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a b s t r a c t

The Younger Dryas (YD) event, recognized as one of the most typical abrupt climate changes on the
millennial time scale, results in striking cooling in most regions of the North Atlantic. The most
acceptable hypothesis believes that this event is related to a large volume of meltwater fluxes injected
into the North Atlantic. In remote Asia, various paleoclimate reconstructions have revealed that the East
Asian summer monsoon (EASM) is significantly depressed during the cold YD episode. However, the
effect of North Atlantic meltwater-induced cooling on the whole downstream Eurasian regions and its
potential dynamics remains been not fully explored till now. In this study, the responses of Asian climate
characteristics during the YD episode, especially the EASM, are evaluated based on modeling data from
the Simulation of the Transient Climate of the Last 21,000 years (TraCE 21ka). The results show that the
cooling signal during the YD, which is mainly caused by meltwater flux, spreads from the North Atlantic
to the whole Eurasia. In agreement with the paleoclimatic proxies, the simulated EASM is obviously
weakened. The summer precipitation is also suppressed over East, South, and Central Asia. Dynamically,
the North Atlantic cooling produces an eastward propagated wave train across the mid-latitude Eurasia,
which facilitates weaker EASM circulation. The weakened land-sea thermal contrast over East Asia also
contributes to the monsoon decrease during YD cooling.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The Younger Dryas (YD) event, which happens about
12,900e11,700 years BP (Rasmussen et al., 2006), is recognized as a
typical abrupt climate shift during the transition from the Last
Glacial to the Holocene. As one of the climate events on the
millennial-scale cycle, YD has been widely investigated and
attracted more attention (Alley et al., 1993; Carlson, 2013;
Grafenstein et al., 1999; Johnsen et al., 1992; McManus et al., 2004).
In this event, the most striking feature is rapid and abrupt cooling
over the North Atlantic Ocean, even extending to most regions of
the Northern Hemisphere (NH) with different amplitudes, which
ess and Quaternary Geology,
ciences, Xi'an, 710061, China.
exhibits an obvious geographic pattern (Broecker et al., 1988;
Carlson, 2013). The YD event is originally identified in the pollen
records in Northern Europe, and thereafter it has been recognized
in numerous proxy reconstructions, such as the Greenland ice
cores, marine and lake sediments, and the loess paleosol-records
(An et al., 1993; Dansgaard et al., 1989; Keigwin and Jones, 1990;
Kudrass et al., 1991; Zhou et al., 1999).

Several hypotheses have been proposed for the cause and
mechanism of the YD and themost acceptable explanation refers to
a collapse of the Atlantic Meridional Oscillation Circulation (AMOC)
as a result of meltwater discharge. Generally, a large amount of
glacial meltwater at the southern margin of the Laurentide Ice
Sheet (LIS) reaching Lake Agassiz overflow to the Gulf of Mexico
through the Mississippi River. During the YD, however, due to the
retreat of the LIS, the diversion of meltwater discharge from the
Mississippi River to the St. Lawrence River leads to increased
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freshwater in the North Atlantic Ocean (Broecker et al., 1989). A part
of the meltwater from the LIS can reach the Arctic Ocean from Lake
Agassiz through theMackenzie drainage basin (Murton et al., 2010).
Meltwater discharges decrease the density and salinity of the cold
surface water and the rate of deep-water formation is reduced,
which eventually slows down the AMOC (Broecker et al., 1988,
1989; Johnson and McClure, 1976; Rooth, 1982). The slowdown of
the AMOC weakens the heat exchanges from low to high latitudes,
resulting in a rapid reduction of the meridional northward heat
transport and abrupt cooling of the North Atlantic extending to
surrounding regions (Boyle and Keigwin, 1987; Broecker et al.,
1985; McManus et al., 2004).

