REVISITING THE STATISTICAL RELATIONSHIP BETWEEN
SOLAR ACTIVITY AND ASIAN MONSOON DURING THE
HOLOCENE

Yue Zhang

A thesis submitted to the faculty of the University of Northdliaa at Chapel Hill in partial
fulfillment of the requirements for the degree of Master akefce in the Department of
Geological Sciences (Geophysics).

Chapel Hill
2012

Approved by:
Donna M. Surge
John M. Bane

Jonathan M. Lees



© 2012
Yue Zhang
ALL RIGHTS RESERVED



ABSTRACT
YUE ZHANG: REVISITING THE STATISTICAL RELATIONSHIP BEWEEN SOLAR

ACTIVITY AND ASIAN MONSOON DURING THE HOLOCENE
(Under the direction of Donna M. Surge)

The relationship between the sun and terrestrial climate in tee h@s been
controversial. Given the difficulty in understanding the underlyinghaeism(s) of solar
influence on the climate system, the empirical relationshipvderi the sun and climate
variables relies on statistical analyses. The tight link éetwproxies for solar irradiance and
the Asian monsoon has gained wide consensus; however, this unresavdicsssue is
still under debate. Here, the nonlinear and nonstationary relationghipdpesolar activity
and Asian monsoon strength during the last 8,800 years is investigdtedEnsemble
Empirical Mode Decomposition (EEMD) and Wavelet Coherence (WTRH.résults show
the coherence between solar activity and Asian monsoon strength is time-frequency-
oscillatory mode representation. There is no causal relatiobsftnpeen solar activity and
Asian monsoon strength during the Holocene that can be identifiedreBee&rch provides a

new insight into the sun-Asian monsoon interaction.
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Revisiting the statistical relationship between sol ar activity

and Asian monsoon during the Holocene *

Abstract

The relationship between the sun and terrestrial climate in tee h@s been
controversial. Given the difficulty in understanding the underlyinghaeism(s) of solar
influence on the climate system, the empirical relationshipvderi the sun and climate
variables relies on statistical analyses. The tight link éetwproxies for solar irradiance and
the Asian monsoon has gained wide consensus; however, this unressdvefficsissue is
still under debate. Here, the nonlinear and nonstationary relationghipdoesolar activity
and Asian monsoon strength during the last 8,800 years is investigdtedEnsemble
Empirical Mode Decomposition (EEMD) and Wavelet Coherence (WTRH.résults show
the coherence between solar activity and Asian monsoon strength is time-frequency-
oscillatory mode representation. There is no causal relatiobgftipeen solar activity and
Asian monsoon strength during the Holocene that can be identifiedreBee&rch provides a

new insight into the sun-Asian monsoon interaction.

Yt is a non-published work to be submitteddiimate of the PasfThe authors are Y. Zhang (corresponding
author), D. Surge, J. M. Lees, and J. M. Bane.



Introduction

The Earth’s climate is controlled by external forcings anerimell processes. As the
heat engine of the Earth’s climate system, the sun is thedoognant external forcing and
is considered to affect climate variability in the past, preaadtfuture (Beer et al., 2000;
Crowley, 2000; Bond et al., 2001; Haigh, 2001; Shindell et al., 2001; Rind, 2002nGiet
al., 2003; Braun et al., 2005). Accurate reconstruction of past clichatege is critical to
projecting future climate changes (Gray et al., 2010). Thus, ¢bagieg the contribution of
solar activity to climate variability over disparate tsnales has been a focus of study for the
last several decades. However, long-term observation of sdihatyais sparse. Telescopic
observations of sunspot numbers extend from the present back to AD T6EOsatellite
monitoring of total solar irradiance only began in 1978 (Solanki et al4)2B@constructing
the variation of solar activity over geological timescalegérticular, during the Holocene)
relies on proxy records of solar activity, such as various cosnmgagibnuclides (e.g'°Be
and '*C). Similarly, climate variability that occurred before thea eof instrumental
observation is typically reconstructed using proxy records sucitceasores, tree rings,
marine sediments, speleothems, archaeological and fossil gtellsience, dynamical links
between solar activity and past climate variability arenofteposed based on the statistical
relationships between proxies for solar activity and those forcgiastte change (Legras et

al., 2010; Yiou et al., 2010).

