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Abstract. The Asian monsoon system is an important tip-

ping element in Earth’s climate with a large impact on hu-

man societies in the past and present. In light of the poten-

tially severe impacts of present and future anthropogenic cli-

mate change on Asian hydrology, it is vital to understand

the forcing mechanisms of past climatic regime shifts in the

Asian monsoon domain. Here we use novel recurrence net-

work analysis techniques for detecting episodes with pro-

nounced non-linear changes in Holocene Asian monsoon

dynamics recorded in speleothems from caves distributed

throughout the major branches of the Asian monsoon system.

A newly developed multi-proxy methodology explicitly con-

siders dating uncertainties with the COPRA (COnstructing

Proxy Records from Age models) approach and allows for

detection of continental-scale regime shifts in the complex-

ity of monsoon dynamics. Several epochs are characterised

by non-linear regime shifts in Asian monsoon variability, in-

cluding the periods around 8.5–7.9, 5.7–5.0, 4.1–3.7, and

3.0–2.4 ka BP. The timing of these regime shifts is consis-

tent with known episodes of Holocene rapid climate change

(RCC) and high-latitude Bond events. Additionally, we ob-

serve a previously rarely reported non-linear regime shift

around 7.3 ka BP, a timing that matches the typical 1.0–1.5 ky

return intervals of Bond events. A detailed review of previ-

ously suggested links between Holocene climatic changes in

the Asian monsoon domain and the archaeological record in-

dicates that, in addition to previously considered longer-term

changes in mean monsoon intensity and other climatic pa-

rameters, regime shifts in monsoon complexity might have

played an important role as drivers of migration, pronounced

cultural changes, and the collapse of ancient human societies.

1 Introduction

Relationships between past climate change and societal re-

sponses in the historical and archaeological record have fre-

quently been reported, e.g. increased frequencies of war

(Zhang et al., 2007), societal conflicts and crises (Hsiang

et al., 2011, 2013; Zhang et al., 2011), migrations (Büntgen

et al., 2011), and collapse of complex societies such as the

Akkadian empire (Gibbons, 1993; Cullen et al., 2000), the

Egyptian Old Kingdom (Stanley et al., 2003), Mayan urban

centres (Haug et al., 2003; Kennett et al., 2012), and Chinese

dynasties (Yancheva et al., 2007). Those societal responses

are generally acknowledged to be driven by multiple fac-

tors and, additionally, societies differ in their vulnerability

to changing environmental conditions (Tainter, 1990). Nev-

ertheless, investigating climate as one possible key driver is

of great interest in the face of recent anthropogenic climate

change (Stocker et al., 2014). Deeper insights in this field are

urgently needed to assess the adaptive capacity and dynam-

ics of current societies (Widlok et al., 2012) under global en-
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vironmental change within the co-evolving planetary socio-

environmental system (Schellnhuber, 1998, 1999).

In our contribution here, we focus on regime shifts in

Asian summer monsoon dynamics during the last 10 ky

and discuss their potential societal impacts such as cultural

change or migratory patterns. Investigating the Asian mon-

soon domain is relevant for three reasons: (i) the Asian mon-

soon is a highly dynamic, vulnerable, and multistable sys-

tem (Zickfeld et al., 2005; Levermann et al., 2009) that

has been identified as a potential climatic tipping element

(Lenton et al., 2008), (ii) ca. 60 % of the world’s population

are directly affected by the Asian monsoon, the failures of

which have large potential consequences for food supply in

these regions (Wu et al., 2012), and (iii) there are multiple

known examples for the collapse of early complex societies

in the Asian monsoon realm, including the Harappan culture

in the Indus Valley (Staubwasser and Weiss, 2006), and ex-

amples of the impact of climate change on socio-political

developments, e.g. war frequencies or dynastic changes in

China (Zhang et al., 2007; Yancheva et al., 2007). Thus,

a deeper understanding of past changes in Asian monsoon

dynamics and their impact on societies will contribute to im-

proved capacities for anticipating potential consequences of

future climate change in the region.