Besides the AMOC hypothesis, several other mechanisms have
also been mentioned. Through an increase in precipitation together
with iceberg influxes, an abrupt reduction in solar irradiance can
cause a perturbation of the thermohaline circulation (THC), then
may trigger the start of the YD (Renssen et al., 2000). Meanwhile,
Wunsch et al. (2006) proposed that wind shifts associated with the
ice sheet configuration can carry larger-scale ocean circulation
signatures to the North Atlantic Ocean, triggering abrupt climate
change like YD. Clement et al. (2001) indicated that tropical sea
surface temperature (SST) changes related to orbital changes affect
the freshwater export from the tropical Atlantic and THC. Recently,
combined climatemodel simulations with a large number of proxy-
based reconstructions, Renssen et al. (2015) pointed out that the
causes of the YD event are more complex and might be a combi-
nation of the weakened AMOC, anomalous wind shift, and mod-
erate radiative cooling. In addition, the origin of the YD event is also
attributed to an extraterrestrial impact and associated high level of
atmospheric dust (Firestone et al., 2007); however, this hypothesis
has been highly debated by lots of evidence (Cheng et al., 2020;
Pinter et al., 2011).

Paleoclimatic records have suggested that the YD event has
profound impacts on global-scale climate changes. In the NH, there
are cool and dry patterns with different amplitudes inmost regions,
such as the Greenland, Europe, North America (Alley, 2000; Brauer
et al., 1999; deMenocal et al., 2000; Dorale et al., 2010; Genty et al.,
2006; Shuman et al., 2005; Steffensen et al., 2008). However, a
warming trend occurred in speleothem and pollen records in the
Southern Hemisphere, implying the opposite signs between
hemispheres (Hajdas et al., 2003; Moreno et al., 2009). Over the
Asian continent, a large group of evidence suggests that it shows a
relatively low temperature during the YD (Ding et al., 2017; Gasse
and Van Campo, 1994; Morley et al., 2005; Nakagawa et al., 2003;
Park et al., 2014). Sun et al. (2005) and Kubota et al. (2010) reveal
that there has been a cooling of 0.5e1�C in the East China Sea. Based
on the eolian and stalagmite records, a weakened Asian summer
monsoon is consistently suggested during the YD episode (Beck
et al., 2018; Sinha et al., 2005; Wang et al., 2001; Yuan et al.,
2004; Zhou et al., 2014).

Climate model simulations have also been performed to explore
the climatic responses to the freshwater hosting and changing
AMOC intensity, which provides a reference for the climate dy-
namics during the YD event. Manabe and Stouffer (1988) firstly
explored the responses of the freshwater discharge into the North
Atlantic Ocean using a coupled ocean-atmosphere model and
concluded that rapid cooling of climate occurred with meltwater
impulse, which resembles the YD event. THC in themodel weakens,
causing a cool condition over the northern North Atlantic and the
Greenland/Iceland/Norwegian Seas (Manabe and Stouffer, 1997).
Vellinga and Wood (2002) illustrated a cooling in much of the NH
while slightly warm in the Southern Hemisphere after the collapse
of THC in their model. Correspondingly, precipitation is reduced in
most regions of the NH. Significant cooling up to 2�C over Asia and a
southward shift of the Intertropical Convergence Zone (ITCZ) over
2

the Atlantic and eastern Pacific (Dong and Sutton, 2002;
Timmermann et al., 2007; Zhang and Delworth, 2005). Sun et al.
(2012) investigated the influences of the AMOC on the East Asian
monsoon in water-hosting experiments and found a strengthening
winter monsoon and a reduced summer monsoon with a slow-
down AMOC. Recently, Yu et al. (2018) compared the variations of
the East Asian monsoon in perturbed freshwater-hosing experi-
ments with different intensities and proposed that northerly wind
anomalies exist in East Asia in response to strong AMOC
weakening.

In this paper, we mainly explore the evolution of the Asian
climate during the YD, especially the Asian summer monsoon, us-
ing the transient climate simulations since the 21,000 years (TraCE
21ka). The responses of East Asian and Indian summer monsoon
during the YD event and their attributions are evaluated. In section
2, an introduction of the modeling data is given and the whole YD
period is selected. The results are presented in section 3, including
the climate responses in Asia under different forcing. The discus-
sion and conclusion are finally listed in section 4 and section 5,
respectively.