The Asian monsoon is a subsystem of the climate system which modulgésdate
variations between the ocean and the continents. Billions of peeplenlAsia, and local

agriculture, water resources and economic activity therdlargl@enced by Asian monsoon
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precipitation. Given its practical implications for climate aj@nand population, an
understanding of the Asian monsoon system, especially the abildgtter predict Asian
monsoon variations from annual to decadal and longer, is imperative. thmdéng the
Asian monsoon system is intricately linked to knowledge about past chahdglee Asian
monsoon and the influence of natural forcings on Asian monsoon variatiohs past.
Motivated by this, many studies have focused on the interactiotwvebn solar activity and
Asian monsoon strength during the Holocene. Neff et al. (2001) studiedotiexence
between atmosphericC (the ratio of radiocarbot'C to *C in the atmosphere) and’O
(the ratio of*®0 to '°0) values from a speleothem in Hoti Cave, northern Oman, that
accumulated in the early Holocene. They suggested that decadaitémnial variability of
rainfall and monsoon strength in the early Holocene was dominatesblhy activity.
Fleitmann et al. (2003) measured the correlation between atnisspH€ and speleothem
%0 values from Qunf Cave, southern Oman, and reported that decadaltitolevadal
variations of monsoonal precipitation were controlled by solavigcafter 8 kyr BP (before
present, 0 year BP = AD 1950). Wang et al. (2005) estimated the wlkedre atmospheric
14C and ®0 values from a Dongge Cave speleothem in southern China. They éddicat
that decadal to centennial variability of monsoon strength duringdleeene partly resulted
from changes in solar radiation. According to the previous studiessun-Asian monsoon
interaction has gained widespread acceptance (Wang et al., 1899;eHal., 2001; Neff et
al., 2001; Agnihotri et al., 2002; Fleitmann et al., 2003; Staubwassér 2003; Higginson
et al., 2004; Clemens, 2005; Gupta et al., 2005; Wang et al., 2005; Xiao et al., 2006; Zhang et
al., 2008; Cai et al., 2010). However, a careful scrutiny of thyse®min these studies calls

this consensus into question.



The accumulation of“C in the atmosphere results from the interaction between
cosmic rays and atmosphetftN. When solar activity strengthens, cosmic rays reaching the
atmosphere are reduced and it further decre4€eproduction (Gray et al., 2010). Hence,
atmospheric *C is generally regarded as an indicator of solar activitywéver, solar
activity is not the sole factor controlling the production of atmosphée“C. Cosmic rays
mainly consist of charged particles. When cosmic rays peneinateatmosphere, the
geomagnetic field deflects a large portion of cosmic rays. efbwe, variation of the
geomagnetic field intensity is a major factor that can moeulae **C production rate
(Mazaud et al., 1991; Hughen et al., 2004). OHeis produced in the atmosphere, it is
transported to other exchangeable carbon reservoirs through the gkobain cycle
(Muscheler et al.,, 2007; Burke and Robinson, 2012). The ocean has sabstamtge
capacity of CQ and it is the most important one of these reservoirs. Radiocarinoheca
captured by ocean water through air-sea exchange afE&0ause of the limited ventilation
of the abyssal ocean, the carbon-enriched water in the deep caedre isolated from the
atmosphere (Muscheler et al., 2000; Marchitto et al., 2007). Sartaters carbon in the
abyssal ocean is too old to contain detectaie@ as a result of radioactive decay.
Nevertheless, once deep water upwells because of reinitiatethtientand a reorganized
meridional overturning circulation, GQvith low “C that had been sequestrated in the deep
ocean can be released into the atmosphere. Consequently, the atmd&phievientory can
be regulated by processes in addition to solar activity (StacicekVright, 1996; Rose et al.,
2010; Skinner et al., 2010). Because the annual production by both solaty aatidi

geomagnetic field effect is relatively small in contrastthe global*‘C inventory, the



influence of the carbon cycle ofiC variation can overcome the effect of solar activity
(Bradley, 1999). Moreover, the terrestrial biosphere plays a &eyim the global carbon
cycle (Hahn and Buchmann, 2004; Naegler and Levin, 2009). Radiocarbon Irfdekisi
low owing to radioactive decay. Burning of fossil fuel mak& and'“C become more
enriched in the atmosphere. Accordingly, human use of fossil fuehlsangreatly reduce
14C over the globe (Suess, 1955). Hence, atmosphéfie is dominated by both‘C
production rate, and climate-related, and human-induced processaga{i@ and van der

Plicht, 1998). It is not a pure proxy for solar activity in the past.

