White, 3

3May2013

Orbital forcing of Asian monsoon rainfall based on 10Be in Chinese loess
Lara Y. Whitea,c, J. Warren Becka,b,c*, Li Chengc, Zhenkun Wud, Feng Xiand, Zhou Weijiand,
Xianghui Kongd, Xiaoke Qiangd, Hong Aod, A.J. Timothy Julla,b,c, Zhisheng And
a

Department of Geosciences, University of Arizona, Tucson, AZ 85721, USA
Department of Physics, University of Arizona, Tucson, AZ 85721, USA
c
NSF-Arizona Accelerator Mass Spectrometry Laboratory, University of Arizona, Tucson, AZ 85721, USA
d
State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of
Sciences, Xi’an 710075, China;
b

*Corresponding Author at: NSF-Arizona Accelerator Mass Spectrometry Laboratory, University of Arizona,
Tucson, AZ 85721, USA
Phone: +1-520-621-4277
Fax: +1-520-621-9619
Email: wbeck@physics.arizona.edu (J.W. Beck)

Abstract
We present a new methodology for deriving a terrestrial rainfall record based on 10Be
flux. 10Be is produced in the Earth’s atmosphere via cosmic-ray spallation where it is adsorbed
onto aerosols, then transported to the ground mainly by wet precipitation, where it may
accumulate in soils and sediments. We use this method to derive an approximately 500ka rainfall
record, covering 5 interglacials, from the Chinese Loess Plateau. The timescale for this record
has been tuned to the U/Th dated speleothem δ18O records (Cheng et al., 2012). Here we use this
record to compare various models of Asian Monsoon forcing based on high latitude vs low
latitude insolation and interhemispheric insolation gradients. We conclude that high latitude
(65°N) forcing is important in terms of controlling mean atmospheric temperature and oceanatmospheric temperature gradient, but that interhemispheric subtropical temperature gradients
are also important for generating pressure gradient forces that enhance the Asian Monsoon.
Keywords: Asian Monsoon, Paleoclimate Reconstruction, Loess Plateau, China, Beryllium-10,
Orbital Forcing
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1. Introduction
Currently, paleoprecipitation proxies are rare, and most give only qualitative measures of
rainfall. Among the most commonly used are pollen records, δ18O in speleothems, and magnetic
susceptibility measurements in soils (An et al., 2011; Cheng et al., 2012; Garreta et al., 2012;
Maher and Thompson, 1995). These proxies often have complexities that make climate
interpretation difficult, so a proxy that provides a simpler way to accurately interpret past climate
(specifically terrestrial rainfall amounts) is needed.
Pollen assemblage is perhaps the most widely used, but is probably the least quantitative
proxy. Each species of pollen has specific temperature and seasonal sensitivity ranges that lead
to complex transfer functions (rainfall, temperature, regional effects, seasonality, cloudiness,
minimum winter temperature, maximum summer temperature) involving many different species.
Since pollen is extremely resistant to decay, a drawback is that it is readily remixed in soils
leading to overprinting (Garreta et al., 2012).
Speleothem stable oxygen isotope (δ18O) records provide some of the most highresolution records of climate change spanning hundreds of thousands of years. These records are
widely referred to when looking at climate change due to their excellent time control as a result
of extensive and accurate dating, using U/Th disequilibrium dating methods. The most famous
records are those from the Chinese caves (Hulu, Dongge, Sanbao, etc) (Bookhagen and Strecker,
2012; Cheng et al., 2012). Many factors influence the δ18O of speleothems, some of which can
have opposing effects. These include, variable source regions of air masses, evaporation
temperature of the source water, and air mass mixing and fractionation during transport; which
also depend on cloud and ground temperature variations, relative humidity, and re-evaporation or
re-transpiration of the moisture. Many of these effects can vary seasonally and over long time
scales. Consequently, sorting out which effects dominated at any particular time is difficult,
making interpretation in the speleothem δ18O record complex.
Magnetic susceptibility has also been widely used as a paleoprecipitation proxy in soils,
particularly in loess (An et al., 2011; Maher, 1998; Maher and Thompson, 1995; Maher et al.,
1994). Magnetic susceptibility, χ, is defined as the ratio of the magnetization M within the
material to the applied magnetic field strength H, or χ = M/H. Some of the magnetic
susceptibility in a soil is inherited from primary minerals, but secondary diagenetic mineral
reactions also produce a substantial fraction (Maher and Thompson, 1995). The amount of these
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secondary minerals that form via diagenesis is principally determined from soil moisture, which
is linked to rainfall rate. An et al. (2011), however, showed that magnetic susceptibility
correlates with other factors as well, such as median grain size fraction, mean annual
temperature, and annual evaporation. These other factors complicate interpretation of magnetic
susceptibility as a rainfall proxy.
Here we use 10Be as a new proxy for paleoprecipitation reconstruction useful over
timescales of hundreds of thousands to millions of years. Beryllium-10 is a cosmogenic
radionuclide produced by cosmic ray spallation in the Earth’s atmosphere via interactions
between energetic proton or neutron cosmic ray secondary particles and either nitrogen or
oxygen (Masarik and Beer, 1999; Sun et al., 2006). Production via the nitrogen-neutron
(N(n,x)10Be) interaction pathway is the most abundant. Once formed, free 10Be attaches to
aerosolized dust and other submicron particles in the atmosphere (Guo et al., 2009). Deposition
of these 10Be-laden aerosols to the Earth surface is mainly mediated by wet precipitation events
and it is this relationship we are exploiting here to gain information about paleoprecipitation.
Because 10Be has a long half-life of 1.36x106 years (Nishiizumi et al., 2007) it is useful for
collecting climate information over millions of years.
In the lab, we chemically extract and purify BeO from the loess and measure 10Be
concentrations via isotope dilution using accelerator mass spectroscopy (AMS) (See more
detailed experimental methods in Appendix A). These concentrations are then converted to
fluxes by multiplying by the sediment accumulation rate. We determine the relationship between
10