2. Data and methods

The TraCE 21ka experiments are performed by the Community
Climate System Model version 3 (CCSM3) from the National Center
for Atmospheric Research (NCAR), which is a fully coupled
atmosphere-ocean-sea ice-land surface climate model without flux
adjustment (Collins et al., 2006). The experiment set contains a full
forcing simulation (TraCE-FULL) from 22 ka BP to 1990 CE as well as
four single-forcing sensitivity simulations (TraCE-ORB, TraCE-GHG,
TraCE-ICE, TraCE-MWF) of varying lengths, which are driven by the
realistic climatic forcings of orbitally-driven insolation changes,
transient greenhouse gas concentrations, continental ice sheets,
and meltwater fluxes.

In transient experiments, the concentrations of greenhouse
gases (CO2, CH4, and N2O) are adopted from Joos and Spahni, 2008,
and the changes in orbital insolation are derived from Berger
(1978). The ice sheet configurations including the heights and ex-
tents are mainly modified approximately once per 500 years ac-
cording to the ICE-5G reconstructions (Peltier, 2004), aiming to
obtain more realistic coastlines in the model. During the YD period,
the meltwater fluxes are mainly discharged into the St. Lawrence
River and Mackenzie River, and the greenhouse gas concentrations
have subtle changes of less than 10 ppmv. All these simulations are
conducted at the T31_gx3 resolution (Yeager et al., 2005) with an
enabled dynamic global vegetation module. More detailed infor-
mation about the model setup can be found in He (2011) and He
et al. (2013). This modeling dataset has been widely applied in
paleoclimatic studies and proved to give reasonable performance
over Asia (Liu et al., 2012; Shi and Yan, 2019; Wen et al., 2016).

In order to evaluate the response of the Asian climate, we first
examined the evolution of annual surface temperature in the NH
and selected the YD stage (Fig. 1). It is clear that TraCE-FULL
simulation can capture the main characteristics of the climate
fluctuations from the Last Glacial Maximum to the Holocene, in
good agreement with the Greenland ice cores. The time series re-
produces the abrupt cooling and recovery, clearly indicating the
start and the end of the YD event. The AMOC strength also exhibits
synchronous changes with the simulated surface temperature
variation over the NH, indicating the drastic weakening and re-
covery during the YD period. Based on the time of temperature and
summer precipitation variation, the pre-YD and peak YD are
denoted as 13.2e12.9 ka BP and 12.3e12.0 ka BP, respectively, and
their differences (denoted as the mean values of the peak YDminus
the pre-YD) are calculated as the climatic responses. In this study,



Fig. 1. Evolution of simulated and reconstructed climate indices. (a) Northern Hemisphere surface temperature based on TraCE 21ka full-forcing simulation, (b) The simulated
AMOC strength (defined by the maximum of the Atlantic overturning stream function below 500 m depth), (c) d18O from the North Greenland Ice Core Project (Rasmussen et al.,
2006), (d) the East Asian summer monsoon records from the Dongge and Hulu cave stalagmites (Wang et al., 2001; Yuan et al., 2004). The light blue bar represents the Younger
Dryas event. The purple box shows the time stage which is selected in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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the boreal summer months include June, July, and August (JJA)
while the winter is denoted as December, January, and February
(DJF).