As a proxy for Asian monsoon activity:’0 values from speleothem records reflect
stable isotopic variations in local precipitation. These valuesactaize precipitation
amount and, hence, Asian monsoon strength (Yuan et al., 2004; Dykoski et al. W20@p;
et al., 2005). However,'®0O values in speleothems are also dominated by cave conditions
(e.g., temperature and humidity), deposition processes, and the hychblagcle.
Speleothem carbonate is mainly precipitated from percolated grotergvaad formation
largely relies on water evaporation and L®gassing associated with temperature and
humidity in the cave (Bradley, 1999). The deposition process can éeeaffby factors
which can modulate groundwater percolation or speleothem growthll¢Bral999). In
addition, the percolated water in the cave is typically a unexbf groundwater, meteoric
water, soil water, plant water and surface water. Thus, thepisocomposition of a cave
water droplet does not merely reflect tH&O values of local precipitation. Measurements of
the isotopic composition of precipitation in Asia reflect a comeatio-temporal pattern,

which results from heterogeneous air masses and moisture saurites region and the



consecutive fractionation processes at water phase transiti@ns qondensation and
evaporation) in the hydrological cycle (Araguas-Araguas .et18P8; Jouzel et al., 2000;
Johnson and Ingram, 2004). Thereforé’0 values recorded in speleothems represent
several factors rather than simply Asian monsoon strengtbh(iiet, 2009)In summary,

both C and "®Ogpeeothemvalues are composite signals, as opposed to pure indicators of
climate variables. Accordingly, the direct comparison between tmwplicated signals may

not clearly reveal the underlying mechanisms of solar influence on the Asiananons

Several studies have reported a strong correspondence betwesptatrit *“C and
¥0gpeleotemvalues (Neff et al., 2001; Fleitmann et al., 2003; Wang et al., 200&jever,
this correspondence is suspect because a phase shift should exist betweeththeateifrly
represent solar activity and monsoon strength respectively, 48dshould lead *®*Ospeleothem
The different components of the climate system have distinppbmes time to external
forcing (IPCC, 2007). Modern observations show a lead-lag relatisrebetsolar irradiance
and temperature. Solar irradiance is a flux of energy, whilgpeeature is an index of the
divergence of this flux. If the energy flux varies with some peridtime derivative has a
phase shift. The daily maximum of solar irradiance occurs around fayoexample, while
the daily maximum temperature occurs at about 3 pm. Moreoveredisersal maximum of
Northern Hemisphere solar irradiance occurs in late June, whilsegagonal maximum
temperature occurs at the end of July or in early AugustolHr irradiance is close to a
sinusoidal function, the phase change between solar irradiance eamgkerature is
approximately 1/8 of the period (45 degrees), which is 3 hourséodiurnal cycle or 1.5

months for the annual cycle (A. Ohmura, personal communication, 20 Bddition,



insolation variability caused by long-term changes in Eamhntstal parameters leads the
marine *®0 record (indicating ice volume variations) by 90 degrees onabthite scales,
which is 10,000 years for obliquity band and 6,000 years for precession Raddirhan,
2007). As a weather system, the Asian monsoon’s response toovadaasolar irradiance is
much slower than that of temperature and much faster than tize sheets because of a
series of complex physical processes and feedbacks. Hence, tkeaphbes between solar
activity and Asian monsoon is expected to be between 45 and 90 degoeesvéM, “C
should not be in phase with"®Ogpeleothem Values, but rather should lead it. A strong

correspondence may be unreasonable to expect.

Haam and Huybers (2010) measured the linear and in-phase ooeabatween
atmospheric **C and stalagmite DA*®0O from Dongge Cave with a novel methodology for
maximum covariance test of time-uncertain series. They suggdssae the correlation
coefficient of 0.3 between solar activity and Asian monsoon strenggtinteel by Wang et al.
(2005) is insignificant at the 95% confidence level. This implies that thigylet be no causal
relationship between solar activity and Asian monsoon strength gddin@ Holocene.
However, a nonlinear and nonstationary link between solar activityAsrah monsoon

strength cannot be ruled out based solely on their analysis.

Inspired by these two problems and the contradictory conclusion by taam
Huybers (2010), it is necessary to quantitatively test the namlia@dd nonstationary
relationship between solar activity and Asian monsoon strength dinénbldlocene using

other statistical methods. This should provide new understanding abonetie@anism of
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solar influence on the Asian monsoon. The proxy records for both soldiairca and the
Asian monsoon (*C and **Ogpeicotneny are composite signals superimposed by various
underlying processes in the climate system. As proxy recitrigsassumed that'*C and
18Osloe|eothemtime series contain information of past solar and Asian monstiitya If the
Asian monsoon is paced unidirectionally by the sun during the Holotdemesun should
leave a signature in both thé’C and *®Ogpeleotmertecords. **C and **Ogpeieotnentime series
should contain similar underlying processes with similar per@ad appropriate phase
relations. Following this rationale, time series for atmosphelf€, total solar irradiance
(reconstructed from®Be accumulated in ice cores), arﬂﬁospdeothemare decomposed into
inherent components using Ensemble Empirical Mode Decomposition (EEMDgwly
applied procedure in paleoclimatology. Wavelet Coherence (WT()eis émployed to
guantify the coherence and phase relationship between the correspondiegses from the

EEMD results.

