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Abstract: Tropical monsoons are key mechanisms for transfer of heat and moisture to higher latitudes.

Here we present a high-resolution, terrestrial proxy summer monsoon record for the southeast Asian

monsoon, from a rapidly accumulating Holocene loess/soil sequence in the western Chinese Loess Plateau.

We use magnetic and clastic grain size proxies to make quantitative estimates of Holocene rainfall and

identify variations in winter monsoon intensity. Our record reveals cyclical millennial and multimillennial

rainfall changes. As with the northwest African/southwest Asian monsoon records, a short arid interval at

�/12.5 to 11.5 ka BP (the Younger Dryas) and subsequent summer monsoon intensification are recorded.

However, at 6 ka BP, the southeast Asian summer monsoon weakened, when the northwest African/

southwest Asian monsoons strengthened, and then, from �/5 ka BP, intensified, when northwest Africa/

southwest Asia became dry. These antiphase monsoonal relationships may reflect competition between sea-

surface temperature changes and solar forcing. The intensity of the southeast Asian winter monsoon

intensified from �/9 ka BP onwards, varying in its phase relationships with summer monsoon intensity.

After �/2.25 ka BP, extreme climatic instability is indicated by both climate proxies.

Key words: Loess, palaeosols, rainfall variability, tropical climate, monsoon intensity, antiphasing, Indian

monsoon, East Asian monsoon, Loess Plateau, China, Holocene.

Introduction

The major monsoon systems play a key role in transporting

heat and moisture around the globe. Their impact on human

populations at the present day ranges from sustenance of rain-

fed agriculture to extremes of flooding or drought, affecting

more than one-third of the world’s population. Classically, the

six major summer monsoons (of northern and southern

Africa, Asia, North America, South America and northern

Australasia) are thought to be driven by strong pressure

gradients caused by summer heating of the continental

landmasses, producing ascending air and high-level ocean-

ward flows. Following cooling and sinking of these airmasses

over the oceans, return surface flows of moisture-laden air

cross the warmed landmasses, inducing convectional instabil-

ity and monsoonal rainfall. Conversely, in winter, the pressure

gradient pattern is reversed, with high pressure over the

cooled landmasses and low pressure over the relatively warm

oceans. The intensity of the summer monsoons, and the extent

of their penetration into the continents, thus varies with the

strength of the land�/ocean pressure gradient, as determined

principally by the amount of surface heating and the

temperature of the adjacent oceans (eg, Kutzbach et al.,

1993). For the Holocene, precession of the Earth’s orbit

around the Sun has caused significant changes in the seasonal

distribution of surface heating. For the Northern Hemisphere,

summer insolation was higher than average from �/15 ka BP

to the mid-Holocene (peaking around 10 ka BP, at �/�/8%),

and is now presently nearing its minimum as the summer

solstice aligns with aphelion (eg, Berger and Loutre, 1991;

Verschuren et al., 2003).*Author for correspondence (email: b.maher@lancs.ac.uk)
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For the North African and southwest Asian monsoons, a

wealth of proxy data has identified major northward expansion

of monsoonal rainfall at the early and mid-Holocene. These

data include pollen evidence for major shifts in vegetation

biomes (including the ‘greening’ of the Sahara; see, eg, the

COHMAP group in Wright et al., 1993, for a summary), and

sedimentological, biological and isotopic evidence of higher

lake levels, changes in deep-sea sediment flux and increased

Arabian Sea upwelling. Lake level data show that in the

North African region, lacustrine deposition was initiated at

�/14.5 ka, the onset of the ‘African Humid Period’ (eg, Street

and Grove, 1979; Street-Perrott and Harrison, 1984; Gasse,

2000). A high-resolution, well-dated deep-sea record of aeolian

flux (ODP Site 658C, Mauritania) substantiates both this date

of onset of humid conditions (seen as a steep rise in biogenic

carbonate and opal and decrease in terrigenous flux), and also

a previously reported interval of aridity between �/12.5 and

11.5 ka BP, corresponding to the Younger Dryas (deMenocal

et al., 2000; Gasse et al., 1990). Variations in terrigenous flux at

ODP Site 658C indicate increased monsoonal intensity and

precipitation from the end of the Younger Dryas to �/5.5 ka

BP (Figure 1a), when the African Humid Period came to an

abrupt end (deMenocal et al., 2000). Within the Humid

Period, an early Holocene interval of aridity has been

identified, at �/8.2 ka BP (Gasse and van Campo, 1994; Alley

et al., 1997), marking the end of the most humid conditions in

North Africa and a gradual subsequent decline in the

precipitation/evaporation balance in this region (deMenocal

et al., 2000). However, lake-level data collated for the mid-

Holocene (�/6 ka9/0.5 ka, eg, Jolly et al., 1998) indicate

conditions were still wetter than present day across North

Africa, East Africa, the Arabian Peninsula, northern India and

southwest China. Across this subtropical monsoonal belt, the

major and abrupt shift to arid conditions has been dated to

between 5 and 6 ka BP and causally associated with the

ongoing decline in boreal summer insolation (eg, deMenocal

et al., 2000 and references therein; Gasse and van Campo,

1994).

