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The East Asian summer monsoon (EASM) is a critical compo-
nent of the global climate system due to its association with rain-
fall in areas hosting over one sixth of the global population [1].
Understanding the periodicities of summer rainfall influenced by
the EASM can help constrain future climate projections. However,
mechanisms of the response of the EASM associated summer rain-
fall variability to orbital forcing during the late Pleistocene-Holo-
cene remains uncertain [2,3]. For example, EASM variability
recorded by speleothem CaCO3 oxygen-isotope (d18O) records gen-
erally exhibits predominant 23- and 19-ka (1 ka = 1000 years)
cycles over the past 640 ka. These covary with precession-driven,
low-latitude summer insolation forcing [4]. However, Chinese
loess magnetic susceptibility and 10Be records covary with global
ice volume variations and atmospheric CO2 concentrations over
the past 800 ka. Their predominant 100- and 41-ka cycles indicate
the role of high-latitude forcing on glacial-interglacial timescales
[5,6]. The 100-ka cycle resembles the eccentricity of the Earth’s
orbit but it makes a smaller contribution to insolation variation
than that of the Earth’s precession. Researchers refer to the dis-
crepancy in orbital-scale EASM variability recorded by Chinese
loess and cave speleothem d18O records as the ‘‘Chinese 100-ka
problem” [2]. The timing of the Holocene EASM maximum also
remains under dispute. Loess and pollen records document a
mid-Holocene maximum while speleothem d18O records record
an early-Holocene maximum [4,7,8]. Previous modeling studies
on the evolution of EASM rainfall have estimated the relative con-
tributions of external forcings (e.g., insolation, CO2, ice sheets, etc.)
in EASM rainfall variation. However, the periodicities and ulti-
mately driving factors illustrated taken from long-term transient
simulations are still rare.

This study generated an 800-ka long series of precipitation esti-
mates over East Asia extracted from 3-Ma (1 Ma = 1,000,000 years)
multiple transient simulations by the CLIMBER-2 intermediate
complexity Earth system model (Figs. S1 and S2 online) [9]. The
CLIMBER-2 model simulates correct present-day summer precipi-
tation pattern (Fig. S3 online), and magnitude and timing of the last
eight glacial cycles with respect to both global ice sheet volume
(expressed in d18O) and CO2 concentrations (Fig. S4 online). Both
the simulation and reconstructions [10,11] exhibit predominant
100- and 41-ka cycles in global ice sheet volume and CO2 concen-
trations, although precession (23- and 19-ka) bands dominate
high-latitude summer insolation (Fig. S4a online). In addition, both
global ice volume (Fig. S4b online) and CO2 concentrations
(Fig. S4d online) from reconstructions show a transition (the so-
called mid-Brunhes event) from low amplitudes (cool interglacial)
to high amplitudes (warm interglacial) at �430 ka [10,11]. This cli-
matic transition is also captured by the ice sheet volume (Fig. S4c
online) and CO2 concentrations (Fig. S4e online) from the simula-
tions. The CLIMBER-2 however generates this climatic transition
at �340 ka, significantly later than the reconstructed proxy esti-
mate at �430 ka (Fig. S4b, d online). The temporal gap may arise
from biases in the transient simulation.

The EASM intensity is traditionally measured as monsoonal cir-
culation expressed by low-level, southerly winds over East Asia in
summer [1]. In the CLIMBER-2 simulation output, the EASM circu-
lation index is calculated as average southerly winds at 850 hPa in
summer from three CLIMBER grid cells centered at (15�N, 120�E),
(25�N, 120�E), and (35�N, 120�E) (Fig. S3 online). These exhibit pro-
nounced 19- and 23-ka cycles implying strong low-latitude modu-
lation by precession. The circulation index also exhibits a weak 41-
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ka cycle and no significant 100-ka cycle (<95% confidence level)
(Fig. 1a) to resemble the d18O record of Sanbao Cave (Fig. 1b).
Cross-spectral analysis further confirms strong coherence between
model and proxy at 19- and 41-ka bands (Fig. S5a online). How-
ever, the simulated phase of the EASM circulation index lags
behind that of the proxy record. This EASM circulation index also
matches well with that simulated by the CCSM3 with the forcing
of orbital parameters, greenhouse gas concentrations, and ice
sheets over the past 300 ka (Fig. S6a, b online). The peak of the
EASM circulation index appears during the early Holocene
(Fig. S7a online) and resembles results of the TraCE-21ka simula-
tion by the CCSM3 (Fig. S7b online) as well as the d18O record of
Sanbao Cave (Fig. S7c online).

