
amount of rainfall in the area, and hence records changes in

atmospheric circulation and convective intensity over South
America. We find that these variations in rainfall source and
amount are primarily driven by summer solar radiation, which is
controlled by the Earth’s precessional cycle. The Dansgaard/
Oeschger cycles can be detected in our record and therefore we
confirm that they also affect the tropical hydrological cycle,
but that in southern subtropical Brazil, millennial-scale
climate changes are not as dominant as they are in the Northern
Hemisphere.
The study area in subtropics of southeastern Brazil is well-

situated for investigating changes in tropical and subtropical
atmospheric circulation. Although wet and dry seasons are not
observed, the region receives rainfall from two distinct sources in
different seasons (see Supplementary Information S1). During the
austral winter and early spring, equatorward incursions of mid-
latitude cold dry air result in cyclonic storms that move moisture
inland from the nearby Atlantic Ocean7. During the late summer
and early autumn, rainfall is related to the intense convection
over the interior Amazon basin that is associated with the South
American summermonsoon (SASM)8. FromDecember toMarch, a
northwesterly low-level flow, the Andean low-level jet (ALLJ),
transports Amazon tropical moisture from interior Brazil near the
Equator towards the South Atlantic Convergence Zone (SACZ)
located over southern Brazil9. At the study site (278 S), a significant
fraction of summer precipitation derives from this moisture flux10.
Thus, although it is not directly beneath the centre of convective

activity over the Amazon basin, summer rainfall in southeastern
Brazil is strongly influenced by the southward progression of
convection across the Amazon basin through the summer. The
two sources of rainfall also have quite distinct oxygen isotopic
ratios. The more locally sourced winter rainfall is enriched in 18O
compared to summer precipitation, with average d18O values of
precipitation during the winter of 23‰ as compared to average
values of 27‰ in the early autumn at Porto Alegre City, southern
Brazil11 (and see Supplementary Information S2). At present the
mean annual isotopic composition of rainfall is mainly determined
by the relative contribution of summer, monsoonal precipitation
versus winter, extratropical precipitation and not by temperature or
amount effects. This interpretation is supported by the coincidence
of more positive values of d18O with the rainiest period in Porto
Alegre during winter and early spring, which is contrary to the
expected tendency if either temperature or precipitation amount
were the major source of variation in rainfall oxygen isotope
ratios12.
Stalagmite BT2 was collected from Botuverá Cave (278 13 0 24 00 S;

498 09 0 20 00 W, 230m above sea level, a.s.l.). On the basis of 20U/Th
analyses, the 70-cm-long stalagmite was deposited from ,116
thousand years (kyr) ago to the present without detectable hiatuses
(Fig. 1). Samples for stable isotopic analyses were taken every 1mm,
which represents an average resolution of ,150 yr. Values of d18O
for stalagmite BT2 range from 20.5 to 25.0 with an apparent
cyclicity of,20 kyr (Fig. 2). The lowest values are observed around
14–20 kyr ago and around 40–45 kyr ago. Superimposed on the
longer-term cyclicity are more abrupt millennial-scale variations
with an amplitude of ,1 to 1.5‰.
Stalagmite BT2 appears to have been deposited in approximate

isotopic equilibrium with cave drip water as indicated by the
relatively small ranges of d18O along single speleothem (such as
stalactites or stalagmites) layers13 (S3a) and absence of significant
correlations between d18O and d13C (Supplementary Information
S3b and c). The relatively large range of variation in d18O,more than
5‰ in the speleothem, also suggests that temperature, through its
effect in the calcite–water fractionation factor, is not the primary
cause of the observed variation. The temperature-dependent frac-
tionation between calcite and water is 20.24‰ per 8C (ref. 14),
requiring 20 8C of temperature change to explain the total range of
variation in d18O, or more than twice what is thought to be the total
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Key climate archives