Similar patterns in summer monsoon intensity have been

recorded for the Oman/Arabian Sea and Tibetan regions. For

example, Fleitmann et al.’s (2003) d18O record for speleothem

samples from Qunf Cave, Oman indicates peak precipitation

from �/10 to �/5 ka BP, with a stepped decline from �/8 ka

BP (Figure 1b). For western Tibet, Gasse and co-workers

(Gasse et al., 1996; van Campo et al., 1996) provide multiproxy

records (pollen, radiocarbon, stable isotopes) from two sets

of Holocene lake sequences (Lakes Sumxi and Bangong).

They identify major strengthening of the summer monsoon

at �/11.5 ka, with rainfall maxima from �/10.8 to 9.6 ka BP

and �/8.2 to 7.2 ka BP, separated by an arid interval centred

on �/8.8 ka BP (Figure 1c). After �/6.8/13 ka BP, the trend is

towards long-term aridity. These authors thus conclude that

the environmental fluctuations in western Tibet are in phase

with those of North Africa.

In comparison with the North African and southwest Asian

regions, relatively few long, high-resolution records have so far

been reported for the southeast Asian monsoons (both winter

and summer). The loess/palaeosol records of the Chinese Loess

Plateau region (Figure 2) �/ where relatively unweathered

windblown dust deposits represent relatively cool and/or dry

conditions and the soils represent wetter and possibly warmer

conditions �/ can provide natural, quasi-continuous sedimen-

tary archives of past variations in the intensity of both the

summer and winter monsoons. Because deposition of dust has

continued throughout the Holocene in this region, these

records can provide high-resolution information on the mag-

nitude, timing and causes of monsoon variations through this

interval. The present-day climate of the Chinese Loess Plateau

is dominated by a wet, southeast summer monsoon, which

delivers up to 90% of the annual precipitation. Summer heating

of the Asian mountains and upland plateaux creates ascending

air and high-level northwesterly airflow towards the South

Pacific. As these air masses cool and sink over the ocean, a

surface southeasterly flow completes the monsoonal cell; the

inflowing moisture-laden air becomes unstable as it crosses the

warm landmass and produces convectional rainfall. In winter,

the wind directions are reversed, with high pressure over the

Figure 1 Summer monsoon proxy data for the Holocene interval for sites in (a) North Africa (deMenocal et al., 2000), also see Figure 9c;
(b) Oman (Fleitmann et al., 2003), (c) West Tibet (Gasse et al., 1991)
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continent (the Mongolian anticyclone), due to cooling and

sinking of air, and low pressure over the relatively warm ocean.

This winter circulation pattern creates surface northwesterly

winds, bringing cold, dry airflow from Siberia. Variations in

monsoon intensity affect millions of people, dependent on

rain-fed farming, in this densely populated region. Earlier

studies in the Loess Plateau identified a ‘warm/wet’ Holocene

optimum, associated with complexes of palaeosols, dated

(using 14C methods, problematic given the likelihood of

contamination by ‘young’ and/or ‘old’ carbon) to between

�/11.5 and 5.7 calendar ka BP (eg, Zhou et al., 1994).

Subsequently, however, studies of higher-resolution Holocene

sequences from across and beyond the Loess Plateau have

indicated that this was not a period of continuous and

optimum climate. Shi et al. (1993) reported the Holocene

‘megathermal’ at between 9.5 and 3.2 ka BP, with four

subdivisions within it (Figure 3): a period of unstable climate

from 9.5 to 8 ka BP; stable warm and wet conditions (the

Holocene optimum sensu stricto) from 8 to 6.8 ka BP; severe

and unstable conditions between 6.8 and 5.7 ka BP; and

relatively warm, wet climate from 5.7 to 3.2 ka BP. Huang et al.