Be flux and rainfall using the observed modern relationship between 7Be (produced by a

similar mechanism as 10Be) and rainfall amount (Caillet et al., 2001). Since nearly all the rainfall
on the Chinese Loess Plateau is associated with the summer monsoon, only the summer rainfall
data from Caillet et al. (2001) was considered. These data yield a strongly linear relationship
between 7Be flux and rainfall. Due to its short half-life, 7Be (t1/2= 53.2 days) isn’t useful for
paleorainfall reconstruction. However, because we know the troposheric 10Be/7Be production
ratio, 2.34 (Heikkila et al., 2008), we can convert to a relationship between 10Be and modern
rainfall. Finally, the rainfall amounts are corrected for local effects by normalizing to the current
annual precipitation rates at Baoji, China, but using the same slope derived from the Caillet et al.
(2001) data.
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This simple linear relationship between 10Be flux and rainfall is complicated by two
additional factors. First, the 10Be production rate depends on the Earth’s geomagnetic field (Guo
et al., 2009). When the geomagnetic field is stronger, the field deflects more cosmic rays back
into space, which reduces the amount of cosmic rays that can interact with the Earth’s
atmosphere; and consequently, lowers the 10Be production rate. The opposite is true when the
Earth’s geomagnetic field is weaker. Thus changes in magnetic field affect the intercept but not
the slope of the Caillet et al. (2001) rainfall relationship. We can correct for variation in intercept
to the nominal modern value, since we know the relationship between 10Be production rate and
M/Mo (where M=mean paleomagnetic field intensity and Mo=modern mean intensity), and we
know how M/Mo has varied through time. Using the SINT-2000 (Valet et al., 2005) M/Mo
dataset, the variations in 10Be production rate (and consequently in 10Be flux) due to the
geomagnetic field signal can be removed to give only the variations due to precipitation.
Secondly, loess 10Be concentration is also affected by remobilized dust that was
deposited on the surface sometime in the past and picked up again by wind or water before its
first generation 10Be has decayed, mixed and redeposited along with new 10Be-laden dust. Here
we account for 10Be in remobilized dust using methods described in Zhou et al. (2007). How we
handle these two issues are discussed in greater detail in the methods section (sections 2.2 and
2.3).
1.1 Geographical Setting/Location
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Figure 1: Rainfall on the Loess Plateau comes from the East Asian Summer Monsoon (~85%),
the Westerlies, and the Indian Monsoon. The map above shows the area of the Loess Plateau (red
line), marks Baoji (black dot), 3 caves (blue dots: Hulu, Dongge, and Sanbao), and arrows
showing where the moisture comes from on the Loess Plateau (SE Asian Monsoon, Indian
Monsoon, and the Westerlies).
We have applied this new rainfall proxy to sediments of the Chinese Loess Plateau,
where a suite of samples was collected from near Baoji, Shaanxi Provence, China, about 150km
west of Xi’an in central China on the southwestern part of the Loess Plateau (Figure 1). The
Loess Plateau was chosen for this work to continue previous climate reconstruction in the area,
and due to the presence of many profiles of continuous accumulation of wind-blown loess
sediments over the last 2.6 million years (Zhou et al., 2007). This location was also chosen
because if offers an opportunity to study the paleo-East Asian Summer Monsoon (EASM). These
sediments can be sampled to give fairly high-resolution records of changes in regional climate,
which is dominated by the East Asian Summer Monsoon (Zhou et al., 2007), a major driver of
the climate system in Central Asia. As Figure 1 shows the EASM provides approximately 85%
of the rainfall to the Loess Plateau. The Westerlies and the Indian Summer Monsoon (ISM)
contribute about 15%, with very little of that coming from the ISM due to the Himalayas and the
Tibetan Plateau being in its path and only a small fraction of moisture makes it around the
Tibetan Plateau to join the EASM. One of our chief objectives is to better understand the role of
orbital forcing parameters (eccentricity, obliquity, and precession) and their influence on solar
insolation, in controlling Asian Monsoon variability.
In particular, the periods of focus here are to compare 0-13kaBP (the Holocene), 80145kaBP (Eemian) and 340-420kaBP (Marine Isotope Stage 11), to observe the interglacial
behavior of the Asian Monsoon during times of high and low precessional insolation forcing and
compare them to modern climate. In the Eemian, high latitude climate appears to have been
strongly influenced by insolation forcing at precessional periods as a result of high eccentricity,
and in MIS11 low eccentricity reduced precessional forcing of climate. Our goal is to determine
how these orbital fluctuations also affected climate of low latitudes, particularly with regards to
the East Asian Monsoon.
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2. Methods
2.1 Experimental Methods
9