The Asian summer monsoon system is a seasonally recur-

ring wind pattern related to the migration of the Intertrop-

ical Convergence Zone and is active from June to October.

It is nominally separated into the Indian summer monsoon

(ISM) and the East Asian summer monsoon (EASM). The

ISM is divided into the Arabian Sea (AS) branch and the Bay

of Bengal (BB) branch, which transport moisture from the

Indian Ocean towards the Arabian Peninsula and the Indian

subcontinent during the summer wet season (Fig. 1). The AS

branch reaches NE Africa and the Arabian Peninsula before

turning east towards the west coast of India. The BB branch

of the ISM receives much of its moisture from the Arabian

Sea, crosses southern India, and reloads over the Bay of Ben-

gal before moving northward until it reaches the Himalayan

mountain range. Unable to cross this barrier, it splits into two

branches, one moving north-westward along the Himalayas,

the other extending north-eastward into Tibet and the rest of

China, where it contributes greatly to summer rainfall. The

EASM transports moisture from the adjacent seas into China

and also onto the Tibetan Plateau. Complex and time-varying

interdependencies have been demonstrated to exist between

the different branches of the Asian summer monsoon system

during the late Holocene based on palaeoclimate data (Feld-

hoff et al., 2012; Rehfeld et al., 2013) as well as during the

period of instrumental observations (Baker et al., 2015).

Our approach is to integrate information on decadal- to

centennial-scale Asian palaeomonsoon variability during the

Holocene from high-resolution oxygen isotope records from

multiple caves, as speleothems are recognised as high-quality

palaeoclimate archives for the considered timescales and ge-

ographical region (Table 1). Of special importance for the
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Figure 1. Map of southern Asia showing the main flow directions

of moist air masses associated with different monsoon branches:

Arabian Sea (AS) and Bay of Bengal (BB) branches of the In-

dian summer monsoon, East Asian summer monsoon (EASM), and

Australian–Indonesian summer monsoon (AISM). Furthermore, the

locations of the caves where the speleothem records used in this

work have been obtained from are displayed (see Table 1).

present study is a robust chronology of the included archives,

a requirement that is met by many speleothem records. Fo-

cussing on one type of archive and proxy, this work extends

upon and complements several related re-assessment stud-

ies (Morrill et al., 2003; Hu et al., 2008; Maher, 2008; Re-

hfeld et al., 2013). In contrast to earlier work, we focus not

only on the intensity of monsoon rainfall per se, but aim to

identify changes in the complexity of monsoon variations as

important higher-order information contained in the avail-

able records. The rationale behind this approach is that reg-

ular and, thus, predictable monsoon variations are crucial

for sustained socio-economic development, while irregular

variations of seasonal rainfall and climatic instabilities have

been shown to have acted as triggers for social unrest and

as drivers of societal changes (Hsiang et al., 2013). There-

fore, identifying epochs of regime shifts in the complexity of

palaeoclimatic variability is of great interest for investigating

the role of Asian summer monsoon dynamics as a potential

driver of cultural change or migratory patterns in the human

realm.

From a methodological point of view, this work introduces

several new aspects to the study of palaeoclimate variabil-

ity: (i) we focus on non-linear aspects of monsoon dynam-

ics such as regime shifts in the regularity of monsoon vari-

ations, extending upon previous work on climatic regime

shifts in linear time series properties (Mudelsee, 2000; Ro-

dionov, 2004) such as mean monsoon intensity. The method

of choice, recurrence network (RN) analysis of time series,

is particularly useful for detecting qualitative changes in the

dynamics of complex systems (Marwan et al., 2009; Don-

ner et al., 2010b) and has been successfully applied in fields

ranging from fluid dynamics to electrochemistry to physiol-

ogy (Donner et al., 2014). RN analysis is specifically suitable

for studying palaeoclimate records – unlike other methods

there are only implicit effects of non-uniform sampling in the
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Table 1. List of speleothem δ18O oxygen isotope records used in this study including cave name, speleothem ID, cave location, number of

data pointsN , average sampling time 〈1T 〉, and climatological interpretation (IOM, Indian Ocean monsoon; ISM, Indian summer monsoon;