(2002) have also identified, from a 4.5-m-thick loess/soil

sequence near Xi’an (southern Loess Plateau, Figure 3), a

series of marked climate shifts within the Holocene. From 8.5

to 6 ka BP, soil development (producing palaeosol S02, a well-

developed forest soil) occurred at many locations across the

Loess Plateau. However, this optimum climatic period was

then interrupted by a phase of climatic aridity, between �/6

and 5 ka BP, resulting in burial of this soil by deposition of

relatively unaltered loess. From 5 ka BP, soil formation

restarted (S01), indicating strengthening of the summer mon-

soon, until 3.1 ka BP (Pang et al., 2003; Huang et al., 2000,

2002), when renewed aridity is indicated by deposition of a

coarser-grained loess unit (L0). Xiao et al. (2002) examined a

Holocene sequence, dated using AMS 14C methods, at the

desert/loess transition in north-central China. On the basis of

organic carbon content and variations in clastic grain size, they

identified dry conditions, with strong winter monsoon activity,

from �/10 to 7 ka BP, and optimum Holocene climate (warm

and wet) between 5.5 and 2.7 ka BP. They do not identify a

period of desiccation from 6 to 5 ka BP but, in common with

other studies, note the impact of human activities from 2.7 ka

BP, associated with accelerated rates of deposition of coarse-

grained loess. The possibility of asynchroneity in the timing of

the Holocene climate optimum across the Chinese continent

was raised by An et al. (2000). They suggest that peak

monsoon rainfall occurred between �/11.5 and 9 ka BP in

northeastern China, between �/11.5 and 7.8 ka BP in north-

central China, between �/7.8 and 5.7 ka BP in the middle and

lower reaches of the Yangtze River and around �/3.2 ka BP in

southern China. This interpretation, dependent on robust age

control and completeness of sediment stratigraphies, suggests

significant weakening and southward retreat of the East Asian

summer monsoon from �/9 ka BP.

Here, we present new climate proxy data spanning the entire

Holocene period, from a �/5-m-thick loess/palaeosol sequence

at the western margins of the Chinese Loess Plateau, with

high-resolution age control obtained by optically stimulated

luminescence (OSL) dating (Roberts et al., 2001). We use

clastic grain size as an indicator of wind strength (ie, as a proxy

for winter monsoon intensity) and a soil climofunction to

estimate annual rainfall from variations in pedogenic magnetic

Figure 2 Location map (a), and the interbedded loess and
palaeosols at the Holocene site, Duowa, western margin of the
Chinese Loess Plateau (b)

Figure 3 Holocene stratigraphies for the Chinese Loess Plateau

Barbara A. Maher and Mengyu Hu: Holocene rainfall record from the Chinese Loess Plateau 311



susceptibility (Maher and Thompson, 1995). The climofunc-

tion quantifies the direct relationship between annual rainfall

and in situ, pedogenic magnetic susceptibility observed in

modern soils. Soils that go through more wetting and drying

cycles produce more of the strongly magnetic, mixed Fe(II)/

Fe(III) mineral, magnetite (see, eg, Maher and Thompson,

1999, for a summary). The climofunction was originally

developed in the Chinese Loess Plateau but has subsequently

been validated in a region with minimal dust accumulation at

the present day, the Russian steppe (Maher et al., 2002a). We

use the new palaeorainfall data from this western Loess

Plateau site to compare with the documented sequence of

Holocene monsoonal variations in the North African/South-

west Asian/West Tibet belt, and also evaluate the performance

of General Circulation Model hindcasting for the mid-Holo-

cene period (�/6 ka).

Site, analytical methods and age
control

The loess/soil sequence investigated (Figure 4), lying at an

altitude of �/2000 m, is located at the western edge of the

Chinese Loess Plateau and the eastern edge of the Qinghai

Plateau, near Duowa village in Qinghai Province (35825? N;

101857? E). The sediments are exposed in a terrace of the

Linwusu River, a tributary of the Huang He (Yellow River).

Meteorological data are not available for the site. Rainfall

estimates, obtained from global climatology data sets (New

et al., 2000), for grid points closest to Duowa, range from 265

to 550 mm/yr. The surrounding vegetation of sparse, low-

growing grasses suggests the lower estimates are appropriate.

The 4.6-m-thick sequence consists of less-weathered loess units

interbedded with multiple palaeosols (Figures 2�/4). Nineteen

samples were obtained for OSL dating (Figure 4b), with

samples also taken at 5 cm intervals for magnetic and

complementary analyses (particle size, carbonate, organic

carbon and nitrogen). To characterize the magnetic mineral-

ogy, concentration and magnetic grain size of the sediments, a

range of magnetic measurements as made on all samples

(Figure 4b): low and high frequency magnetic susceptibility

(0.46 kHz and 4.6 kHz); anhysteretic remanent magnetization

(normalized to the dc field used to impart the remanence); and

room-temperature magnetic remanence at incremental applied

dc fields of 20, 100, 300 and 1000 milliTesla (mT). Additional

hysteresis (non-remanent) magnetic parameters were also

obtained for each sample, including saturation magnetization,

coercive force, and the ferromagnetic, paramagnetic and

diamagnetic contributions to magnetic susceptibility (Maher

et al., 2002b). Quantitative estimates of past rainfall were made

by application of a statistically derived climofunction. Follow-

ing Jenny (1941), a soil climofunction is the quantitative

solution of the relationship:

S or Sp �f (Cl):P;R;O;T (1)

where S, the soil, or Sp, a selected soil property, is a function of

climate, with the other soil-forming variables of P (parent

material), R (relief), O (organic activity) and T (time, or

duration of soil formation) either effectively held constant (P,

R and T) or co-varying with climate (O). The climofunction

used here was generated by regression analysis of modern

rainfall data (30-yr averages, AD 1951�/1980) and the pedogenic

susceptibility (ie, magnetic susceptibilityB horizon�/magnetic

susceptibilityparent material) of modern soils across the Chinese

Loess Plateau and the loessic Russian steppe (Figure 5). Linear

and polynomial relationships between pedogenic susceptibility

and a range of climate parameters were investigated (Maher

et al., 1994) but the strongest relationship (r�/�/0.94) was

found for the logarithm of pedogenic susceptibility against

annual rainfall:

Rainfall mm=yr

�112�185log10(magnetic susceptibilityB horizon

�susceptibilityparent material) (2)

The OSL and particle sizing methods and results have been

reported previously (Roberts et al., 2001). The OSL data show

that the sequence spans the Lateglacial and entire Holocene

period, the basal age being �/12.5 ka BP. Dust deposition

appears to have been quasi-continuous through this interval.

The dust accumulation rate was lowest from �/12 to �/2.5 ka

BP, at �/20 cm/kyr, increasing to �/34 cm/kyr at �/2.5 ka BP

and then to 80 cm/kyr from 0.68 ka BP to the present day

(Roberts et al., 2001). The upper �/1.3 m of the section have

been subjected to significant human disturbance, as indicated

by the OSL, particle size and magnetic data, and so will not be

used here for palaeoclimatic reconstruction.

To apply the magnetic susceptibility/rainfall climofunction,

it has to be shown that climate is the key factor influencing the

in situ, pedogenic susceptibility. For these loess/palaeosol

sequences, other soil-forming factors are either effectively

constant (relief and parent material) or co-vary with climate

(organic activity). The potential confounding factor is time,

that is, the duration of formation of each of the soil units. Here,

the OSL dating enables calculation of the soil-forming dura-

tions for each of the palaeosols. No correlation is observable

between soil-forming duration and degree of soil development

(Figure 6). Indeed, it is notable that the most mature

palaeosols formed when rates of dust accumulation were

higher, rather than lower. These data demonstrate that the

degree of soil development at this site (as indicated by

variations in organic carbon and nitrogen, magnetic suscept-

ibility and inorganic carbonate, all of which are strongly

correlated, Figure 4b) is not significantly influenced by changes

in sedimentation rate. Thus, climate (and especially, rainfall)

appears to be the major influence on soil properties, including

soil magnetic properties. Hence, the statistically derived

relationship between modern rainfall and the pedogenic

susceptibility of modern loessic soils (from both the Chinese

Loess Plateau and the Russian steppe, Figure 5) can be used to

reconstruct past rainfall variations from the pedogenic suscept-

ibility values of the Holocene palaeosols at Duowa.

For reconstruction of winter monsoon intensity, we

follow, eg, Xiao et al. (2002) and use variations in the clastic

grain size as a proxy for wind speed and hence winter

monsoon strength. The median grain size, and the percentage

of particles �/40 mm, are two commonly used parameters in

this context, with shifts to higher values reflecting enhanced

aeolian transport of coarser particles.

Results

Figure 7 (a and b) shows the reconstructed rainfall and clastic

grain size data for this site through the Holocene. For rainfall,

the estimated values vary by a factor of �/5, from a minimum

of �/70 mm/yr to �/375 mm/yr. The coarse grain percentage

varies by a factor of �/7, with maximum values associated with

the late Holocene interval, from �/2.5 ka BP onwards. The

median grain size shows an overall increase from the early

Holocene (�/9 ka BP) onwards (Figure 8).
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The rainfall data indicate that postglacial conditions were