Be carrier, H2O2, and concentrated HCl are added and homogenized with a sample via

the hot dog roller method (McHargue and Damon, 1991) to leach Be from sample. Fe is removed
with anion exchange columns (BIO-RAD AG1-X8) and Be is further separated from other
dissolved ions with cation exchange columns (BIO-RAD AG50W-X8). Be(OH)2 is precipitated,
dried and combusted to BeO. Sample BeO is mixed with Nb and loaded into Cu target holders.
The sample targets are analyzed in the AMS at terminal voltage 3MV, during which the BeOions are charge exchanged in a gas stripper in the terminal to Be2+. After ECA (cylindrical
electrostatic analyzer) and magnetic separation, the ion beam is sent through a carbon foil
changing the charge state to Be3+, which is then measured on an isobutene filled E-dE
coincidence detector. (Vogel et al., 1995)
For a more detailed explanation of the chemical extraction method of BeO see Appendix
A in the Supplementary Materials.

2.2 Corrections:
2.2.1 Recycled Dust
The first correction to the 10Be concentration data needed is for recycled dust. Recycled
dust is re-aerosolized dust containing 10Be that fell to the ground in the past but has yet to decay.
This re-aerosolized dust is stirred up by the wind and mixed in with the new 10Be-laden dust
falling to the ground. To solve for the recycled dust fraction of 10Be concentration we start by
looking at the measured magnetic susceptibility as 2 components – the recycled dust fraction and
the newly deposited fraction associated with wet precipitation. Evans and Heller (2001) compare
loess magnetic susceptibility versus coercivity from several locations across the Loess Plateau.
Their plot of susceptibility (χ) versus coercivity shows a pattern of 2-component mixing between
low-χ /high-coercivity from the recycled dust component and high-χ /low-coercivity from
pedogenic minerals. From this we can get the dry dust end-member for magnetic susceptibility.
Measured 10Be concentration is also the sum of two sources – the fraction from recycled dust and
another fraction of recently produced 10Be (that is a function of geomagnetic field and wet
precipitation). To derive the recycled dust fraction of 10Be concentration, measured magnetic
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susceptibility versus 10Be concentration is plotted, giving a linear correlation. From this we can
use the susceptibility dust fraction derived from the work of Evans and Heller (2001), and find
the corresponding 10Be concentration of the recycled dust fraction, which can then be subtracted
from the measured 10Be concentrations. This method is discussed at length in our previous work
(Zhou et al., 2007).
2.2.2 Geomagnetic Field
The second correction needed is for variations in the 10Be flux due to geomagnetic field
intensity. The 10Be soil concentration and flux is a function of both wet precipitation and
geomagnetic field intensity. To normalize out variations in flux linked to changes in the
geomagnetic field, the SINT-2000 dataset of Earth’s geomagnetic field values over the last 2Ma
was used along with a 5th order polynomial equation that relates geomagnetic field values to
production rates (Valet et al., 2005; Wagner et al., 2000). From the SINT-2000 data a plot was
made of age versus M/Mo (each magnetic field value (M) was taken as a ratio to the modern
value (Mo)) for the past 0.6Ma. Then using the ages of our samples from the age model, the
corresponding M/Mo for each sample age was found on the plot. If an age fell between two
points on the plot the M/Mo was determined by interpolation. Using the 5th order polynomial
equation in Wagner et al. (2000) that relates production rate (P=P/Po) of a radionuclide to the
geomagnetic field intensity (B=M/Mo), the production rates (relative to modern) of 10Be of each
sample can be found. The 10Be fluxes are then divided by these production rates to remove the
geomagnetic field intensity variations and give 10Be flux data that only depends on wet
precipitation amount.
2.2.3 Local Correction
There is a latitude dependence of 10Be flux, which requires a local intercept correction to the
modern 10Be flux versus rainfall relationship determined from the Caillet et al. (2001) data. Once
a precipitation amount (mm/yr) has been calculated it must be corrected for modern local rainfall
amount. At Baoji the average annual rainfall amount is about 656.3mm/yr. We normalize the
modern sample, which had a calculated rainfall value of 290.12mm/yr based on loess 10Be flux,
to the modern annual average rainfall at Baoji, which is an addition of 366.18mm/yr rainfall. We
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apply this additive value to all of the sample data as the local rainfall correction, which gives a
range of about 500mm/yr to 1100mm/yr over the time periods focused on in the study.