Several typical sub-regions in Asia (10e70� N, 60e130� E) are
defined (Fig. 2), including Tibetan Plateau (TP, 25e40� N, 70e105�

E), East Asian monsoon (EA, 25e35� N, 105e130� E), South Asian
monsoon (SA, 10e25� N, 65e85� E), and Central Asian arid regions
(CA, 40e50� N, 60e95� E), respectively. As the main source of the
meltwater discharge, the North Atlantic (NA, 50e70� N, 80�W-20�

E) is also included.
3. Results

The time series of anomalies of the surface temperature and
precipitation over typical sub-regions in the TraCE-FULL simulation
are shown in Fig. 3. Surface temperature and precipitation all show
synchronous variations during the YD but with different ampli-
tudes in each sub-region. The cooling begins at about 13.0 ka BP,
reaches the peak at 12.2 ka BP and recovers to normal. The
3

strongest cooling over NA nearly reaches up to 3.5 �C (Fig. 3a), while
it is similar in Asia and TP with a smaller amplitude of 0.6 �C
(Fig. 3c,e). The variation of summer precipitation anomalies
generally resembles that of surface temperature during the YD
period, and less rainfall changes occur in EA and CA during the YD
period than that in SA (Fig. 3b,f). In SA, it is clear that the precipi-
tation decreases from 13.2 ka BP to 12.3ka BP, with nearly 2 mm
day�1 (Fig. 3d).

The spatial differences between the peak YD and pre-YD in
annual surface temperature and summer precipitation over Asia in
the TraCE-FULL simulation are shown (Fig. 4). During the YD event,
a significant cooling is simulated in the North Atlantic Ocean. The
mid-to-high latitude North Atlantic surface temperature shows
strong cooling with a maximum of about 10 �C. This cooling signal
in North Atlantic spreads downstream throughout Europe and
eventually extends to most of Asia. A cooling center over Greenland
and a warming center over the Barents Sea present a surface
temperature dipole and this dipole pattern is also described in
several freshwater perturbation experiments, which might be



Fig. 2. Locations of the focused regions in this study. North Atlantic: 50e70� N,80�W-20� E; Asia: 10e70� N,60e130� E; Tibetan Plateau: 25e40� N,70e105� E; East Asia: 25e35�

N,105e130� E; South Asia: 10e25� N,65e85� E; Central Asia: 40e50� N,60e95� E. The orange and green dots represent the locations of stalagmite records from Hulu Cave and
Dongge Cave, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Time series of anomalies of annual averaged surface temperature and summer precipitation rate over typical sub-regions during the YD (black line). a, c, e is for surface
temperature of North Atlantic, Asia, and Tibetan Plateau, respectively, b, d, f is for summer precipitation rates of East Asia, South Asia, and Central Asia. The red solid lines represent
the 50-year running mean. Grey shaded boxes show the periods of pre-YD (13.2e12.9 ka BP) and peak YD (12.3e12.0 ka BP). The reference period to calculate the anomalies is
13.5e11.5 ka BP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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related to the location in which the freshwater flux is discharged
(Dahl et al., 2005; Stouffer et al., 2006). The different amplitudes of
cooling occur in Asia while an increasing temperature is simulated
over the Indian subcontinent, similar to the results of Marzin et al.
(2013). A cooling atmosphere results in less precipitation in the
mid-latitude areas of the NH (Fig. 4b). The wind field exhibits
strong northerly and northwesterly wind anomalies from Central
Asia to the northern Indian Peninsula but easterly and southeast-
erly winds over the Arabian Sea, which indicates weakened Indian
summer monsoon (ISM) and decreased precipitation in South Asia
by 0.13e2.22 mm day�1. Anomalous northeasterly winds dominate
over EA, meaning that the EASM is also weakened (Fig. 4b). How-
ever, the precipitation is not consistently suppressed over East Asia
and exhibits a tripole pattern instead. In addition, slightly
decreased precipitation in Central Asia is detected but insignificant
over most of the regions (Fig. 4b).
4