established in two distinct steps. Moderate precipitation values

prior to �/12.5 ka BP were succeeded by an abrupt return to

arid conditions, for a period lasting �/1 kyr. This period of

desiccation was associated at its inception with intense winter

monsoon winds (as indicated by high values of the grain size

proxy). From �/11.5 ka BP, the start of the Holocene,

precipitation values recovered rapidly, and wind speeds de-

creased �/ but only until �/10 ka BP when precipitation

declined to its Holocene minimum value, for an interval lasting

�/2.5 ka. For this interval, ie, from �/10 to 7.5 ka BP, the

intensities of both the summer and winter monsoon appear to

have diminished and then begun to recover; the clastic

grain size proxy shows variable but generally low values during

Figure 4 (a) Stratigraphy and particle size, and (b) OSL dating, magnetic and carbon, nitrogen and calcium carbonate data for the loess/soil
sequence at Duowa, Qinghai Province (35825? N; 101857? E), from Maher et al. (2002b)
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this interval. From �/7.5 to 6 ka BP, rainfall values then

steadily increased, to reconstructed precipitation values of

250�/350 mm/yr, in coincidence with (a slightly lagging)

increase in values of the winter monsoon grain size proxy.

From �/6 to 5 ka BP, rainfall declined once more and winter

monsoon strength also appears to have decreased at this time.

From �/5 to 2.6 ka BP, rainfall levels recovered to reach their

highest Holocene levels, at close to 400 mm/yr. Again, winter

monsoon intensity also appears to have increased in tandem

through this humid interval.

The late Holocene period, from 2.6 ka BP, appears marked

by exceptional climate instability, with rainfall varying by more

than 50% and clastic grain size also displaying rapid and large

shifts. Humid periods appear centred on �/2.4 ka BP, 2 ka BP

and 1 ka BP, and arid periods on �/2.2 and 1.5 ka BP. In this

latter part of the record, the direct relationship between rainfall

and winter monsoon strength, apparent from �/7.5 ka BP

onwards, appears to have inverted; from �/2.6 ka BP onwards,

periods of enhanced summer monsoon activity appear to have

been associated with reduced winter monsoon intensity.

Spectral analyses were performed, using the package Analy-

series 1.2 (Paillard et al., 1996), sampling the data at 200 yr

intervals. Singular Spectrum Analysis (Paillard et al., 1996;

Ghil, 2002) highlights the signal/noise and reveals cyclical

oscillations in the rainfall data with a possible dominant

periodicity at 3.49 kyr (but with the caveat that the entire

record is only 12.5 kyrs in duration). Finally, the median clastic

grain size (Figure 8), which has varied throughout the

Holocene, displays an overall trend to increased values from

�/9 ka to the present day, suggesting increased wind intensities

and/or an increase in source particle size throughout this entire

interval. Time series analyses of the median grain size data, as

described above, reveal possible cyclicities at �/5 kyr (caveat as

above) and 1.75 kyr.

Discussion

This high-resolution, well-dated sedimentary sequence from

the western margins of the Chinese Loess Plateau provides

the most complete record yet for this region of Holocene

variations in summer and winter monsoon activity. It reveals

alternating and abrupt phases of humidity and desiccation at

sub-Milankovitch frequencies throughout the Holocene per-

iod. Such millennial and submillennial cyclicities, which appear

almost ubiquitous in Holocene sequences across both hemi-

spheres, are linked most often with solar forcing and changes

in ocean circulation (eg, Stuiver et al., 1997; Bond et al., 2001).

The concept of a ‘mid-Holocene climatic optimum’ or ‘Mega-

thermal’ is overturned, given the evidence for three successive

humid periods between �/11.5 and 10 ka BP, �/8 and

6.5 ka BP, and �/5 and 2.5 ka BP (the most humid phase of

the three). The wetter phases were interspersed by significant

intervals of aridity, including one from �/12.5 to 11.5 ka BP,

from �/10 to 8 ka BP and one at the mid-Holocene (�/6 to

5 ka BP). It is tempting to correlate the 1-kyr period of

renewed post-glacial aridity between �/12.5 and 11.5 ka BP

with the Younger Dryas, as also experienced by the North

African monsoonal region (eg, deMenocal et al., 2000). The

age uncertainties at this part of the sequence render such

correlation tentative, however. The significance of the mid-

Holocene desiccation is discussed below. From �/2.5 ka BP

onwards, climatic and environmental instability is indicated by

both our rainfall and wind speed proxies.

The sequence of monsoon events recorded at Duowa extends

and agrees with (Figure 3) the southern Loess Plateau records

reported by Huang and co-workers (Pang et al., 2003; Huang

et al., 2000, 2002). Similarly complex Holocene climatic

variations �/ ie, successive humid phases and marked instability

from �/2.5 ka BP �/ have also been reported by, eg, Rhodes

et al. (1996), from multiproxy analysis of sediment cores from

Lake Manas, northern Xinjiang (dated by radiocarbon meth-

ods), Zhang et al. (2000), for a fluvial sequence from the

southern Tengger Desert (northwest China) and Xiao et al.