• ice cores

• marine sediment cores

• corals

• speleothems

• tree rings

• pollen

• …



Marine sediment cores

[http://www.hpu.edu/CNCS/Faculty_Staff/CV/DavidFieldCV.html]

www.oceanusmag.whoi.edu

• 1: Japan Sea (color alternation)
2: Japan Sea (laminated sediments)
3: East China Sea (deep sea sediments)
4: Arabian Sea (calcareous ooze)
5: Arabian Sea (calcareous ooze)
6: Sulu Sea (calcareous ooze)
7: Southern Ocean (diatom ooze)

• These cores were recovered during cruises by the R/V Hakuho-Maru, Ocean Research 
Institute, University of Tokyo

http://www.hpu.edu/CNCS/Faculty_Staff/CV/DavidFieldCV.html%5D


Formation of marine sediments

Climate resolution

www.atm.dal.ca/~lohmann/clch/Lecture9.ppt

www.atmo.dal.ca/~lohmann/clch/Lecture9.ppt



Formation of marine sediments

• 70% of Earth‘s surface is covered by oceans

• yearly sediment production: approx. 6-11 billion tons (=1012kg)

• sediment contains both biogenic and terrigenous material

• biogenic material:
• planktic organism = live near the sea surface

• benthic organism = live near the sea floor

• biogenic material may be used as a proxy for

• water temperatures (surface waters, deep sea waters)

• salinity

• dissolved oxygen, trace substances, etc.

• terrigenous material
• is transported from land surfaces to the oceans by the wind

• can be used as a proxy for aridity and/or changes in wind strength/wind directions
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Formation of marine sediments
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(Phytoplankton)
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(Zooplankton)



Drilling of marine sediment cores



The International Ocean Discovery Programme (IOPD)

http://iodp.tamu.edu/index.html



Drill sites of international drilling programs
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Examples of marine sediment analyses

[from: Ruddiman, 2008]
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Corals

http://www.ncdc.noaa.gov/paleo/slides/



Corals

• main interest for paleoclimatological studies:  
Hermatypic corals (reef-building corals)

• exist mainly between 30°N - 30°S, with an 
average SST of 20°C

• if SST are below 18°C, the coral reefs grow only 
very slowly or even die (at colder temperatures)

• typical coral analyses:  
growth rates, isotopes, trace elements, …

• coral records may cover the last 100,000 
years (or even older periods)

• often, corals just grow during warm climates

• corals are a very promising climate archive 
for the reconstruction of tropical SST



Corals
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Growth of corals
• coral growth varies with the season of the year

• growth rate depends on SST and available nutrients

• higher (lower) density for warmer (colder) SST 

• density variations allow the identification of annual layers

http://www.ncdc.noaa.gov/paleo/slides/



Analyses example: δ18O measurements on corals
• Depletion/enrichment of 18O in Calciumcarbonte (CaCO3) can be measured on corals, too

• two different effects can influence 18O in CaCO3

• temperature-related fractionation (determined by SST changes)

• changes of the 18O content of the ocean water  
(e.g., by large amounts of tropical rainfall in shallow, coastal waters)

• as corals mainly exist in tropical regions, the El Niño/Southern Oscillation phenomenon is often 
dominating the coral 18O records

• δ18O analyses on corals enable a reconstruction of past El Niño events

http://www.ncdc.noaa.gov/paleo/slides/



δ18O measurements on corals: El Niño reconstructions

https://usclivar.org/research-highlights/coral-reconstructions-central-tropical-pacific-climate-suggest-25-increase



Speleothems



Speleothems

• The following conditions must exit for the formation of speleothems:

• The water entering the cave must contain CO2 to dissolve CaCO3

• The soil above the cave should contain CaCO3 which can be dissolved by water

• The ceiling of the cave needs some fissures for water flowing into the cave

• The growth rate of the speleothems is determined by several factors

• amount and rate of dripping water

• CO2 concentration of the drip water and within the cave

• CaCO3 concentration of the drip water

• cave temperature



Speleothem locations

[Comas-Bru et al., ClimPast, 2019]