Data and methods

Data

Previously documented records of atmosphertdC, total solar irradiance, and
®0speleothemare used in this study (Figures 1-3). The atmosphefi€ time series was
reconstructed with a synthesized sample of tree rings, amdlsnarine sediments from all
over the globe (Stuiver et al., 1998). There is an empiricaliaesdtip between total solar
irradiance and the open solar magnetic field. Steinhilber €2@08) reconstructed the open

solar magnetic field using tH8e record in ice cores from GRIP, Dye 3 and the South Pole,



which is also dominated by solar activity. Total solar irradiamags computed based upon its
functional relation with the open solar magnetic field (Steinhidieal., 2009). A stalagmite
DA was retrieved from Dongge Cave (23N, 1085 E, elevation 680m) in south China
(Wang et al., 2005). The correspondingO record is dominated by isotopic variations in
local meteoric water, which is further related to variations pnecipitation amount
characterizing Asian monsoon strength. The chronology of the Ddbage stalagmite was
constructed using®°Th dating, and the typical age uncertainty is about 50 years.iffike t
span of all records is from 8,800 year BP to O year BP. Altigiia linearly interpolated with

a 10-year sampling interval.

Ensemble empirical mode decomposition (EEMD)

EEMD and WTC are used to analyze the time series. Empllicdé Decomposition
(EMD) is an adaptive data decomposition method with an a posterigsj idwsch implicitly
assumes the data is a superposition of several simple osgillatnponents with
significantly different frequencies (Huang, 2005; Huang and Wu, 2008)h Banple
oscillatory component must satisfy two conditions. First, the numbexiéma and the
number of zero-crossings must be the same or do not differ moreotieam the whole
dataset. Second, the mean of the two envelopes, which are redpeefpresented by the
local maxima and minima, must be zero at any point. Such a contgeroalled an Intrinsic
Mode Function (IMF), and it represents a physically meaningful widgrprocess in the
data. With a sifting process, any complicated dataset eattebomposed into a series of
IMFs from higher frequency to lower frequency, and a residue. Sakal as an
example. After the identification of all the local extremé,tla¢ local maxima and minima

9



are connected respectively by two cubic spline curves to gendratupper and lower
envelopes, where is the mean of the two envelopes ands the first component that

equals the difference between and

However, the new extrema may be generated as a resuiaogiag the local zero from a
rectangular coordinate system to a curvilinear one. Henasgeds to be sifted repeatedly to

eliminate the riding waves (background signals) and make the time seresymmetric.

After k times of sifting,

The first IMF is obtained

The number of iterations, k, is determined by stoppage criterian@;l2005). A typical
stoppage criterion is a Cauchy type of convergence testettpaites the normalized squared

difference between two successive sifting processes:

to be smaller than a predetermined value. Once it satthfeestoppage condition, the sifting
ends. After satisfying the stoppage condition, the first IMFthe oscillatory component
with the highest frequency, is obtained. Then, a residaan be obtained by removing the

first IMF  from the original data.
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Because still contains oscillatory modes with lower frequencies, thengifprocess can be

employed again after consideringas a new time series.

This is repeated until the sifting process is stopped when nocivifbe extracted from the

residue .

Therefore, the original data can be represented with n IMFs and a residue

The final residue can be considered to be a trend. Because thepdsitmn directly works
in the temporal domain but not in the frequency domain and only retiethe local
characteristics of the data, EMD can solve the nonlinearity andationsirity of the data.
However, the EMD-produced results may have a mode-mixing problemt veheaused by

signal intermittency (Huang and Wu, 2008).

An IMF either contains signals with widely different scalesacsignal with similar
scale is distributed in different IMFs. To overcome this drawpbacwhite noise-assisted
decomposition method, EEMD, was developed (Wu and Huang, 2005). After intrgduci
uniform background of white noise, the true signals can distribute reatacales. In this

new approach, white noise is added to the original data, and the ntasis decomposed
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with EMD first. Then, this procedure is repeated with distincttevhbise time series. The
final result in EEMD is defined as the ensemble mean ofcatesponding EMD-produced
IMFs. Though each time’s result is very noisy, the noise caraieeled out with averaging.
Nevertheless, the EEMD results do not strictly satisfy e ¢onditions for IMF. Hence,

one more sifting is done to eliminate the riding wave (Huang and Wu, 2008).