EASM, East Asian summer monsoon; AISM, Australian–Indonesian summer monsoon. From the Mawmluh record, all data points prior

to 9 kaBP were discarded, since the older part of the record was recently found to be insufficiently dated (M. Berkelhammer, personal

communication, 2013).

Cave name Speleothem Latitude Longitude N 〈1T 〉 Interpretation Reference

(years)

1 Dimarshim, Yemen D1 12◦33′ N 53◦ 41′ E 530 8.3 IOM strength Fleitmann et al. (2007)

2 Qunf, Oman Q5 17◦10′ N 54◦ 18′ E 1412 7.3 IOM strength Fleitmann et al. (2003, 2007)

3 Hoti, Oman H5 23◦05′ N 57◦ 21′ E 832 4.3 IOM strength Neff et al. (2001)

4 Mawmluh, India KM-A 25◦16′ N 91◦ 53′ E 889 6.0 ISM strength Berkelhammer et al. (2012)

5 Tianmen, Tibet, China TM-18 30◦55′ N 90◦ 40′ E 1005 4.9 ISM strength Cai et al. (2012)

6 Dongge, China DA 25◦17′ N 108◦ 5′ E 2124 4.2 EASM strength Wang et al. (2005)

7 Lianhua, China A1 29◦29′ N 109◦ 32′ E 819 8.1 EASM strength Cosford et al. (2008)

8 Heshang, China HS4 30◦27′ N 110◦ 25′ E 1223 7.8 EASM strength Hu et al. (2008)

9 Jiuxian, China C996-1 33◦34′ N 109◦ 6′ E 828 10.5 EASM strength Cai et al. (2010)

10 Liang Luar, Indonesia LR06-B1 8◦32′ S 120◦26′ E 1289 9.7 AISM strength Griffiths et al. (2009)

time domain and minor dating uncertainties (Donges et al.,

2011a, b). (ii) We study continental-scale climatic changes

through the integration of information from proxy records

from multiple (Table 1) sites distributed over the Asian mon-

soon domain (Rehfeld et al., 2013). (iii) We explicitly con-

sider and propagate dating uncertainties (Mudelsee et al.,

2012; Goswami et al., 2014) in the available cave records

using the COPRA framework (COnstructing Proxy Records

from Age models, Breitenbach et al., 2012b), and (iv) we em-

ploy statistical tests for the co-occurence of the signatures of

monsoonal regime shifts at different sites.

Applying this methodology, we find that previously re-

ported high-latitude Bond events (Bond et al., 1997, 2001)

and rapid climate change (RCC) episodes (Mayewski et al.,

2004; Fleitmann et al., 2008; Wanner et al., 2008, 2011)

were often accompanied by epochs of large-scale non-linear

regime shifts in monsoon dynamics, e.g. pronounced changes

in the regularity of interannual to inter-decadal monsoon

variations. Furthermore, we are able to robustly identify at

least one previously rarely reported regime shift in Asian

summer monsoon dynamics during the Holocene (Wang

et al., 2005), which manifests itself as an epoch of signif-

icantly increased regularity of monsoon variations around

7.3 kaBP when considering dating uncertainties with the

COPRA approach. Examining our results in context with a

thorough review of the previously reported archaeological

record, we find that some of the detected epochs of non-linear

regime shifts in Asian summer monsoon dynamics may have

contributed to triggering major periods of migration, pro-

nounced cultural changes, and the collapse of ancient human

societies in Asia.