Cave sites included in the SISAL database

L. Comas-Bru et al.: Evaluating model outputs using integrated global speleothem records 1563

Figure 1. Spatio-temporal distribution of SISALv1b database. (a) Spatial distribution of speleothem records. Filled circles are sites used in
this study (SISALv1 in blue; SISALv1b in green). Triangles are SISAL sites that do not pass the screening described in Sect. 2.3 and/or do
not cover the time periods used here (modern, MH and LGM). The background carbonate lithology is that of the World Karst Aquifer Map-
ping (WOKAM) project (Chen et al., 2017). (b) Temporal distribution of speleothem records according to regions. The non-overlapping bins
span 1000 years and start in 1950 CE. Regions have been defined as follows: Oceania (�60�<lat<0�; 90�<long<180�); Asia (0�<lat<60�;
60�<long<130�); Middle East (7.6�<lat<50�; 26�<long<59�); Africa (�45�<lat<36.1�; �30�<long<60�; with records in the Mid-
dle East region removed); Europe (36.7�<lat<75�; �30�<long<30�; plus Gibraltar and Siberian sites); South America (�60�<lat<8�;
�150�<long< � 30�); North and Central America (8.1�<lat<60�; �150�<long< � 50�).

Figure 2. Distribution of the number of single caves with speleothem growth through time. (a) Number of single caves with growth over
the last 500 000 yr BP (where present is 1950 CE) in 1000-year bins (solid line), bootstrapped estimate of uncertainty (shading between 5 %
and 95 % percentiles) and fitted exponential distribution (darker solid line). Horizontal bars denote previous interglacials. (b, c) Same as
(a) but with the fitted exponential distribution subtracted to highlight anomalies from the expected number of caves over the last 300 kyr BP.
Horizontal bars indicate periods with significantly greater (dark grey) or fewer (light grey) numbers of caves with speleothem growth than
expected. Green indicates the full global dataset; blue and red indicate temperate and tropical subdivisions respectively.

www.clim-past.net/15/1557/2019/ Clim. Past, 15, 1557–1579, 2019



Speleothems

Bradley, Fig. 7.33

Dating:

• thorium analyses  
(230Th/234U)

• alternative dating via 
thermal ionization mass 
spectroscopy (TIMS)

Age:

• up to 400,000-500,000 
years

Analyses:

• Growth rate, δ18O, 
δ13C, …



Pollen analyses

https://paleonerdish.wordpress.com/2013/08/19/pollen-analysis-and-the-science-of-climate-change/

M. Chevalier et al.: Pollen-based climate reconstruction techniques for late Quaternary studies 
Earth Science Reviews, 2020

https://paleonerdish.wordpress.com/2013/08/19/pollen-analysis-and-the-science-of-climate-change/


Pollen analyses

• every year, about ~109 kg pollen and spores are emitted to the atmosphere

• a pollen compilation often represents the existing vegetation very well

• pollen can be classified very well due to their characteristic shape and colur

• pollen are stable on long time scales(!)

• pollen samples can be found both in lake sediments as well as in other terrestrial 
archives

• the majority of pollen samples stems from the Holocene and/or the last glacial

• The vegetation compostion at one location often relies on a very few number of 
climate parameters (hours of sunshine, temperature, precipitation)

• key issues for paleoclimate pollen analyses:

• How fast does a vegetation pattern adapt to local climate changes?

• Does it alwas adapt in the same manner?



Pollen diagrams

http://www.geus.dk/departments/quaternary-marine-geol/research-themes/env-cli-pollen-uk.htm

http://www.geus.dk/departments/quaternary-marine-geol/research-themes/env-cli-pollen-uk.htm


Calibration of Pollen Studies

Bradley, Fig. 9.11



Tree Rings

https://www.sciencenews.org/article/tree-story-book-explores-what-tree-rings-can-tell-us-about-past



Tree Rings

• Variations of tree ring width and density are 
an indicator of (local) climate change

• the use of tree rings to reconstruct climate 
change is called dendroclimatology
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Dendroclimatology

• The width of the annual tree rings is in general a complex function that depends on the 
tree species, tree age, available nutrients (in the soil and in the tree), sun shine hours, 
amount of precipitation, temperature, wind conditions, relative humidity, etc.)