2.3 7Be vs Modern Rainfall:
To derive quantitative paleoprecipitation amounts from the 10Be flux data (after the
recycled dust and geomagnetic field variations have been removed) so that the flux is only
dependent upon wet precipitation, the relationship between 7Be and modern rainfall is used. 7Be
is a good analog for 10Be since it is produced via similar production pathways, but has a much
shorter half-life which means there is no recycled dust component to deal with. Using 7Be vs.
modern summer precipitation data from Caillet et al. (2001) a linear relationship is determined.
The slope of this linear relationship is used with the 10Be/7Be ratio (2.34 from (Heikkila et al.,
2008)) to convert from 7Be to 10Be and then precipitation amounts can be calculated for our
samples.

3. Results and Discussion
3.1 Geomagnetic Field Correction
Initially, the method described in Zhou et al. (2007) which used the linear correlation
between magnetic susceptibility and 10Be concentration to correct the 10Be data for variations in
10

Be flux linked to changes in geomagnetic field was applied. We found, however, that the linear

relationship previously observed changed for the dates before and after loess section L4 (Figure
2).
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Figure 2: The initial attempt to correct for geomagnetic field intensity variations in the 10Be
concentration data. It can be seen that there are two distinct groups of data with two different
slopes. The younger samples (blue diamonds; S0/MIS1, S1/MIS5, and S3/MIS9) fit well with the
previous Zhou et al. (2007) (green triangles) method. The older samples (red crosses; L4S4/MIS11 and S5/MIS13) deviate from this trend.

Previously, it was assumed that 10Be flux and magnetic susceptibility were both controlled by
rainfall, and in addition, both were affected by variation in sediment accumulation rate in a
similar fashion (Zhou et al., 2007). Thus plotting magnetic susceptibility (χ) vs 10Be
concentration should yield a strong linearly correlated data array as found in Zhou et al. (2007).
A linear fit through the data should yield a line corresponding to the precipitation signal. The
remaining variations in 10Be due to the geomagnetic field intensity can be removed by
normalizing the data to the linear fit. We find, however, the 10Be/magnetic susceptibility
relationship at Baoji has a different slope before and after L4 (Figure 2). The younger samples
from S0, S1, and S3 (MIS 1, MIS 5, and MIS 9 respectively; blue diamonds in Figure 2) fit well
with the previous work done in Zhou et al. (2007) (green triangles in Figure 2). The older
samples from L4, S4, and S5-1 (MIS 11 and MIS 13; red crosses in Figure 2) deviate from the
trend. We speculate that this change may be due to a discrete change in interglacial windiness
and/or temperature leading to dryer soils in S4 and S5 that inhibit the formation of the secondary
magnetic minerals needed for strong magnetic susceptibility values.
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Since the method described in Zhou et al. (2007) did not work with our data, we used a new
method (discussed in the Methods section 2.2.2) to correct for M/Mo variations. This method
uses an independent record of M/Mo variations from Valet et al. (2005) to correct for variation in
production rate. Thus variations in the 10Be flux due to geomagnetic field changes are removed
without relying on the relationship of magnetic susceptibility and 10Be, allowing us to
successfully separate the geomagnetic signal from the wet precipitation signal in our sample
data.
3.2 Magnetic Susceptibility at Baoji
The magnetic susceptibility (χ) record [Figure 3J] from Baoji exhibits a pronounced shift
from lower to higher magnetic susceptibility values between MIS 11 and MIS9. Possible causes
of the shift in this record include a change in rainfall, change in dust source (dust provenance),
change in windiness, or change in temperature. A similar shift is not observed in the 10Bederived rainfall record [Figure 3K], derived from the same sediments used for the χ record,
which instead suggest the average peak rainfall during MIS9, MIS11 and MIS13 are about the
same. Thus a change in rainfall during those periods is ruled out as a potential cause of the shift
in the χ record.
Changes in the abundance of magnetic susceptible minerals linked to a change in dust
source, might explain the observed abrupt change in interglacial magnetic susceptibility. Han et
al (2012) and Maher & Thompson (2012) did observe a change in the primary mineral content
across this boundary, but the magnitude of the change is much too small to cause the doubling or
tripling of the magnetic values that we observe going from MIS11 to MIS9. This is supported by
the negligible observed change in glacial χ prior to and following MIS11. Instead most of the
minerals producing magnetic susceptibility during interglacial periods are thought to be of
diagenetic origin. Thus for now a change in source dust (dust provenance) can also be ruled out
as a cause of the shift in χ values.
An increase in interglacial soil temperature might increase the rate of diagenetic χ by
changing soil moisture availability. Speleothem δ18O from Chinese speleothems (Bookhagen
and Strecker, 2012; Cheng et al., 2012; Maher and Thompson, 2012), however do not show a
large change in interglacial values between MIS11 and subsequent interglacials. This suggests
interglacial soil temperatures were comparable throughout this time period.
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Thus our last option to explore is a change in windiness by looking into grain size studies
(McManus et al., 2003; Porter et al., 2001), as the cause of the changes in magnetic
susceptibility. An increase in windiness dries out the soil, decreasing the amount of moisture
available and inhibiting the formation of diagenetic χ minerals. McManus et al. (2003) shows
that the ultrafine grain (<1um) component from Zhaojiachuan, China, (north of Baoji on the
Loess Plateau) underwent two abrupt changes at 2.6Ma and 0.6Ma that they suggest are linked to
changes in windiness during those times. The change at 0.6Ma could thus relate to a shift in χ
values that we see between MIS9 and MIS11. Although, again this grain size shift is only
observed for the ultrafine-grained fraction.
3.3 Precipitation at Baoji