This article is structured as follows: after introducing

the data and methods used (Sect. 2), an overview is pro-

vided on possible imprints of Holocene RCC episodes and

Bond events within the Asian monsoon system (Sect. 3).

Our results on qualitative changes in monsoon dynamics as

recorded in speleothem records are reported in Sect. 4 and

are discussed in the context of potential impacts on cultural

change and migratory patterns in Sect. 5. Finally, conclusions

are drawn in Sect. 6.

2 Data and methods

In this section, we explain the selection of palaeoclimate

records that are suitable for studying the stability of Asian

monsoon dynamics during the Holocene within the frame-

work of the presented analytical strategy. Specifically, we are

interested in shifts in the dynamic regime beyond changes

in mean intensity during the last about 10 ka, which call for

high-resolution (i.e. sub-decadal) records spanning as much

of the Holocene as possible. Subsequently, the methodology

employed for quantitatively evaluating the effects of irreg-

ular sampling and dating uncertainties, both common prob-

lems in time series analysis of palaeoclimate records, is in-

troduced. Recurrence analysis is then presented as our statis-

tical technique of choice for detecting epochs of regular (sta-

ble or periodic) and more-erratic (and hence less predictable)

dynamics as well as transitions between such episodes in

palaeomonsoon variability. See Fig. 2 for a summary of the

methodological workflow employed in this study.

2.1 Speleothem records of the Asian palaeomonsoon

Temporally well-resolved and precisely and accurately dated

proxy records of palaeoclimate variability are indispens-

able for the study of spatially and temporally disperse

decadal- to centennial-scale climatic episodes. Speleothems

(secondary cave deposits such as stalagmites) constitute ter-

restrial archives potentially covering several hundred thou-

sand years of environmental variability. Current U–Th dat-

ing techniques allow the establishing of robust age models

www.clim-past.net/11/709/2015/ Clim. Past, 11, 709–741, 2015
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back to 600–800 ka BP (Cheng et al., 2013). Stalagmites fre-

quently allow for high-resolution sampling at sub-decadal

and even sub-annual scales (Johnson et al., 2006). Stalagmite

records offer a multitude of geochemical and petrographic

proxies (e.g. oxygen and carbon stable isotope ratios, major

and minor element ratios and concentrations, and fluid inclu-

sion water isotopes; Fairchild and Baker, 2012), though often

only stable isotope ratios are used to infer changes in rainfall

amount, source, or intensity.

Available lacustrine (e.g. Ponton et al., 2012) and marine

(von Rad et al., 1999; Kudrass et al., 2001; Staubwasser and

Weiss, 2006) sediment records from the southern Asian do-

main – although valuable for the study of long-term trends

and millennial- to centennial-scale climate episodes – often

lack both sufficiently high sampling rates and chronological

control to allow statistically significant comparison of multi-

ple reconstructions at decadal timescale. Available ice core

records from the Himalaya and Tibet regions (Thompson

et al., 1997, 2000, 2003) are unfortunately either too short

(covering only the past few thousand years) or lack also tem-

poral resolution. Tree rings can generally add valuable infor-

mation for reconstructing moisture and/or temperature dy-

namics (Cook et al., 2010; Borgaonkar et al., 2010; Treydte

et al., 2006, 2009). However, very few records from Asia ex-

tend beyond the last 1000 years and, thus, these cannot be

used to study qualitative changes of monsoon dynamics over

the course of the Holocene, which are the focus of this study.

Given the considerable number and reasonable spatial

distribution of available high-resolution speleothem records

from the Asian monsoon domain, and for permitting bet-

ter comparability of the results to be obtained, in this study

we restrict our attention to such cave archives. Specifi-

cally, we select published speleothem oxygen isotope (δ18O)

proxy records from the Asian monsoon domain that fulfil

the following criteria: (i) coverage of a significant part of

the Holocene (at least several thousand years), (ii) at least

decadal resolution (i.e. a resolution of 10 years would re-

sult in 100 data points per millennium – a reasonable number

for obtaining reliable statistics – which is about the coarsest

scale on which we expect the dynamical regime shifts studied

in this work to be detectable), and (iii) with age uncertainties

no greater than a few centuries (Rehfeld and Kurths, 2014).