• at suitable sites (and for suitable tree species) the function can be reduced to 1-2 
influencing parameters, only



The Imprint of Climate Changes in Tree Rings

Bradley, Fig. 10.4



Dendroclimatology

• The width of the annual tree rings is in general a complex function that depends on the 
tree species, tree age, available nutrients (in the soil and in the tree), sun shine hours, 
amount of precipitation, temperature, wind conditions, relative humidity, etc.)

• at suitable sites (and for suitable tree species) the function can be reduced to 1-2 
influencing parameters, only

• Dating methods: 14C, cross dating using several different trees

• Analyses: Density variations, 18O



Climate reconstructions using tree ring records

• a modern calibration (=relation between tree ring record and climate variable, e.g. 
temperature) is used to convert past tree ring variations into climate changes

• similar to other methods, one has to assume a priori that the the modern 
calibration curve can be applied for past times 
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Climate reconstructions using tree ring records

Bradley, Fig. 10.22, 10.28

• tree ring records can be a 
good proxy for regional 
climate changes during 
the last centuries

• many records show 
substantial warming in the 
20th century
• however, the latest warming 

is missing in some of the 
tree records



Further climate archives
• lake sediment cores 

• loess archives

• snow-line reconstructions 
and glacier movements

• lake level changes

• ….

The loess/palaeosol sequence at Potou, Central Loess Plateau, China. The darkest of the bands 

seen in the sequence is the palaeosol complex S5. Search for the intrepid field-workers just above 

S4 for scale!  http://www.aber.ac.uk/~qecwww/loessprog.html

v. Grafenstein et al., Science, 1999

or with only weak external triggering (4 ).
Here we present a detailed quantitative esti-
mation of !18OP in mid-Europe (from Am-
mersee, Germany) for the time period from
15,000 to 5000 years before the present, in-
cluding the youngest of these DOEs. The new
record, in which each analysis comprises
"11 years, permits comparison of European
and Greenland climate during this period
based on the same proxy and with almost
identical temporal resolution and precision.

The Ammersee is a hard-water lake 20 km
long and 81 m deep and is situated about 50 km
southwest of Munich. The modern isotope hy-
drology of the lake is such that the oxygen
isotopic composition of lake water (!18OL) is
simply linked to the oxygen isotopic composi-
tion of precipitation (!18OP) (5). Even extreme
hydrological shifts, such as a 50% decrease or
increase in the input into the lake or in evapo-
ration from the lake’s surface, would change
the observed offset between !18OL and !18OP

(0.75‰) only by #0.38‰. The !18O of ostra-
cod shells from the profundal Ammersee can be
used as direct tracer for !18OL. Water temper-
atures below 50-m water depth were probably
close to 4°C throughout the lake’s history. The
temperature-dependent fractionation between
calcite and water ("$0.25 ‰/K) can therefore
be considered as constant. Vital offsets for !18O
of the used species are known (6). A 200-year
record of !18OP from ostracods from this lake is
well correlated with 200 years of mean air
temperatures from the Hohenpei%enberg obser-
vatory in the watershed of the Ammersee. The
inferred temporal !18OP-temperature gradient
for this period is 0.58 ‰/°C (5), almost identi-
cal to the interannual temperature sensitivity of
!18OP in Europe as derived from three decades
of direct measurements (0.6 ‰/°C) (7).

!18O records of lake marls (8, 9) and of

benthic ostracods (10–12) in Europe, includ-
ing littoral and sublittoral cores from the
Ammersee (13, 14 ), have provided qualita-
tive evidence for contemporaneous variations
in !18OP of Greenland and Europe during the
Late Glacial. However, extracting !18OP from
such records has been impeded by secondary
hydrological, water-temperature, and archive-
specific effects and by their low temporal
resolution (usually considerably more than
100 years per sample).