Figure 3: Comparison of Baoji 10Be derived rainfall and magnetic susceptibility records with
orbital parameters derived from Heller and Tungsheng (1986). (A) Eccentricity (e). (B)
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Precession (sin(ϖ)). (C) Obliquity (in degrees). (D) Precession index, esin(ϖ). (E) Northern
hemisphere summer insolation at 65°N in July (W/m2). (F) Northern hemisphere summer
insolation at 15°N in July (W/m2). (G) Insolation gradient of 30°N(June)+15°S(January) (W/m2).
(H) Insolation gradient of 30°N(Jun)-30°S(June) (W/m2). (J) Magnetic susceptibility (χ) record
measured at Baoji (this study). (K) Precipitation record derived from 10Be at Baoji, Shaanxi,
China (this study). All orbital forcing and insolation data are from Heller and Tungsheng (1986).
Numbers at the top indicate MISs. The vertical grey bars and labels on the bottom indicate
paleosol units (S0-S5) from Baoji on the Chinese Loess Plateau. The black vertical lines mark
the peaks of our 10Be derived rainfall data. The black horizontal lines on curves E, F, G, and H
are to mark the top of the MIS5e peak for amplitude comparison. The black horizontal lines in
the precipitation curve (K) are to show modern rainfall at ~650mm/yr and average peak height of
MIS9c, MIS11c, and MIS13.
We now consider our 10Be rainfall proxy results in the context of how orbital forcing of
solar insolation may have modulated East Asian Summer Monsoon (EASM) intensity over the
last 0.5 Ma. Northern hemisphere glacial ice volume is known to vary strongly as a function of
relatively small changes in high latitude (~65°N) summer insolation. During the last 1 Ma it has
been especially responsive to the ~100ka period orbital eccentricity fluctuations, with moderate
to generally low response to obliquity and precession changes respectively. How the tropical
monsoon systems have responded to orbital forcing is less clear. Variations in magnetic
susceptibility (χ) of soils on the Chinese Loess Plateau (CLP) at the edge of the subtropics have
long been considered a good proxy of EASM intensity (Wang et al., 2012). The connection is
that χ variations are linked to formation of secondary minerals, which in turn are linked to some
combination of variations in soil moisture and temperature; and in the modern environment
~85% of the rainfall on the CLP occurs during the summer months in association with the
EASM. Like the marine records, loess magnetic susceptibility fluctuations also show high
spectral power at the ~100ka eccentricity period over the last 1 Ma, and only modest power at
the ~41ka obliquity and ~19-21ka precessional bands (Porter et al., 2001). Since ~MIS15--circa
0.5 Ma ago--this high spectral power in the 100ka eccentricity band has become even more
pronounced in most Chinese loess magnetic susceptibility records.
As such, it is somewhat of a surprise to find that U/Th dated Chinese speleothem δ18O
records (Cheng et al., 2012)-- which are also thought to vary in response to some form of rainfall
forcing-- exhibit precessional-dominated spectral power during the last 0.5 Ma. On the other
hand, this finding is perhaps not unexpected given that precession-induced variations of solar
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insolation are near their maximum in the subtropics, where they account for ~ 96% of the total
range in insolation near 30° latitude (Clemens et al., 2010).
This conflict between the loess and speleothem records has led to a hot debate as to
whether either of these proxies may be interpreted as indicators of monsoon strength. Cheng et
al. (2012) assert that the speleothem δ18O fluctuations are in some way a proxy for EASM
intensity, but that the variations may result from changes in the mixing ratio of moisture of
different isotopic composition; possibly as a result of changes in the ratio of moisture delivered
by the summer vs. winter monsoons respectively, which have different sources and transport
paths. They suggest that northern hemisphere precession highs correspond to periods of strong
EASM dominance of the annual precipitation, but that the weak eccentricity spectral power
observed in the speleothem records may be a consequence of both precessional and eccentricity
forcing enhanced moisture transport from the same source, resulting in masking the effect of
eccentricity forcing.
A similar suggestion has been advanced recently by Imbrie et al. (1993), suggesting that
speleothem variations may result from mixing ratio changes of moisture derived from Indian
Ocean vs. Pacific sources in the EASM. They argue that such changes should follow the
precessional cycles, driven by changes in the strength of the NW Pacific summer anticyclonic
cell. When strong, on-shore moisture transport in association with the seasonal development of
the land/sea temperature gradient is enhanced. This causes enhancement of the EASM during
northern hemisphere precessional maxima, and this phenomena occurs even during relatively
cold glacial periods.
Of central importance to the apparently different forcing signal recorded by loess and
speleothems is whether either may be used as a proxy for EASM intensity, or instead may be
informing us about variations in moisture sources, or rainfall seasonality, or some unknown
combination of factors possibly not linked to rainfall amount. Since rainfall amount on the CLP
can seemingly be directly linked to EASM intensity, our 10Be rainfall proxy results may be able
to inform us concerning the causes of speleothem δ18O and loess χ variations.
In an effort to evaluate the impact of insolation forcing on tropical monsoon intensity, we
have focused our efforts mainly on the wet interglacial periods of the last 500ka. This includes
data from the Holocene thermal maximum (S0 or MIS1), the last interglacial maximum (S1 or
MIS5e), as well as S3 (MIS9c and part of 9a), S4 (MIS11c), and S5 (MIS13). We do not yet
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have data from S2 (MIS7), and have not yet focused on the colder glacial period climate parts of
this record, although we do presently have some data from two cold periods including parts of
L1 (MIS3) and L4 (MIS11a).
Our rainfall records for Baoji are shown in (Figure 3K), along with variations of
magnetic susceptibility in this same section (Figure 3J). The timescale for these two records was
derived using 16 tie points between 0-450 ka BP using the Baoji magnetic susceptibility record
correlated to U/Th dated Chinese speleothem δ18O variations presented in Cheng et al. (2012),
and one tie point for the timing of stage MIS15c based on Lisiecki and Raymo (2005) (See	
  