These requirements are necessary to reliably detect shifts in

the dynamical regimes (i.e. the non-linear variability) of the

Asian summer monsoon beyond simple changes in amplitude

or variance. In the case of multiple records from the same site

(i.e. multiple speleothems from the same cave), we choose

the data set with the highest temporal resolution and longest

time interval covered. Furthermore, we discard other types

of proxies, such as δ13C, greyscale values, etc. available for

some records, to obtain a consistent database including only

one variable (which may however be interpreted differently

in different regions, see below). Other types of records are

considered for comparison in the discussion of our results

wherever appropriate.

The record database includes speleothem data from the

Arabian Peninsula (influenced by the AS), India, and Tibet

(mainly under the influence of the BB), and eastern China

(with governing EASM) (Fig. 1). One additional record

(Liang Luar cave) from Indonesia has also been included,

as this record indicates that the climatic episodes and tran-

sitions discussed below are found also in the AISM domain.

The selected proxy records are listed in Table 1 together with

information on sampling location, the number of samples,

temporal resolution, and their interpretation and correspond-

ing references.

Many speleothem records, especially those from China,

have been reported over the last decade giving deep insights

into the history of the EASM (Wang et al., 2005, 2008; Dong

et al., 2010) for up to approximately the past 380 ky (Cheng

et al., 2009). Unfortunately, only a few terrestrial records

are available so far from the Indian subcontinent that meet

our criteria (Sinha et al., 2005, 2007, 2011a, b; Berkelham-

mer et al., 2010, 2012). The available proxy reconstructions

from Indian stalagmites reflect changes in the strength of the

ISM, but they also show regional variability in ISM dynam-

ics. Such differences reflect the complexity of the ISM over

India, rather than contradicting the general understanding of

ISM dynamics (Breitenbach et al., 2012a). The influence of

the ISM on different regions in India has been noted by mete-

orological as well as palaeoclimatic studies (Hoyos and Web-

ster, 2007; Sinha et al., 2011b; Rehfeld et al., 2013). Moni-

toring of rainwater in NE India reveals that its isotopic com-

position (δ18Orw) depends not simply on the amount of rain-

fall, but also on moisture source changes such as increased

melt water flux, the pathway length that an air mass moves

from the source to the sampling site and related Rayleigh

fractionation, and changes of the isotopic composition of the

source (Breitenbach et al., 2010). Still, a clear ISM signal

is detected, which allows us to use oxygen isotope ratios as

tracers for ISM intensity.

Several records are available from the Arabian Sea realm

(Qunf, Hoti, and Dimarshim caves, Table 1, Fig. 1). These

are interpreted as reconstructions of the Arabian Sea branch

of the ISM (Neff et al., 2001; Fleitmann et al., 2003, 2007).

However, these records might not be representative for the

dynamics of the ISM over the Indian subcontinent, and addi-

tional records must be recovered for better spatial coverage in

the heart of the ISM domain. The stalagmite from Indonesia

(Griffiths et al., 2009) represents the tropical Asian monsoon

domain and is used for comparison to examine our results in

the broader climatological context.

2.2 Treatment of uncertain depth–age models

Chronologies for the palaeoclimate proxy records used in this

study have been established by means of U series dating.