(2002) for a site at the loess/desert transition in north central

China. Morrill et al.’s (2003) synthesis of a number of Asian

Holocene monsoon records also reveals some broad-scale and

abrupt monsoonal changes, notably the increase in summer

monsoon intensity at �/11.5 ka BP, which is recorded across

both the southwest and southeast Asian monsoon zones. This

major enhancement of the southeast Asian monsoon coincides

with the start of the Holocene, with major reorganizations of

climate across many regions of the world. Global teleconnec-

tions, both zonal and meridional, have been invoked to

account for these near-synchronous and large changes, with

Figure 5 Derivation of the magnetic susceptibility climofunction:
the rainfall/pedogenic magnetic susceptibility training set (from
Maher et al., 2002a)

Figure 6 Soil development (as indicated by in situ, pedogenic
magnetic susceptibility) versus soil-forming duration, Duowa
palaeosols
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causal links suggested between changes in deep water forma-

tion in the North. Atlantic and changes in the Asian monsoon

system (eg, Overpeck et al., 1996). At the mid-Holocene, the

period of desiccation recorded by Morrill et al. is dated (by

radiocarbon methods) to �/4.5�/5 ka BP, rather than the

interval identified here at �/6�/5 ka BP. Comparison of the

Duowa record with the South China Sea reconstruction of

Wang et al. (1999) also reveals reasonable agreement (with the

exception of the period from �/10 to �/8 ka, when the

offshore record suggests an extended period of humid condi-

tions in contrast to the desiccation recorded at Duowa).

Detailed evaluation of possible synchroneity between all these

records is difficult at present because of the variable quality of

the dating control. In general, there seems to be strong

agreement across the northern and north-central Chinese

region for a period of cold, dry climatic conditions from

�/10 to 8 ka BP, warmer and wetter conditions from �/8 to 6

ka BP, and most humid conditions from �/5 to 2.5 ka BP.

Independent biological and geomorphological evidence exists

for enhanced summer monsoon activity at �/8�/6 ka BP, with

significant northward shifts in the range of elephant, giant

panda and bamboo (Winkler and Wang, 1993) and major

palaeoflood deposits in the middle reaches of the Huang He

(Yellow River, Yang et al., 2000). At 8.2 ka BP, a short-lived

episode of cooling in Greenland and aridification in subtropi-

cal North Africa has been reported (eg, Alley et al., 1997;

Gasse and van Campo, 1994). Given the error bars, it is not

possible to identify any significant rainfall change in the

Duowa record at this time.

Earlier inferences of a continuously humid, mid-Holocene

climatic optimum (ie, from �/7 to �/2.5 ka BP) are con-

founded by the presence at Duowa, and other suitably high

sedimentation rate sites, of a relatively unweathered loess unit

above the middle Holocene palaeosol (Figure 3). At Duowa,

this loess unit represents a �/1 kyr interval of desiccation, from

�/6 to 5 ka BP. The early and mid-Holocene is characterized in

the North African/Arabian Sea/Western Tibet monsoonal belt

Figure 7 (a) Record of rainfall at the Duowa site through the Holocene (reconstructed using the soil magnetism/rainfall climofunction) and
(b) variations in clastic grain size. Prior to insertion into the rainfall climofunction, the palaeosol susceptibility data were corrected first for
the contents of calcium carbonate and organic carbon and nitrogen (effective dilutants of the magnetic susceptibility signal)

Figure 8 Variations in the median clastic grain size at Douwa
through the Holocene interval

Barbara A. Maher and Mengyu Hu: Holocene rainfall record from the Chinese Loess Plateau 315



as a period of enhanced summer monsoon intensity, associated

with enhanced Northern Hemisphere, summer insolation

(Figure 9a). Recent work on palaeoclimate models run for

this time interval (eg, within the palaeoclimate intercompar-

ison modelling project, PMIP) confirms that the orbitally

induced enhancement of Northern Hemisphere summer in-

solation at 69/0.5 ka BP resulted in northward displacement of

the ITCZ and hence of the monsoon front over northern

Africa, while the enhanced land�/sea contrast increased the

flux of moisture from the ocean to the continent (Harrison et

al., 1998; Joussaume et al., 1999). Indeed, all the PMIP models

consistently underestimate the extent of the northward shift in

the monsoon front (as recorded by the palaeo-lake level data).