Appendix	
  B). These records are compared to variations in eccentricity, obliquity and precession
(Figure 3A, 3C, and 3B respectively; from (Heller and Tungsheng, 1986)). July insolation
variations for 65°N and 15°N (Figure 3E and 3F respectively) are also shown as representative of
the potential for both high latitude and tropical insolation forcing of the EASM.
As shown in Figure 3K, rainfall amounts range between ~500 mm/yr for the glacial
conditions represented in this record, to typical average interglacial rates of ~850-900 mm/yr. Of
the interglacials evaluated, S4 (MIS11c) and S5 (MIS13) have the lowest peak interglacial
rainfall averages (~840 mm/yr), although S3 (MIS9c), is only slightly higher (~875 mm/yr). S0
(MIS1) is slightly higher still (~910 mm/yr), while S1 (MIS5e) reveals the highest average peak
interglacial rainfall amounts of ~ 975 mm/yr. Each of these intervals shows some scatter in peak
rainfall rates, with typically one or two brief (single data points) excursions to rainfall rates ~1020% higher than average maximal rates. Whether these excursions are artifacts of the
methodology or represent real millennial-scale excursions in rainfall remains to be seen.
Among the questions our work has been specifically focused on, is understanding how
changes in the meridianal distribution of solar insolation may have affected EASM intensity
through time. Of particular interest is how the EASM intensity of the Holocene thermal
maximum (MIS1) compares to that observed during MIS5e, MIS9c, or MIS13, versus that
observed during MIS11c. Of these, MIS5e correspond to the period of near maximum
eccentricity forcing, and consequently, a maxima of precessional-linked changes in solar
insolation. MIS11c in contrast corresponds to a near minimum in eccentricity, whereas MIS9c
and MIS13 had intermediate eccentricity states. Because MIS1 has weak eccentricity and similar
patterns of orbital parameter variations and comparable (pre-anthropogenic) greenhouse gas
concentrations to those observed during MIS11, it has been conjectured that the Holocene should
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bear more in common with MIS11c (Loutre and Berger, 2003; Wang et al., 2008) than it does
with these other interglacials.
MIS11c is widely believed to have been the longest and warmest interglacial of the last
500ka, with the lowest glacial ice volume based on δ18O records from deep-sea carbonates
(Imbrie et al., 1993). This is in spite of its being located near the minima of the ~400 ka
eccentricity cycle, and hence during a period of weak deglacial forcing. The origin of this
seeming breakdown in Milankovitch forcing mechanism is not currently understood, causing this
seeming contradiction to be dubbed the MIS11 paradox (Imbrie et al., 1993).
Typically, loess χ records from the central CLP (Guo et al., 2009) show the highest
χ (most intense EASM) for MIS13, followed by MIS11, MIS5, MIS9, and lowest of all, MIS1.
The Baoji record is thus atypical (Figure 3J), showing the highest χ for MIS9 followed by MIS5,
and substantially lower χ for MIS11, MIS13 and MIS1. In addition, the Baoji χ record suggests
a relatively short duration of peak EASM activity for MIIS11 relative to MIS5e or MIS9c, which
is distinctly different than the lengthy marine records for MIS11.
In contrast, our 10Be rainfall proxy suggests EASM during MIS11, MIS9c and MIS13
were all of comparable intensity, but slightly less (by ~8%) than for MIS1, and about 15% less
than for MIS5e. In addition, this proxy shows the duration of MIS11 enhanced rainfall is
comparable to that seen in the marine isotope records (~30 ka). Thus we find that like the high
latitude response to eccentricity the 10Be rainfall proxy indicates similar monsoon intensities for
both MIS11 and MIS1, and significantly higher monsoon intensity during MIS5e. We note that
the 10Be rainfall record of MIS13 differs from typical Chinese loess χ records (Guo et al., 2009),
which, as mentioned above, instead suggest MIS13 was the strongest EASM of the last 6
interglacials. A very strong MIS13 monsoon, however, is seemingly not consistent with the
relatively cold MIS13 high latitude temperatures based on the Antarctic EPICA ice core
deuterium or marine δ18O records (Guo et al., 2009).
We now consider how insolation forcing at various latitudes from high northern
hemisphere (65°N) to the low latitude tropics (15°N), along with insolation gradients spanning
the tropics and the subtropics of both hemispheres may affect the EASM intensity. Looking at