The associated depth–age models are usually obtained by

interpolation between the dating points. However, radiomet-

ric datings come with uncertainties, suggesting that different

Clim. Past, 11, 709–741, 2015 www.clim-past.net/11/709/2015/
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Figure 2. Workflow of recurrence network analysis of palaeoclimate records (here from speleothems). Step 1 indicates the deposition of

chemical or physical information on past climate fluctuations in growing speleothems. In step 2, this information is extracted from the

speleothem in the form of a proxy record (here, the Dongge DA δ18O record; Wang et al., 2005, is used as an example). Subsequently,

in step 3, a section of the obtained proxy record (selected time interval indicated by grey bar) is embedded in phase space to unravel the

fluctuations induced by variations of the multiplicity of different relevant climatic parameters. In steps 4 and 5, the structure of recurring

palaeoclimate states in the proxy record is represented as a recurrence plot and recurrence network (node colour indicates age of palaeoclimate

states increasing from red (younger) to blue (older)), respectively. In step 6, the structure of the recurrence network corresponding to a certain

epoch is quantified by graph-theoretical measures such as transitivity T or average path length L. Finally, this analysis provides insights into

non-linear palaeoclimate variability that can be interpreted taking the underlying Earth system dynamics into account in step 7. The original

contribution of this study lies in steps 3–7.
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chronologies might be valid for the proxy record in question

(Telford et al., 2004; Buck and Millard, 2004; Blaauw, 2010).

Moreover, intercomparison between proxy records with dif-

ferent dating strategies (and, hence, timescale uncertainties)

and different non-uniform samplings demonstrates that con-

sidering a single depth–age model limits the reliability of

all results. Therefore, we use the recently introduced CO-

PRA framework for the calculation of ensembles of con-

sistent chronologies (depth–age models) for the used proxy

records (Breitenbach et al., 2012b). This strategy allows er-

ror propagation through subsequent statistical treatments and

comparisons of multiple records.

Within COPRA, dating uncertainties are considered by

a Monte Carlo (MC) simulation. To obtain an ensemble of

age models, first a random number drawn from a normal dis-

tribution of the standard deviation as given by the 1σ error of

the dating is added at each individual dating point. A piece-

wise interpolation is then applied on these modified dating

points to obtain ages for all proxy data points. This procedure

is repeated 100 times (MC simulation) producing an ensem-

ble of 100 possible age models (Fig. 3), where inconsistent

realisations violating the stratigraphic constraint are rejected

beforehand. In the next step, these age models are used to

interpolate the measured proxy values to an equidistant time

axis (regular sampling), resulting in a distribution of possible

proxy values at each given (or required) time point. Now the

time axis is a truly absolute and comparable reference sys-

tem for all different proxy records because the uncertainties

within the time domain are transferred to uncertainties in the

proxy domain (Breitenbach et al., 2012b).

Note that interpolating the proxy signal to an absolute time

axis is a post-processing step particular to this study that is

not included in the COPRA framework by default. It is in-

troduced here to additionally test the robustness of the re-

sults of recurrence analysis obtained below with respect to

the effects of irregular sampling displayed by the available

proxy records. Hence, in Sect. 4 we will compare the results

obtained from the original irregularly sampled records with

those computed from the COPRA ensemble signals that have

been interpolated to a regularly sampled reference frame.

2.3 Recurrence analysis

Recurrence analysis comprises a class of non-linear meth-

ods of time series analysis that are sensitive to dynamical

features beyond what can be captured by commonly used

linear statistics, such as power spectra and auto- or cross-

correlation functions (Marwan et al., 2007). It is based on the

fundamental observation that dynamical systems in nature

tend to recur close to their previously assumed states after

a finite time (Poincaré, 1890). For example, the weather ob-

servations (temperature, precipitation, pressure, etc.) made at

some meteorological station on a given day may be very sim-

ilar, but not the same, as those recorded a few years earlier.

The temporal structure of these recurrences contains a wealth
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Figure 3. Exemplary depth–age model for the Dongge DA record

(Wang et al., 2005) represented as an ensemble of 1000 different

chronologies. The inset shows an enlarged view of a specific time

interval illustrating the spread of depth–age models due to dating

uncertainties. Discrete dating points are indicated by black dots,

while the associated 2σ dating uncertainties are displayed by error

bars.

of information on the dynamical system under study and can

be mathematically represented and quantified by recurrence

plots (Marwan et al., 2007) or recurrence networks (Marwan

et al., 2009; Donner et al., 2010b, 2011; Donges et al., 2012)

(see Fig. 2).