To evaluate the responses of temperature to individual forcing in
the YD event, the spatial characteristics of annual and seasonal
surface temperature are shown (Fig. 5). Basically, there show
similar geographic distributions between the annual, summer, and
winter changes, but with different amplitudes. In the TraCE-MWF
experiment, there is widespread cooling throughout the North
Atlantic to the Eurasian continent with the most significant over
North Atlantic (Fig. 5a). In contrast, the Tibetan Plateau and South
Asia, and the subtropical North Atlantic Ocean experiencewarming,
which is similar to the TraCE-FULL results (Fig. 4a). The cooling
becomes smaller in summer but larger in winter (Fig. 5bec). In the
TraCE-ICE experiment, decreased ice sheets lead to considerable
annual warming over most of the NH regions and the warming has
larger magnitudes over high latitudes than low latitudes (Fig. 5d).
However, remarkable cooling occurs over North Atlantic Ocean. In
summer, there shows more intensive warming in the whole NH



Fig. 4. Changes in (a) annual surface temperature (shaded), (b) summer precipitation rate (shaded), and 850 hPa wind (vectors) in the TraCE 21ka full-forcing simulation during the
YD. Only differences that exceed the 95% significant level are plotted.
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continent (Fig. 5e), but a larger cooling occurs across the North
Atlantic, Europe, and North Africa inwinter (Fig. 5f). Opposite to ice
sheets, the greenhouse gas reduction induces anomalous cooling
over the entire NH in the TraCE-GHG annually and seasonally
(Fig. 5g, h, and 5i), which shows that greater cooling in high lati-
tudes and moderate in low latitudes. From the TraCE-ORB, modest
warming is detected in high-latitude Eurasia while a slight cooling
is in low latitudes (Fig. 5j, k, and 5 l).

The spatial patterns of summer precipitation and 850 hPa
summer wind for individual forcing are shown in Fig. 6, respec-
tively. The meltwater forcing in the TraCE-MWF experiment pro-
duces significantly dry conditions in Asia, especially over South Asia
and East Asia (Fig. 6a), which explains nearly the whole of entire
changes during the YD event (Fig. 4b). The 850 hPa wind vectors
show northerly wind anomalies over East Asia and anomalous
northwesterly in South Asia (Fig. 6b), indicating weakened East
5

Asian and Indian summer monsoon. Unlike the TraCE-MWF, the
changes in summer precipitation are relatively small over Asia in
the TraCE-ICE, TraCE-GHG, and TraCE-ORB (Fig. 6c, e, and 6g). In the
TraCE-ICE, the precipitation significantly increases in northern East
Asia but decreases in the southern regions, which is related to the
wind variations (Fig. 6d). In the TraCE-GHG, the 850 hPa summer
wind anomalies are stronger with anti-cyclonic circulation anom-
alies over subtropical western Pacific (Fig. 6f), however, the pre-
cipitation presents insignificant changes (Fig. 6e). In the TraCE-ORB,
there show southerly wind anomalies in East Asia and anomalous
northwesterly in South Asia (Fig. 6h).

Quantitative contributions of individual forcing to the total
changes of Asian climate in some typical regions are then calculated
(Fig. 7). Over NA, the annual and seasonal surface temperature in
the TraCE-FULL all decreases, and the maximal cooling, up to 7.5 �C
during the winter. Compared to the TraCE-FULL, the TraCE-MWF



Fig. 5. Changes in surface temperature in the TraCE 21ka single-forcing simulation during the YD. (aec) annual, summer, and winter temperature in the TraCE-MWF experiment,
(def) similar with a-c, but for TraCE-ICE, (gei) TraCE-GHG, and (jel) TraCE-ORB, respectively. Dotted show the changes significant at the 95% confidence level.
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temperature has similar but larger variations in NA, suggesting that
the meltwater discharge exerts great influence on surface tem-
perature during the YD. The single-forcing experiments with ice
sheets, greenhouse gases, and orbital parameters produce subtle
temperature changes compared with that with the meltwater flux
(Fig. 7a). Over Asia, a moderate decrease is simulated in the TraCE-
FULL, TraCE-MWF, and TraCE-GHG. In TP, a major decline in tem-
perature happens during the winter but a slight decrease happens
in summer in the TraCE-FULL simulation. However, opposite to the
other two regions, anomalous warming, especially in winter, ap-
pears over TP in the TraCE-MWF (Fig. 7e). Over Asia and TP, the
greenhouse gases also induce temperature declines, which con-
tributes a part to the total cooling in YD (Fig. 7c,e). However, the
warming is seen in the annual and summer mean in the TraCE-ICE,
partly counterbalancing the meltwater-induced cooling. Obvious
summer precipitation changes mainly occur over EA and SA
(Fig. 7b,d) due to the weakened East Asian and Indian monsoon.
Both the TraCE-FULL and TraCE-MWF show stronger negative
anomalies during the YD. Winter rainfall is relatively small and
insignificant in EA and SA except that the TraCE-FULL produces
more precipitation over EA. Over CA, which is dominated by the
westerlies, the changes in precipitation are concentrated in winter
(Fig. 7f) and smaller precipitation is mainly observed in TraCE-FULL,
TraCE-MWF, and TraCE-ICE. For annual and seasonal precipitation,
the TraCE-MWF simulation has nearly the largest decreases, which
indicates that meltwater flux is the most important external forcing
that affects precipitation during the YD.