We analyzed data from two new cores
from the Ammersee collected at 70-m water
depth (AS96-1 and AS93-1). Together with
the record from core AS92-5 (15), these new
data provide an almost continuous !18OL

record for the period from 15,500 to 5500 yr
B.P. (Fig. 1) at a temporal resolution of "11
years. We infer !18OP from !18OL by correct-
ing for the observed present-day difference of
$0.75‰, assuming that variations of the
drainage-basin water balance (precipitation
minus evapotranspiration) and of the long-
term humidity have only negligible effect.

Within the sample resolution, the three
major isotope shifts in AS96-1 match the
major lithological changes. These changes
are also seen in the shallow-water cores, and
we thus used them to correlate the record
with the regional pollen assemblage zones.
The youngest part of the Ammersee !18OP

record (AS92-5, 8500 to 5000 cal. yr B.P.)
has been correlated to the GRIP !18Oice

record with four 14C measurements of macro
remains (15 ). The new records also repro-
duce in great detail the GRIP !18O variations,
if we account for the different offsets of the
depth scales and the generally lower sedi-
mentation rates at sites AS93-1 and AS96-1
(Fig. 1). The clearly visible common features
(the rapid transitions as well as the N-shaped

early-Holocene event and the 8.2-ky event; sol-
id lines in Fig. 1) and one 14C date (11,580 #
100 14C-yr B.P., at 1167.25-cm core depth)
were used as tie points for an initial age model.
This corrects for the major changes of accumu-
lation rates, expected as a result of observed
lithological changes. Linear interpolation of the
sample ages between these tie points is suffi-
cient to achieve agreement within "100 years
of even very small !18O shifts (dashed lines in
Fig. 1). Wiggle matching only was used to
provide a final match, likely compensating
moderate variations of sedimentation rates
within the lithological units.

We tested this age model (GRIP-AS) by
developing a second independent chronology
for the AS96-1 record. The low-!18O events in
the Ammersee record were matched to the Late
Glacial cold phases as determined by lithologi-
cal and palynological signals in a varved record
from Lake Meerfelder Maar (MFM), situated
about 500 km northwest of Ammersee (16).
The Laacher See Tephra (12,880 yr B.P.) was
used as an additional control point. The result-
ing depth-age functions (Fig. 2) confirm the
reliability of our age model. Age differences
between GRIP-AS and MFM-AS only exceed
150 years close to the base and top of the MFM
chronology, where significant climate events
are rare.

The Ammersee and GRIP !18OP records
were transformed into contemporaneous 10-
year averages. Adjusting the records to the re-
spective modern !18OP values and expanding
the European scale by the slope (1.5) of the
linear regression (R2 & 0.85) illustrates (i) that
the correlation on centennial times scales might
be even higher and (ii) that the records on
millennial scale systematically deviate from the
overall linear correlation (Fig. 3). The high
similarity of short-term climate events, despite

Fig. 1. (Top graphs) Oxygen-
isotope values of calcite
shells of Candona sp. ( juve-
niles of Fabaeformiscandona
levanderi and Fabaeformis-
candona tricicatricosa) from
sediment cores AS92-5 (green)
(15), AS93-1 (blue), and
AS96-1 (red); see (33) for
further sampling details and
isotope measurements. As-
terisks and tilted labels in-
dicate available 14C dates;
black bars denote the possi-
ble range of respective cal-
endar years. (Lower graph)
!18O ice record from Sum-
mit Greenland (GRIP) in a
10-year resolution based on
the age model ss08c. Solid
and dashed lines point to
correlative events in both
records.

R E P O R T S

www.sciencemag.org SCIENCE VOL 284 4 JUNE 1999 1655

Nam Co lake, Tibetan Plateau

PMIP Global Lake Status For The Mid-Holocene And Last Glacial Maximum
[https://pmip2.lsce.ipsl.fr/synth/lakestatus.shtml]

https://pmip2.lsce.ipsl.fr/synth/lakestatus.shtml
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Slides available at:
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https://paleodyn.uni-bremen.de/study/climate2020_21.html