Wavelet coherence (WTC)

Wavelet analysis uses a zero-mean wavelet to fit a tenessin both time and
frequency domains (Grinsted et al., 2004). As a locally periodic tveane the Morlet, a

Gaussian-windowed complex sinusoid, is expressed as:
| g%a(g -

where and* are dimensionless time and frequency, respectively. ContinuousléVave

Transform (CWT) is defined as:

/
o= o 2343 —5

0

This can be seen as a convolution of a time series with a soadedormalized wavelet,
where + * - and the complex argument 6f' - represent wavelet power and local
phase, respectively. Wavelet Coherence (WTC) measures the rudheamd phase
relationships between two time series and is defined as:

78- + 9 -7
- + . - - + 9 .
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where , a smoothing operator, defined as:

+ <=s2@d wpdt - C

where .—.,gand opgare the smoothing in Wavelet scale and in time. For the Monlet
smoothing operator is defined as:
)
Dyea+t < B+ - F <GH

<

Dysat < B+ - F | JKLMCN

where and are normalization constants, andis a rectangle function (Torrence and
Webster, 1998). The value 0.6 is a scale decorrelation length, whiltiged empirically

for the Morlet (Torrence and Compo, 1998).

Due to the non-localization of a wavelet in time domain, a Comefloence (COI) is
introduced in the result to consider the edge effects. The s@mdfilevel for WTC is
computed with the Monte Carlo method. The coherence of each of 100Qatardata set
pairs with the same AR1 coefficients is measured. Aftaiwie significance level for each
scale is computed based on the values outside the COI only (@retisad, 2004). Before
analyzing the paleoclimate data in this study, WTC wasdesith a series of synthesized
time series to check the validity of the resulting coherencephase angles. The result of
this test demonstrates WTC can capture the detailed common gogviacal phase relation

between two time series.
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Significance test

Proxy records are generally contaminated by noise. A signdectest of the IMFs is
necessary to estimate whether an IMF represents thsigned or only consists of noise. Wu
and Huang (2004) developed a test of statistical significarsedb@n the characteristics of

white noise and the orthogonality of the IMFs. For normalized wivise,O, the energy

density of thenth IMF P Q can be expressed as:
R > WP Qv
T Q

The total energy is defined as:

whereX Y'S, O andW are respectively represented as:

1

O 6$Z W $%£1_\

P Q

and

1
ol —
W O $7T

Consequently, it is suggested that the energy density of an IMitsaacerage period satisfy

a hyperbolic relationship:

P —J
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whereR_ equals the mean & if *a . If an IMF's energy density is located above the
upper spread lines of the selected confidence levels, the null hyipatiegsthis IMF is not
distinguishable from the corresponding IMF of a white noise canjbeted. In other words,

the decomposition result is statistically significant.

Here, each of the three records was decomposed into eighttosgit@amponents
and a trend with EEMD (Figures 4-6). Then, another sifting deage on each IMF except
the trend to confirm that the EEMD-produced results follow the camditdefining an IMF.
Eventually, the statistical significance of each IMF (exdbf#8 which is also a trend) was
tested at 95% and 99% confidence levels (Figures 7-9). Empiricadyfirst IMF results
from random noise; therefore, it is not considered in the discuddimnever, it is still

employed to compute the mean energy of the other IMFs.

For atmospheric *'C, IMF4 through IMF7 are above the 95% and 99% confidence
level lines, and are considered statistically significant. 2NdRd IMF3 located on the 95%
confidence level line are still physically meaningful. Forltetdar irradiance, IMF2 through
IMF7 are above 95% and 99% confidence level lines and are talistdly significant. For
DA *®Ogpeieothem IMF3 through IMF7 are above 95% and 99% confidence level lines and are
statistically significant. IMF2 is located below the 95% confike level line. Given the

small deviation, it is still considered to be partially physically megini.
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IMFs for total solar irradiance generally are more statifiti significant than IMFs
for atmospheric **C. However, the estimation of which record best representsasilgity
is beyond the scientific scope of this study. Therefore, the cosopabetween them is not
discussed here. Because many similarities of the correspoiMiisgfrom both data can be
identified with visual inspection, it is considered that both of them represent solar

activity during the Holocene.

