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Regional and global signals: Monsoons
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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, high Tibetan mountains)
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The global monsoon circulation
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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

The Megalakes of the Sahara region. These gigantic lakes have disappeared in recent millennia. Lake Chad is the only remaining trace of  
water from these giants. The inset shows the North American Great Lakes at the same scale (from Google Earth) for comparison purposes.)
(from: http://climatesanity.wordpress.com/category/mega-lakes/)

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


Orbital-scale control of North African monsoon circulation
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The site of Lake Megafezzan (B) 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

• deeper water layers should loose oxygen

• organic-rich black muds should be deposited 
(so-called sapropels)

[f
ro

m
: R

ud
di

m
an

, 2
00

8]



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
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Speleothems: The Asian monsoon record

[Cheng et al., Nature, 2016]
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processes can affect Chinese cave δ 18O. For both, lower δ 18O implies 
higher spatially integrated monsoon rainfall between the tropical mon-
soon sources and the cave site and/or higher summer monsoon rainfall 
in the cave region. Thus, in this study, we use the terms ‘strong mon-
soon’ and ‘weak monsoon’ to refer to low and high cave δ 18O, respec-
tively, consistent with results from theoretical and empirical studies.

Our new records span from 640 to 330 kyr bp (before present, where 
present =  ad 1950), which together with previous records (from 384 kyr bp  
to present), allow the construction of a composite AM δ 18O record, 
covering the past 640 kyr (Extended Data Fig. 4). The record is char-
acterized by millennial-scale variations superimposed on a quasi-sine-
wave-like orbital-scale variability that broadly tracks 21 July NHSI3,6 
(Fig. 1). Removal of orbital-scale variations yields a record of the 
suborbital variability of the AM (the ∆ δ 18O record)8 (Extended Data  
Figs 5, 6). Detrending methods (for example, choice of insolation curve) 
could introduce artefacts in the ∆ δ 18O record, for which we tested by 
removing the orbital component of the record using insolation curves 
from a range of times encompassing the boreal summer months. 
Similar ∆ δ 18O power spectra independent of detrending curve suggest 
that this artefact is not significant. Detrending methods and sensitivity 
tests are described in the legends of Extended Data Figs 5, 6 and in  
Methods.

Timing and character of terminations
The gradual build-up and rapid termination of ice ages with an ∼ 100-kyr 
cycle are a well-known feature of the past ∼ 650 kyr (ref. 9). Although both 
glacial cycles and changes in eccentricity share common spectral power, 
the latter generates negligible change in insolation, thus presenting an 
enduring climate puzzle—the so-called ‘100-kyr problem’9. A number  

of hypotheses have been put forth to address this problem. One hypoth-
esis explains the 100-kyr cycle as an average of 4 to 5 discrete preces-
sion cycles, with missed beats in between10,11. Another invokes 2 to 3  
obliquity cycles12,13, again with missed beats. Yet another invokes a 
combination of both obliquity and precession14–16. Others call for inter-
actions involving internal oscillations in the Earth system26,27.

Cheng et al.4 have shown that each of the last four terminations 
is characterized by one or two WMIs, which coincide with HSs 
observed in North Atlantic marine cores7,8. Abrupt WMI endings are 
 synchronous with abrupt increases in atmospheric CH4 in Antarctic 
ice cores4. Using these cave–marine and cave–ice core correlations, 
Cheng et al.4 placed the events observed in marine and ice cores on 
a cave  chronology and made the following observations: the WMIs  
correlated with a good portion of each marine termination; the WMIs 
and the marine terminations took place at a time of rising NHSI; and 
most of the CO2 rise associated with each termination took place dur-
ing the WMIs (Extended Data Fig. 7). On the basis of these observa-
tions, Cheng et al.4 suggested that for each termination, the rise in 
insolation triggered the initial melting of the ice sheets. The North 
Atlantic cold anomaly that resulted from input of ice and meltwater 
rearranged oceanic and atmospheric circulation, causing the WMIs 
and resulting in the rise in atmospheric CO2. The latter, along with a 
continuing rise in insolation drove the termination4,28.

The unparalleled length and temporal precision of our cave record 
allow us to extend the aforementioned approach to robustly test ideas 
about the classic ‘100-kyr problem’. Our data indicate that glacial ter-
minations T-VII to T-V were also associated with WMIs (Fig. 2). The 
T-V WMI occurred between ∼ 430.5 ±  1.5 and ∼ 426 ±  2 kyr bp. The 
T-VI WMI, centred at 532.3 ±  3.5 kyr bp, has a duration of ∼ 4.5 kyr, 
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Figure 1 | Asian monsoon variations in the context of the Earth’s 
orbital parameters. a–c, Changes in obliquity (a), eccentricity (b) and 
precession45 (c). d, The composite AM δ 18O record (green; this study) and 
21 July insolation at 65° N (ref. 45; pink). e, Termination pacing and duration. 
Vertical bars mark the timing of WMIs correlated to glacial terminations 

(grey) and two similar events (MIS 4/3 and 5.2/5.1 transitions) (yellow). 
The timing of T-IIIa-WMI in this study differs from the one described in 
ref. 4, although we consider the latter a plausible alternative (see main text 
and Extended Data Fig. 9). f, The composite sea level17. The timings of 
MBE, MIS 11, 7.3, 7.4, 15.1 and 15.2 are also depicted.
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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

letters to nature

NATURE |VOL 434 | 3 MARCH 2005 | www.nature.com/nature 63
© 2005 Nature Publishing Group 

 

18. Van der Voo, R. Paleomagnetism of the Atlantic, Tethys and Iapetus Oceans (Cambridge University

Press, Cambridge, 1993).
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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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