Simulated boreal summer rainfall in East Asia, denoted as
‘‘EASM rainfall”, represents the average rainfall of two CLIMBER
grid cells centered at (25�N, 120�E) and (35�N, 120�E) (Fig. S3
online). In contrast to the EASM circulation result, EASM rainfall
shows pronounced 41- and 100-ka cycles (Fig. 1c) resembling the
magnetic susceptibility record from the Xifeng Loess in northern
China over the past 800 ka (Fig. 1d). The dominant 100-ka cycle
also appears in snail d13Cshell records from the Xifeng Loess of
northern China, the pollen record of Taihu Lake in central China,
and the clay mineralogical record of Core MD12-3432 from the
northern South China Sea (Fig. S8 online). Cross-spectral analysis
also shows good model and proxy agreement although some
Fig. 1. (Color online) Proxy-model comparison of EASM variability during the past 800 k
index. (b) Sanbao Cave d18O (‰) [4]. (c) Simulated EASM rainfall (mm). (d) Magnetic su
climatic transition in terms of the amplitude (left panel). Dashed lines indicate the 95%
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differences in phase do appear (Fig. S5b online). However, the
pronounced 100-ka cycle appearing in EASM rainfall (Fig. S6c
online) did not appear in the CCSM3-300ka and CLIMBER2-650-
ka transient simulations for the past 300 ka (Fig. S6d online),
despite the fact that these simulations are forced by greenhouse
gas concentrations and ice sheets subjected to the influence of
the 100-ka cycle. The simulation results described here also exhi-
bit an EASM rainfall peak during the mid-Holocene (Fig. S7d
online). This contrasts with results from the TraCE-21ka and
CLIMBER2-650ka simulations (Fig. S7e online) but resembles a
pollen record from Gonghai Lake in northern China [7] (Fig. S7f
online). Similarly timed mid-Holocene EASM maxima appear in
proxy records from central, southeastern, and southern China
(Fig. S9 online).

Precession bands appear much weaker in EASM rainfall com-
pared to 100- and 41-ka bands over the past 800 ka. The main peri-
odicities appearing in EASM rainfall resemble those from the
Xifeng section (35.7�N, 107.6�E) loess record [5] (Fig. 1d) but differ
from those recorded by the Sanbao Cave (31.67�N, 110.43�E) d18O
record [4]. The latter record shows pronounced precession cycles
without significant 100- and 41-ka cycles at the 95% confident
level (Fig. 1b). The simulated EASM rainfall shows a transition from
low amplitudes to high amplitudes at �340 ka (Fig. 1c). The cli-
matic transition recorded by the Xifeng Loess record occurred at
�550 ka (Fig. 1d), much earlier than the simulated result.
a: time series (left panel) and spectra (right panel). (a) Simulated EASM circulation
sceptibility (MS, 10�8 m3 kg�1) record of the Xifeng Loess [5]. Black lines show the
confidence level (right panel).
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The simulation results indicate decoupling of EASM rainfall and
circulation. This could explain differences in proxy records. This
also does not support a delayed ecosystem response to EASM rain-
fall during the Holocene [8]. The decoupling between EASM rainfall
and circulation could also reflect complex behavior of the EASM
system on glacial–interglacial timescales. Modern climate data
indicate that the EASM onset in mid-May initiates the pre-flood
season of southern China which continues into early June. The
ensuing Meiyu season in China, Korea, and Japan runs from mid-
June to early July and transitions into the rainy season of northern
China from mid-July to late August. The rain belt reaches the
northernmost areas of China during boreal summer. The rainfall
in East Asia is generally formed by frontal systems. These develop
when warm, moist air flows brought by the monsoonal southwest-
erlies and southeasterlies meet cold air masses brought by the
westerlies. Climatologically, the seasonal transition of the summer
rainfall belt is accompanied by the northward shift of the western
North Pacific subtropical high (WNPSH) system. Areas near the
ridgeline of the WNPSH experience hot, sunny days due to
descending, dry air (divergence), while a frontal belt develops in
areas along western and northwestern flanks of the WNPSH
(Fig. S10 online). EASM rainfall thus results from the interplay
between monsoonal and westerly circulations.