insolation values and their correlation to rainfall amount, it would be expected that with higher
(or peak) insolation there would be an increase in rainfall amount. Thus it makes sense, that of
the intervals studied here, MIS5e should have the highest rainfall considering that it has the
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highest insolation forcing no matter if the forcing is coming from high or low latitude or from
either of the insolation gradients shown (Figure 3E, 3F, 3G, and 3H). If we look at just the low
latitude forcing (15°N), MIS11c has the lowest insolation, and the Holocene (MIS1) is about the
same, MIS9c and MIS13 have slightly higher insolation with MIS5e again being the highest.
This trend doesn’t seem to match well with our 10Be rainfall record described above. High
latitude northern hemisphere (65°N), though, does fairly well at matching the 10Be rainfall record
except for MIS11c being lower than either MIS9c or MIS13.
Two insolation gradient proxies are also shown that relate to the potential of
interhemispheric forcing of the EASM. Muhs (2009) proposed that high austral summer solar
insolation in the southern hemisphere tropical Indian Ocean results in oceanic heat storage that
persists into the following boreal summer. Cross equatorial transport of latent heat release from
this region during the following boreal summer is an important water vapor source for the
northern hemisphere monsoons. Muhs (2009) reasoned that the annual change in the meridianal
winds over the western tropical Indian Ocean from northerly to southerly at the beginning of the
EASM and ISM transports the increased water vapor over the tropical Indian Ocean north to
increase the available water vapor over South Asia and thus increase the summer monsoon
precipitation over the area. The insolation gradient 30°N(Jun)+15°S(Jan) (Figure 3G) is shown to
represent this hypothesis and to determine if it contributes to the forcing of the EASM.
Comparing the southern hemisphere tropics to mid-latitude northern hemisphere
insolation gradient (Figure 3G) with our precipitation data from Baoji (Figure 3K) can help
determine if the Muhs (2009) hypothesis fits with what we see. In this gradient, MIS11c and the
Holocene are the lowest, MIS9c and MIS13 are moderately high and MIS5e has the highest
gradient. This doesn’t provide a good match to what the trend we see at Baoji in our precipitation
record described above. Thus for Baoji precipitation, the Muhs (2009) hypothesis doesn’t fit and
we move on to consider a second hypothesis.
A second insolation gradient proxy proposed by Zhou et al. (2007) and Dlussky (2009)
suggests that low austral winter insolation in the southern hemisphere subtropics and high
latitudes lead to colder southern hemisphere high latitude temperatures that enhance the
Mascarene high which strengthens the cross-equatorial Somali jet and ISM. Dlussky (2009) also
shows that the ISM cross-equatorial pressure gradient becomes further enhanced when boreal
summer insolation is high, lowering global ice volume and enhancing the Indian low. Thus a
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high ISM cross-equatorial pressure gradient leads to increased movement of water vapor over
India (southwest Asia), and increased summer monsoon precipitation (Dlussky, 2009). The
insolation gradient 30°N(Jun)-30°S(Jun) is shown in Figure 3H to represent this hypothesis and
to determine if it contributes more or less to the forcing of the EASM and ISM.
If this second hypothesis compares well to our rainfall data (Figure 3K) then we will see
good correlation with the insolation gradient 30°N(Jun)-30°S(Jun) (Figure 3H). Looking at the
subtropical insolation gradient (Figure 3H), the best match between insolation gradient and
rainfall is observed. MIS9c, MIS11c, and MIS13 are all about the same with MIS 13 being only
slightly higher. The Holocene (MIS1) is a little bigger than those and MIS5e is the highest,
which is what is observed in the presented rainfall record. Thus, the forcing mechanism of
precipitation at Baoji seem to have high correlations with insolation variations at 65°N and the
insolation gradient 30°N-30°S as being drivers in the intensity of the EASM. Also, when
comparing our precipitation record with precession, we see no phase lag or lead between the
precession peaks and rainfall maxima at Baoji. This is consistent with the zero phase lag
observed in the speleothem δ18O records.
3.4 Conclusions
We show here a new method for deriving quantitative records of paleoprecipitation, using
10