IMF

To investigate the relationship between corresponding underlyinggses for solar
activity and Asian monsoon strength, the period of each IMF was ifigdntPrior to
obtaining the period of an IMF, the instantaneous frequency of Bdelvas calculated with
a Hilbert transform-produced analytic function (Huang and Wu, 20@8uies 10-12). The
Hilbert transform of a function  of L” class pth powers of must be integrable) is

defined as:

S e

g

where P is the Cauchy principal value of the singular integrahsidering the Hilbert

transform as the imaginary part, the analytic signal can be expressed a

h Xb i $%
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whereX Y'S ,i andk are instantaneous amplitude and phase. Instantaneous frequency

then can be expressed as:

*

fk
f

Subsequently, a probability density function for each instantaneemseincy was estimated
with a normal kernel function. The instantaneous frequency of d4ehéxcept IMF1) is
approximately normally distributed. The frequency distributions oespwnding IMFs have
similar shapes (Figure 13). For a given IMF, the frequencly thié highest density value
was selected as its mean frequency. The mean period of edchwdd then obtained
according to the mathematic relation between period and frequéable¢ 1 and 2). The
period of IMF8 is so long that it is considered a trend within the 8y8@0 period under
investigation. The periods of the corresponding IMFs from the thoegy pecords (i.e., **C,
total solar irradiance, and DA%SOspdeother). are very similar. Given this, we hypothesize that
the corresponding IMFs from the three records represent sumitlarlying processes within
the data. Thus, WTC can be applied to each pair of the correspoikisgfdr coherence
estimations. As a whole, the period of a given IMF is roughly ¢fathat of the next IMF,

which means EMD is a dyadic filter (Wu and Huang, 2004).

Coherence and phase relationship

The following data analysis is separated into two groups: idsgheric *C and
DA Ogpeieother and (2) total solar irradiance (reconstructed from the ioe '8Be record)
and DA "®Ospeicothem In the WTC plots, the high coherence between two signals is

represented by the area bounded by the thick contour, which is the ghiileance level
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against red noise. The local phase relationship is expressed agrdhe. Arrows pointing
right represent in-phase, while arrows pointing left are ansghéthe first signal leads the
second one by degrees, arrows point straight up. In contrast, a 90-degremtegsponds
to the arrows pointing straight down. For a lead-lag relationship, aofigrence areas with
proper phase angle (45-90 degrees; i.e., the range between the/skaswalal cycle and ice
volume, respectively) are identified. Due to the edge artifaab, coherence areas outside
the COI or penetrating the COI are not meaningful. Hence, ogly ¢tbherence areas with

correct phase angles are presented in following sections.

14C and lSOspe|eothem ValUGS

For IMF2, high coherence appears at 22-48 yr around 900-1000 yr BP, at 24-60 y
around 2000-2350 yr BP, at 24-40 yr around 3500-3600 yr BP, at 20-32 yr around 3800 yr
BP, at 256-374 yr around 5250-6100 yr BP, at 20-40 yr around 5400-5500 yr BP, at 40-64 yr
around 6500 yr BP, and at 50-128 yr around 7950-8500 yr BP (Figure 14). For hiMR3
coherence occurs at 32-60 yr around 6400 yr BP, at 256-384 yr around 7200-&R)0at
48-100 yr around 8000 yr BP, and at 40-56 yr around 8400 yr BP (Figure 15). For IMF4,
high coherence is shown at 200-320 yr around 7200-8000 yr BP (Figure 18y1F9righ
coherence is present at 64-96 yr around 750 yr BP and at 224-384 yr &l@MB600 yr
BP (Figure 17). For IMF6, there is high coherence at 100-1%2ogmd 4300-4750 yr BP
and at 64-90 yr around 8000-8200 yr BP (Figure 18). IMF7 has no coheFegiees(19). In

sum, in time-frequency-IMF representation, the coherence betatemsspheric “C and

DA speleotheniS low.
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Total solar irradiance and ~ *®Ospeleotnem Values

For IMF2, high coherence is indicated at 24-56 yr around 7500-7600 yriggF
20). For IMF3, high coherence appears at 48-64 yr around 4750-4900 yr BP4&80ayr
around 5800-6000 yr BP (Figure 21). For IMF4, high coherence appeda@3&00 yr
around 1250-1500 yr BP (Figure 22). For IMF5, high coherence occ8@9-a48 yr around
3500-4000 yr BP (Figure 23). For IMF6, no significant coherenceteciel (Figure 24).
For IMF7, there is high coherence at 340-426 yr around 5500-5900 yr BP @6€d.28 yr
around 7200-7500 yr BP (Figure 25). Thus, in time-frequency-IMF rept&tson, the

coherence between total solar irradiance and DAspeleothendS 10W.