For the past 800 ka, monsoonal moisture transport calculated as
the average of summer southerly moisture flux at 850 hPa of three
model grid cells (15�N, 120�E; 25�N, 120�E; 35�N, 120�E) shows
(a)
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Fig. 2. (Color online) Forcing factors and EASM rainfall: time series (left panel) and spectr
East Asia (10�3 g cm�1 hPa�1 s�1). (b) Simulated summer westerly circulation (Pa) is de
anomalies between 35� and 55�N. (c) Simulated summer vertical velocity at 700 hPa over
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significant 23- and 19-ka cycles (Fig. 2a). Moisture transport is con-
trolled by the monsoonal southerlies, i.e., EASM circulation
(Fig. 1a). Stronger southerlies transport more moisture from the
tropical Pacific and Indian Oceans to East Asia. This moisture trans-
port distance is greater than that from the Northwest Pacific, an
area that also contributes rainfall in East Asia (Fig. S10 online).
Moisture becomes depleted in 18O with increasing transport dis-
tance due to enhanced rainout via Rayleigh distillation processes.
Stronger southerly transport leads to more 18O-depleted moisture
in East Asia and lower d18O values in stalagmites. Stalagmite d18O
variability thus likely reflects EASM circulation. Differences in
EASM rainfall and circulation variation indicate that EASM circula-
tion related moisture transport is not the dominant mechanism
controlling glacial–interglacial changes in EASM rainfall. In addi-
tion to EASM circulation, some research cites the impact of mid-
latitude westerly circulation on EASM circulation over both inter-
annual [12] and millennial to orbital timescales [13].

Mid-latitude westerlies are dominated by 100- and 41-ka cycles
and exhibit a dramatic transition from low amplitudes to high
amplitudes at �340 ka (Fig. 2b). Weaker westerlies are associated
with anomalous upward motion over East Asia during the inter-
glacial periods, while stronger westerlies are associated with
downward motion during glacial periods (Fig. 2c). These effects
arise when weakening of westerlies allows movement of cold air
masses from high-latitude areas into East Asia. This increases
development of fronts and convergence over East Asia where
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divergence typically prevails due to the WNPSH. Anomalous
upward motion increases EASM rainfall during the interglacial
periods, while downward motion decreases rainfall during glacial
periods (Fig. 2d). Generally, glacial–interglacial changes in EASM
rainfall likely reflect interactions between mid-latitude westerly
circulation and WNPSH rather than EASM circulation alone.

EASM circulation and associated monsoonal moisture transport
originate from thermal gradients between Asia and the North Paci-
fic (Fig. S11a online). The land–sea thermal contrast develops
directly from precession-induced local boreal summer insolation
(Fig. S11b online) as high local insolation induces faster heating
of land surfaces relative to sea surface. EASM circulation therefore
tracks summer insolation and shows pronounced 23- and 19-ka
cycles. Mid-latitude westerlies are triggered by thermal gradients
between mid-latitude and subpolar regions (Fig. S11c online).
These covary with atmospheric CO2 concentrations (Fig. S4d, e
online) and Northern Hemisphere ice sheets (Fig. S4b, c online).
Compared with atmospheric CO2 concentrations, ice sheets influ-
ence temperatures only to a minor and local degree at glacial–in-
terglacial timescales [14]. Hence, variability in EASM rainfall with
the 100- and 41-ka cycles depends strongly on changes in CO2 con-
centration during the past 800 ka.

Loess and speleothem proxy records record different EASM pat-
terns during the late Pleistocene-Holocene. The magnetic suscepti-
bility of Chinese loess reflects the intensity of pedogenesis as
governed by soil moisture and directly related to EASM rainfall
[5]. Stalagmite d18O variation reflects the strength of monsoonal
southerly winds transporting moisture towards East Asia from
the tropical Pacific and Indian Oceans [4]. The simulation results
described here give estimates for peak Holocene EASM intensity
that might provide an explanation for the inconsistent of pollen
and speleothem records. This suggests that loess (pollen) and spe-
leothem records may represent fragmentary evidence of the EASM
system as a whole.

Simulated EASM rainfall significantly differs from that simu-
lated using the CCSM3 and the same CLIMBER-2 but with different
protocols (Fig. S2 online). The present simulations considered
interactions between Earth’s climate system, while many simula-
tions described in previous literatures neglect either climate feed-
back to forcing factors or interactions between the forcing factors.
In the CLIMBER-2 simulations, Earth’s orbital parameters are the
only external factor. The observed 100-ka variation in EASM thus
ultimately reflects orbital forcing and feedbacks of Earth’s climate
system including carbon cycle processes. Given the rather low res-
olution of the CLIMBER-2 model (Fig. S1 online), the simulation
results described here do not resolve spatial differences in EASM
rainfall that might influence model–proxy and model–model com-
parisons. The low resolution may also create regional artifacts in
EASM results. While preliminary, the interpretations of the CLIM-
BER-2 simulation results given here demonstrate the potential of
complex models and computational approaches in resolving Qua-
ternary EASM dynamics and monsoon system science [15].
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