Be flux, and apply this method to derive rainfall records from the Chinese Loess Plateau. These

span the last 500ka, but are focused mainly on the interglacial periods. Modern rainfall there has
been shown to be primarily a function of EASM intensity. By tuning the timescale of the loess χ
record to U/Th dated Chinese speleothem δ18O records, we evaluate the dependence of EASM
intensity using the 10Be rainfall proxy on orbital forcing at high and low latitudes. We find that
high latitude (65°N) forcing is important, probably in terms of controlling mean atmospheric
temperature and ocean-atmospheric temperature gradient. Nevertheless, we also find that interhemispheric subtropical temperature gradients also seem important for generating pressure
gradient forces emanating from the Southern Hemisphere Mascarene High, which enhances the
EASM by increasing moisture transport from the southern hemisphere via the Somali Jet. Such
transport, we hypothesize, is maximum for cold (warm) southern (northern) subtropics. Like the
U/Th dated Chinese speleothem records, we find a near-zero phase lag between northern
hemisphere precession maxima, and maxima in EASM rainfall amounts. This finding contradicts
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the hypotheses of Muhs (2009), which suggest that there should be a 3-8 ka phase lag between
northern hemisphere precession maximum and peak EASM intensity.
Our 10Be rainfall proxy suggests EASM intensity during MIS11, MIS 9c and MIS13 were
all comparable, but slightly less (by ~8%) than for MIS1, and about 15% less than for MIS5e,
which is similar to the high latitude ice volume pattern of response. We note that the 10Be rainfall
record of MIS13 differs from typical Chinese loess χ records (Guo et al., 2009), which as
previously mentioned, instead suggest MIS13 was the strongest EASM of the last 6 interglacials.
A very strong MIS13 monsoon, however, is seemingly not consistent with the relatively cold
MIS13 high latitude temperatures based on the Antarctic EPICA ice core deuterium or marine
δ18O records (Guo et al., 2009). Our record instead indicates a relative subdued MIS13 EASM,
comparable in intensity to MIS11 and MIS9.
Appendix A: Detailed Experimental Methods in Supplementary Materials
Appendix B: Table of Sample Data in Supplementary Materials
Appendix C: Age Model Tie Points in Supplementary Materials
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