Discussion

Our results demonstrate a weak link between solar activity Fenddian monsoon
strength over the last 8,800 years, which is exemplified by lowrenbte in time-frequency-
IMF representation. Previously reported causal links also reltherfrequency spectrum
(Fleitmann et al., 2003; Wang et al., 2005; Cai et al., 2010). Wanly @085) reported
correlation at specific frequencies between detrended atmosphiiand DA **Ospeleothem
values with bivariate spectral analysis (see supporting onlaterial for Wang et al. (2005)).
The phase spectrum between detrended atmosphé@icand DA lsospeleothemvalues was
not discussed. As a complement, the cross-coherence and phase spedimeen be
atmospheric **C and DA '®Ospeieotenfaw data are also measured in the present study. For

congruity, the SPECTRUM program using same parameters pplged (Schulz and
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Stattegger, 1997; Wang et al., 2005). The correspondence betweeptarimws*C and DA
l805|oe|eomemat each frequency is expressed with the squared coherencl, iwtastimated
with Lomb-Scargle Fourier transform for unevenly spaced tierees associated with a
Welch-Overlapped-Segment-Averaging procedure. The value of theedgeaherency
ranges between 0 and 1, in which 0 means no correlation and 1 preseess togrelation at

the corresponding frequencies. Overall, the coherence betweesphienic *‘C and DA
1805pe|eomemis not high. High coherence with 95% false alarm level only scaub7 and 20
yr in which the squared coherency equals 0.45 and 0.54 respectivalye(2i§). For the
phase spectrum (figure is not shown),C leads DA **Ogpeieothemvalues by -109 degrees at
57 yr and 28 degrees at 20 yr. In sum, the spectral coherency betwespheric **C and

DA "®OgpeieotheniS low, and the phase angles are not meaningful.

Conclusions

Insignificant covariance between atmospheritC and DA ®Ogpeieomentecord at the
95% confidence level shows no linear and stationary relationshigbetsolar activity and
Asian monsoon strength during the Holocene (Haam and Huybers, 20d0gver, any
relationships between nonlinear and nonstationary processes hiddentheét data were not
estimated in Haam and Huybers (2010). Using an a posteriora@dayutive basis, EEMD
decomposes the nonlinear and nonstationary records for solar activigysem monsoon
strength into a series of physically meaningful underlyinggsses, and the coherence and
phase between corresponding processes are inspected quantitaitivelyTC. The results

indicate nonlinear and nonstationary relationship between solartyaeind Asian monsoon
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strength over the last 8,800 years is insignificant. Our study ssppoat a causal
relationship does not exist between solar activity and Asian monsa@ngtstirduring the

Holocene.
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Table 1. Periods for IMFs of atmospheri'C and DA **Ogpeieothentecord

14C 180

Components Period (year) Components Period (yea
IMF2 73+ 344 IMF2 72 + 430
IMF3 124 + 553 IMF3 141 + 566
IMF4 258 + 674 IMF4 238 + 943
IMF5 658 + 1812 IMF5 575 + 3017
IMF6 864 + 2591 IMF6 1206 + 3810
IMF7 2380 + 4454 IMF7 2508 + 14388
IMF8 7393 + 30769 IMF8 12211 + 31746
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Table 2. Periods for IMFs of total solar irradiance and Bi®speieotentecord

Total solar irradiance o

Components Period (year) Components Period (yea
IMF2 79 + 284 IMF2 72 + 430
IMF3 144 + 522 IMF3 141 + 566
IMF4 286 = 1411 IMF4 238 + 943
IMF5 818 + 1757 IMF5 575 + 3017
IMF6 1448 + 6849 IMF6 1206 + 3810
IMF7 2236 + 11364 IMF7 2508 + 14388
IMF8 11241 + 68966 IMF8 12211 + 31746
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Figure 1.Atmospheric C over the last 8,800 years (Stuiver et al., 1998)
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Figure 2.Total solar irradiance over the last 8,800 years (Steinhilber et al., 2009)
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Figure 3. Stalagmite DA'O from Dongge Cave, China, over the last 8,800 years (Wang et
al., 2005)
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Figure 4.IMFs and the trend of atmospherit’C. In EEMD, the ratio of white noise’s stand
deviation to that of the data is 0.5 and the ensemble number is 1000.
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Figure 5.IMFs and the trend of total solar irradiance