Changes in sea-surface temperatures (SSTs) and vegetation

cover, as well as the orbital forcing, are required in order to

approach the observed African monsoon intensity (eg, Texier

et al., 2000). In contrast with both the palaeoenvironmental

data for the North African/southwest Asian/Western Tibet belt

and the majority of the PMIP results, our reconstructed

Holocene rainfall record (and its agreement with other collated

data for the north-central China region) suggests that the

intensity of the east Asian summer monsoon was diminished,

rather than enhanced, at 6 ka BP. Of the PMIP models, only

the MRI2 model (eg, Kitoh and Murakami, 2002) hindcasts

desiccation in this region at this time. (However, in this model,

the reduction in the hydrological cycle reflects increased

evaporation rather than decreased precipitation.) Given en-

hanced boreal summer insolation at this time, and the over-

whelming evidence for monsoon intensification in the African

and southwest Asian monsoons, why would the Chinese Loess

Plateau have experienced a weaker summer monsoon? Regio-

nal land/sea geography may be key, as increased summer

insolation, expected to increase monsoon intensity, may have

been countered by reduced land�/ocean contrast resulting from

warmed sea-surface temperatures (SSTs). In model experi-

ments run at 9 ky BP and 6 ky BP, the orbital forcing

(with modern SSTs) increased monsoon intensity by �/30%

and �/18%, respectively, with increased precipitation values in

the monsoon zone (0�/408N, 50�/1208E) of �/6% and �/5%

(Basil and Bush, 2001). Adding warm, El Niño-like SSTs in the

central and eastern Pacific, however, resulted in reductions in

the Asian land�/ocean thermal gradient and the east�/west

Pacific pressure gradient. Weakening of the Asian monsoon

winds thus ensued; precipitation reduced by �/�/5% in the

9 ky BP simulation and �/�/6% at 6 ky BP. In contrast, for

North Africa, the monsoon response to these two sets of

forcings was dominated by insolation enhancement and the

warm Pacific SSTs reinforced, rather than weakened, the

African monsoon. Similarly, Texier et al. (2000) ran sensitivity

studies with prescribed forcings inferred from the palaeodata:

the first with enhanced SSTs in the Bay of Bengal and South

China Sea; the second with the modern Sahara desert replaced

with xerophytic woodland and grassland. In both cases, the

degree of inland penetration of monsoon rain in the Asian

region was reduced. However, in the case of the green Sahara, a

shift in the position of the major large-scale convergence area

enhanced the precipitation in India. Liu et al. (2004), running a

fully coupled AGCM, also identify the key influence of ocean

feedbacks in diminishing the intensity of the Asian monsoon at

the mid-Holocene. In spatial terms, however, there remains a

palaeodata/model mismatch, as these authors report reduced

precipitation only in eastern China, with increased precipita-

tion in the central region (in contrast to the desiccation

recorded at our Holocene site).

After �/6 ka BP, the rainfall pattern seen at Duowa is again

directly opposite to that observed for the North African/

Figure 9 (a) Northern Hemisphere summer (June, July, August) insolation curve, calculated for 208N (Berger and Loutre, 1991), spanning
the Younger Dryas chronozone and the succeeding Holocene interglacial stage. (b) Reconstructed annual rainfall record from Duowa (from
the soil magnetism/rainfall climofunction, 9/1 SE). (c) Record of terrigenous dust input to a deep-sea sediment site off the west African coast
(ODP Site 658C, off Mauritania; deMenocal et al., 2000). High terrigenous dust concentrations reflect increased aridity in northwest Africa
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Southwest Asian/West Tibet belt, where palaeodata indicate

increasing desiccation after �/6 ka BP (Figure 9c). In China,

our reconstructed rainfall record shows increasing values,

reaching a Holocene peak (�/375 mm/yr) at �/3 ka BP

(Figure 9b). Tropical South America also appears to have

experienced a major, synchronous change to higher precipita-

tion from about 4 ka BP (Nuñez et al., 2002; Marchant and

Hooghiemstra, 2004). These changes have taken place as

Northern Hemisphere summer insolation has decreased (and

is now presently nearing its minimum as the summer solstice

aligns with aphelion, Figure 9a). From �/2.5 ka BP, the

Chinese record is marked by rapid and large shifts in both

summer and winter monsoon intensity, but with wetter phases

centred on �/2.2 ka, 2 ka and 1 ka. This consistently antiphase

relationship between the Loess Plateau record and the North

African/Indian/Western Tibet records substantiates model

studies that identify internal feedbacks, especially SST varia-

tions, as a key feedback in modulating the response of the East

Asian monsoon to orbital forcing. Liu et al. (2004) note the

modelled effect of the Asian winter monsoon on the austral

summer monsoon; intensification of the Asian winter mon-

soon lowers SSTs in the South China Sea and northern Indian

Ocean, thus increasing surface pressure gradients and the

strength of northerly winds towards the Southern Hemisphere.