Recurrence analysis has been successfully applied to anal-

yse climatological and palaeoclimatological data, e.g. for

aligning the timescales of rock magnetic data from sedi-

ment cores (Marwan et al., 2002) and searching for relation-

ships between the El Niño–Southern Oscillation (ENSO) and

South American palaeoprecipitation (Marwan et al., 2003;

Trauth et al., 2003). Recently and relevant to this study, it

has been shown that recurrence network analysis (Marwan

et al., 2009; Donges et al., 2011a, b; Marwan et al., 2013) and

related techniques (Malik et al., 2012) are particularly well-

suited for detecting subtle qualitative changes in the dynam-

ics recorded by palaeoclimate proxy series with relatively

few data points (compared to typical experimental and mod-

ern observational time series). In this study, we are interested

in transitions or non-linear regime shifts in climate variability

that are characterised by pronounced changes in dynamical

complexity, i.e. changes between regular and rather erratic

climate variations (Donges et al., 2011b). We argue that these

transitions are subtle in the sense that they cannot always be

easily and unambiguously identified by visual inspection, de-

spite contradicting claims (Wunsch, 2007).
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J. F. Donges et al.: Non-linear regime shifts in Holocene Asian monsoon variability 733

Appendix A: Detailed results for COPRA ensembles

Here, we provide the complete results of applying recurrence

network (RN) analysis to the COPRA ensembles correspond-

ing to all records that are considered in our study. This en-

semble analysis allows detailed insights into the effects of

dating uncertainties on the proxy records (Fig. A1) as well as

the inferred time evolution of indicators of rapid dynamical

change (RN average path length L , Fig. A2) and regularity

(RN transitivity T , Fig. A3) of monsoonal strength varia-

tions. These results are derived applying the methodology

described in Sect. 2 and can be interpreted along the lines

of the discussion in Sect. 4. Note that the summary statistics

displayed in Fig. 10 are derived from the results presented in

Figs. A2 and A3 using the procedure introduced in Sect. 4.2.

Figure A1. Residual oxygen isotope records 1δ18O analysed in this study (all measured in units of ‰ VPDB). Median (thick red lines)

and 90 % confidence intervals (orange shading) from an ensemble of 100 time series realisations of the COPRA algorithm for transferring

dating uncertainties to uncertainties in proxy values are shown (Breitenbach et al., 2012b). Bond events (violet lines) and RCC episodes

(grey bands) are displayed for reference. Note that the Liang Luar record had to be divided into three sections with a temporal resolution

sufficiently high for applying the COPRA framework.
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Figure A2. Time evolution of an indicator of rapid dynamical

change (RN average path length L) in monsoonal strength fluctu-

ations obtained from a sliding window analysis of the residual oxy-

gen isotope records displayed in Fig. A1. Median (thick dark blue

lines) and 90 % confidence intervals (thin dark blue lines) from an

ensemble of 100 time series realisations of the COPRA algorithm

for transferring dating uncertainties to uncertainties in proxy val-

ues are shown. The predominant dynamical regime is marked by

90 % confidence bounds from a stationarity test (horizontal light

blue bands, Donges et al., 2011a, b). Deviations from this regime

indicate epochs of significant climatic change (filled-in dark blue

areas). Bond events (violet lines) and RCC episodes (grey bands)

are displayed for reference.

Figure A3. Time evolution of the regularity (RN transitivity T )

of variations in monsoonal strength obtained as in Fig. A2 (colour

coding is analogous to Fig. A2 after replacing blue shading with

green). Here, deviations from the predominant dynamical regime

indicate epochs of significantly enhanced or diminished regularity

of monsoonal variability (filled-in dark green areas).
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