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asymmetric cooling between the Northern and Southern Hemi-
spheres due to different land-sea configurations could alter the
interhemispheric temperature gradient (Fig. 7¢)®° and shift the ITCZ
southward, thereby reducing the rainfall in East Asia. Additionally, the
cooling of the northern high latitudes can influence the EASM rainfall
through changes in the North Atlantic Oscillation (NAO). The NAO is
defined as the difference in surface sea level pressure between the
subpolar Icelandic Low and the subtropical Azores High, which con-
trols the strength and direction of the westerlies and storm tracks
across the North Atlantic®™. At 4384 +23yr BP (weighted mean), the
reconstructed NAO index shifted from primarily positive phases to a
weakly positive phase with intermittent strong negative phases®
(Fig. 7b), which closely tracks the change in the EASM rainfall
(X¥*=0.047; P=0.83), indicating an inherent dynamical connection
between them. The shift of NAO into more negative phases in
response to the termination of the Green Sahara can also be repro-
duced in our climate model simulations, which indicate increasing sea
level pressure in the northern Europe and/or Nordic Seas together
with decreasing sea level pressure in the Azores and/or southern
Europe (Fig. 8b, d, f). The NAO persistently influences the surface
temperature and snow cover over the Eurasian continent, sea ice and
SST in the North Atlantic from winter to summer®. The NAO-induced
SST anomalies in the North Atlantic can excite a wave train propa-
gating toward East Asia, which affects the large-scale atmospheric
circulation and, thus, regional rainfall pattern®. In addition, the
negative NAO could weaken the wind-driven AMOC and reduce the
poleward ocean heat transport in the North Atlantic*, further redu-
cing the interhemispheric temperature gradient and the EASM rain-
fall. However, multiple lines of evidence suggest that the basin-scale
AMOC remained fairly stable throughout the Holocene®. Therefore,
the feedbacks associated with the Holocene AMOC likely play a minor
role. In contrast, the Tibetan Plateau, known as the world’s third pole
with an average elevation of 4000 m, may play a more significant role
in shaping the EASM rainfall. The snow-albedo feedback may have
amplified the temperature response on the Tibetan Plateau to the end
of the Green Sahara. An alkenone-based summer temperature
reconstruction from the Qinghai Lake on northeastern Tibetan Pla-
teau indicates a substantial cooling (>5 °C) between 5 and 3.5 ka™
(Fig. 7d). Since the Tibetan Plateau is the main heat source driving the
Asian summer monsoon?’, its abrupt cooling during the end of the
Green Sahara could weaken land-sea thermal contrast and greatly
reduce the EASM rainfall.

To reveal the spatial pattern of EASM rainfall response to the
termination of the Green Sahara, we collect a wealth of hydroclimate
records in East Asia based on rigorous criteria (Methods, Supplemen-
tary Table 9) and compare them with four climate model simulations
(Fig. 9). In addition to our sensitivity experiments conducted with the
EC-Earth model*® (Methods), similar experiments based on the Com-
munity Climate System Model version 4 (CCSM4), the water isotope-
enabled Community Earth System Model (iCESM)®°, and climate model
from the Goddard Institute for Space Studies (GISS)'*° were included
for multi-model comparison. Consistent with the proxy records
(Supplementary Table 9), nearly all climate models simulate decreas-
ing annual and summer rainfalls in northeastern China, northern
China, northeastern Tibetan Plateau, and southwestern China in
response to the desertification of the Sahara (Fig. 9). However, the
simulated increases in annual and summer rainfalls in southern China
contrast with the available proxy records there (Supplementary
Table 9 and Fig. 9). Similar to the last deglaciation, we argue that the
biases in climate models are likely responsible for this model-proxy
discrepancy. We also analyze the changes in autumn rainfall in climate
simulations, which show a better agreement with proxy records
(Fig. 9). In particular, the EC-Earth and CCSM4 models simulate a
widespread autumn drying over the whole East Asia, closely resem-
bling the pattern of proxy records (Fig. 9).

In summary, our quantitative reconstructions of the EASM rainfall
amount changes over the past 22,000 years based on multi-methods
and multi-proxies provide a benchmark for understanding the forcing
and response of EASM rainfall in the context of long-term climate
change. Our reconstructions suggest that the EASM rainfall since the
LGM is characterized by alternative contrasting stable states and
abrupt shifts between these states, indicating a strongly nonlinear
nature of the EASM rainfall. In particular, we uncover and define five
prominent tipping points in the EASM rainfall, which are linked to
abrupt shifts in the AMOC and/or Saharan vegetation cover. In com-
bination with comprehensive paleoclimate data compilations and
multi-model simulations, we have drawn a picture of the EASM rainfall
responses to abrupt shifts in the AMOC and Saharan vegetation. Our
finding that the EASM rainfall was tightly coupled with known tipping
elements in the Earth system during the past has practical implications
for future change in the EASM rainfall under anthropogenic global
warming. The potential “tipping” of tipping elements when global
warming exceeds a specific threshold can trigger domino effects on
the EASM rainfall and threaten the lives of billions of people.

Methods

Site description and modern climate

The Qingtongyang Maar Lake (110°10°'E, 20°34'N, elevation 131 m) is
located in the Leizhou Peninsula of Guangdong Province, southern
China. Itis a closed-basin crater lake that has a surface area of 8.81 km?
and a small catchment of 32.13 km? Because of the small catchment
and lack of river input, the lake level is mainly controlled by the rainfall
amount falling in the catchment, which makes it an excellent measure
of past rainfall changes. Also, this lake lies in the northern boundary of
the present-day seasonal ITCZ migration, and thus, the lake status
should have been sensitive to past changes in the position of the ITCZ.
The surrounding bedrock of this lake is composed of volcanic basalt'.
No limestone in the catchment minimizes the possibility of introdu-
cing old radiocarbon into the lake, which lends credit to *C dating and
ensures the reliability of age model.

Based on station data available from the China Meteorological
Data Service Centre (https://data.cma.cn) during the period 1957-2018
CE (Supplementary Fig. 2), the long-term annual mean temperature
(Tann) is 23.3 °C with the mean coldest month (January) temperature
of 15.6 °C and the mean warmest month (July) temperature of 28.8 °C.
The annual total rainfall (Pann) is 1611 mm, with the driest month
(December) rainfall of 24 mm and the wettest month (August) rainfall
of 327 mm. The rainy season is from May to October under the influ-
ence of the EASM and northward migration of the ITCZ. Since more
than 80% of the annual rainfall is contributed by summer rainfall, the
variations of annual rainfall are almost identical to that of summer
rainfall (Supplementary Fig. 2).

Drilling and lithology

The sediment cores were recovered from the center of Qingtongyang
Maar Lake with piston corer in November 2016. Here we report the
upper part of the core, which is coded as QTY-2-1 and spans the last
~22,000 years with firm age control. The lithology of the core is
described as follows: 0-5 cm is a surface mixed layer, 5-8 cm is grayish
black clay, 8-34.4 cm is grayish brown silty clay, 34.4—73 cm is grayish
black clay, 73-82 cm is grayish yellow sandy clay, 82—89 cm is grayish
black clay, 89-95.5 cm is grayish yellow sandy clay, 95.5-123 cmis gray-
brown yellow sandy clay.

Dating and chronology

29pp and *’Cs dating. Samples at 0.5-cm intervals from the top 16 cm
of the sediment core were measured for the natural fallout
radionuclide #°Pb and anthropogenic fallout radionuclides **'Cs. Their
activities were measured by the gamma spectrometer using a low-
background, hyper-pure germanium detector. Each sample was
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