28



Figure 6.IMFs and the trend of DA*®Ogpeieothem
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Figure 7.Significance test of IMFs of atmospherit’C. Since IMF1 is a random noise, it is
not considered in the discussion. However, here it is employed to cothputeean energy
of the other IMFs. IMF4 through IMF7 are above the 95% and 99% confidevelelines,

and are considered statistically significant. IMF2 and IMF3tet@an the 95% confidence

level line are still physically meaningful.
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Figure 8.Significance test of IMFs of total solar irradiance. IMB2ough IMF7 are above
95% and 99% confidence level lines and are all statistically significant.
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Figure 9.Significance test of IMFs of DA™ Ospeleothem IMF3 through IMF7 are above 95%
and 99% confidence level lines and are statistically signifidMF2 is located below the 95%
confidence level line. Given the small deviation, it is still congdeto be partially

physically meaningful.
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Figure 10. Instantaneous frequency of atmosphéfie IMF2-8
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Figure 11. Instantaneous frequency of total solar irradiance IMF2-8
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Figure 12. Instantaneous frequency of DAOspeieotherd MF2-8
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Figure 13. Comparison for frequency distribution of corresponding2H8l (red: *'C,
fuschia: total solar irradiance, blué®Ogpeieother)
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Figure 14 WTC for IMF2 of atmospheric *C and DA *®Ogpeieothem The area with the thick

contour indicates high coherence. The contour means the 0.05 significagicag@inst red

noise. The local phase relationship is expressed by the arromesvsApointing right are in-

phase, while arrows pointing left are anti-phase. The first lslgading the second one by
degrees results in arrows pointing straight up, while -aegree lag corresponds to the

arrows pointing straight down. High coherence appears at 22-48uymca®00-1000 yr BP,

at 24-60 yr around 2000-2350 yr BP, at 24-40 yr around 3500-3600 yr BP, at 20-32 yr

around 3800 yr BP, at 256-374 yr around 5250-6100 yr BP, at 20-40 yr around 5400-5500 yr

BP, at 40-64 yr around 6500 yr BP, and at 50-128 yr around 7950-8500 yr BP.
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Figure 15WTC for IMF3 of atmospheric "C and DA **Ogpeieothem High coherence occurs
at 32-60 yr around 6400 yr BP, at 256-384 yr around 7200-8200 yr BP, at 48-100nad a
8000 yr BP, and at 40-56 yr around 8400 yr BP.
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Figure 16.WTC for IMF4 of atmospheric **C and DA *®Ogpeleothem High coherence is
shown at 200-320 yr around 7200-8000 yr BP.
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Figure 17.WTC for IMF5 of atmospheric *“C and DA *®Ogpeleothem High coherence is
present at 64-96 yr around 750 yr BP and at 224-384 yr around 5100-5600 yr BP.
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Figure 18.WTC for IMF6 of atmospheric *)C and DA ®Ogpeieohem There is high
coherence at 100-192 yr around 4300-4750 yr BP and at 64-90 yr around 8000-8200 yr BP.
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Figure 19 WTC for IMF7 of atmospheric**C and DA *®Ospeieoem NO COherence exists.
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Figure 20.WTC for IMF2 of total solar irradiance and DAsospe|eomem High coherence is
indicated at 24-56 yr around 7500-7600 yr BP.
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Figure 21.WTC for IMF3 of total solar irradiance and D&sospmeothem High coherence
appears at 48-64 yr around 4750-4900 yr BP and at 48-80 yr around 5800-6000 yr BP.
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Figure 22.WTC for IMF4 of total solar irradiance and D&sospmeothem High coherence
appears at 128-200 yr around 1250-1500 yr BP.
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Figure 23.WTC for IMF5 of total solar irradiance and DA®Ogpeleothem High coherence
occurs at 300-448 yr around 3500-4000 yr BP.
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Figure 24.WTC for IMF6 of total solar irradiance and DA%SOSPe|e0them No significant
coherence is detected.
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Figure 25.WTC for IMF7 of total solar irradiance and DA®Ogpeleothem There is high
coherence at 340-426 yr around 5500-5900 yr BP and at 96-128 yr around 7200-7500 yr BP.
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Figure 26. Coherency between atmosphefitC and DA *Ogpeieotnem The oversampling
factor is 3, factor for highest frequency is 1 and false alaxml is 95% (dashed line). A
Welch | window with 50% overlapping is employed to divide the sigmal 8 segments in
which linear trend of each segment is removed. At 57 yr and 20"@, leads *°O values

respectively by -109 degrees and 28 degrees.
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