Further interaction between the Northern and Southern

Hemispheres may have resulted from shifts in latitudinal

thermal gradients driven by cylical El Niño�/Southern Oscilla-

tion (ENSO) events (Turney et al., 2004). Palaeo-ENSO

records for the tropical eastern Pacific indicate the onset of

modern ENSO periodicities around 5 ka BP (eg, Moy et al.,

2002; Gagan et al., 2004), with an abrupt increase in ENSO

magnitude �/3 ka BP, and subsequent decline from �/1.2 ka

BP. The nature and direction of interactions between the Asian

monsoon and ENSO events remain to be resolved. Yang

(1996), for example, suggests that zonal displacement of areas

of warmed SSTs in the central and eastern equatorial Pacific,

associated with strong ENSO events, could have shifted surface

convergence and convection further to the east, possibly

weakening the Asian monsoon. Conversely, according to Liu

et al. (2000), monsoon intensification in the early and mid-

Holocene may have inhibited development of warm ENSO

events through enhancement of trade winds in the equatorial

Pacific.

Conclusions

(1) A new, high-resolution, well-dated summer monsoon

record from the western margins of the Chinese Loess Plateau

shows that there were rapid (sub-Milankovitch) alternations

between arid and humid phases through the Holocene.

(2) Millennial-scale variations are also apparent in the proxy

record (percent of particles �/40 mm) of winter monsoon

intensity, with significant cyclicity at �/5 kyr and 1.75 kyr.

From �/12 to 7.5 ka BP, there is an overall trend to reduced

wind intensity, out of phase with summer monsoon intensity

through this interval. From �/7.5 to �/2.5 ka BP, winter

monsoon intensity is more variable and appears in-phase with

the summer monsoon variations. From �/2.5 ka BP onwards,

the grain size (and rainfall) data indicate extreme climatic

variability. On the basis of the median grain size variations, a

trend to increasing median size is observable from �/9 ka

onwards, suggesting either stronger winter monsoon winds

and/or a change in the particle size of the sediment source. The

results indicate decoupling of the Southeast Asian winter and

summer monsoons, reflecting operation of separate forcing

mechanisms for the two phenomena.

(3) Rather than a continuous ‘mid-Holocene climatic

optimum’, the Duowa site records three humid intervals,

from �/11.5 to 10 ka BP, �/8 to 6 ka BP and, the wettest

phase, from �/5 to 2.4 ka BP. A short period of aridity from

�/12.5 to 11.5 ka BP, also associated with a strengthened

winter monsoon, may be correlative with the Younger Dryas.

After this interval of aridity, summer monsoon intensity

increased rapidly and markedly. The mid-Holocene interval,

�/6 to 5 ka BP, is marked by weakening of the summer

monsoon rather than intensification.

(4) This record, which is in agreement with other Holocene

records from the region, appears consistently antiphase with

Holocene summer monsoon records from the North African/

Arabian/Indian/Western Tibet monsoonal belt (all of which

appear in-phase with each other).

(5) Published palaeodata and modelling studies indicate that

intensification of the North African and Southwest summer

monsoons during the early to mid-Holocene period was

causally related to enhanced boreal summer insolation from

orbital forcing, amplified by vegetation and SST feedbacks. In

contrast, given the antiphase behaviour recorded here, the East

Asian monsoon appears to be dominated by the modulating

effects of warmed SSTs in the West Pacific/South China Sea,

which so weaken the inflowing surface winds that inland

penetration of monsoonal rain is significantly reduced. Of the

published mid-Holocene GCM data sets, only two models

hindcast desiccation for the East Asian region at this time (the

MRI, Kitoh and Murakani, 2002 and FOAM, Liu et al.,

2004). Of these, FOAM identifies reduced precipitation but for

the eastern/coastal Chinese area rather than the north/central/

inland area represented by the Duowa record.

(6) The consistently antiphase relationship between this

southeast Asian monsoon record and the North African/

Indian/west Tibet records indicates that internal feedbacks,

probably involving SST variations and possibly related to/

interacting with the mid-Holocene onset of strong ENSO

events, are a key modulator of the southeast Asian monsoon

response to precessional orbital forcing. If ongoing, the

rapidity and magnitude of monsoonal changes identified

within the last �/3.5 ka, possibly driven by solar output

variations, will have major effects through climate teleconnec-

tions across the globe, with extreme societal implications for

the large human populations in this region, given that existing

water resource and agricultural systems are based on relatively

wet, but apparently unreliable, southeast Asian summer

monsoons. Model simulations that fail to capture the Holocene

antiphasing of these major monsoon systems may require

enhanced regional parameterisation to resolve the land/sea

interactions in this region, in order to make robust predictions

of future monsoonal changes.
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