To further elucidate the mechanism of how North Atlantic
meltwater affects the Asian climate during the YD, we focus on the
6

responses in the TraCE-MWF simulation, and the distribution pat-
terns of sea level pressure (SLP) in summer are given (Fig. 8).
Combined with Fig. 5b, it can be seen that the whole Asia experi-
ences cool conditions except for TP and SA, which shares similar
characteristics with the TraCE-FULL (Fig. 4a). Negative SLP anom-
alies appear over the northwestern Pacific and slightly positive
anomalies are over East Asia. Due to different heat capacities, the
land-sea thermal contrast decreases, resulting in a weaker EASM
circulation. An anomalous cyclonic circulation develops over the
northwestern Pacific (Fig. 8), which is responsible for the anoma-
lous northerly winds over EA (Fig. 6b). In the north of the equator, a
cooling and less precipitation over the eastern tropical Pacific off
the coast of Central America (not shown) while an enhancement of
summer precipitation over the western tropical Pacific (Fig. 6a),
which indicates a strengthened Walker Circulation, and leads to a
weakened EASM and less rainfall (Yu et al., 2009). Strong cooling
appears in the Arabian Peninsula and positive SLP anomalies are
produced. Together with negative SLP anomalies over the southern
Indian Ocean, they result in anomalous surface northerly winds
over the Arabian Sea, weakening the cross-equatorial air stream
and thus the ISM. Additionally, Zhang and Delworth (2005) sug-
gested that the weakening and eastward shifts of the Walker Cir-
culation over the south of the equator can induce weaker ISM and
less rainfall by suppressing convective heating. Meanwhile, due to
the weakened cross-equatorial air stream, less moisture transport
to the SAmay lead to fewer clouds andmore shortwave radiation at
the surface, which explains the warm conditions over SA and sur-
rounding areas (Fig. 5b). In addition, a large cooling occurs over the
subpolar and tropical North Atlantic, and anomalous warming is



Fig. 6. Changes in summer precipitation rate (shaded) and 850 hPa wind (vectors) in the TraCE 21ka single-forcing simulation during the YD. (a, b) TraCE-MWF, (c, d) TraCE-ICE, (e,
f) TraCE-GHG, and (g, h) TraCE-ORB. Dotted and red shaded mean the precipitation and wind differences significant at the 95% confidence level, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mainly located in the subtropical ocean, indicating an anomalous
negative-positive-negative tripole pattern of SST (Fig. 5b). Subse-
quently, a deepening of the Icelandic lowand a strengthening of the
Azores high share a similar structure of positive phases of the North
Atlantic Oscillation (NAO).

The zonal mean deviations of geopotential height at 200 hPa in
the TraCE-MWF are presented (Fig. 9). It is clear that a zonal wave-
train pattern develops across the North Atlantic and Eurasia in the
upper troposphere. An anomalous anticyclonic-cyclonic-
anticyclonic circulation pattern eventually leads to the weakening
high pressure over the Ural Mountain and the Okhotsk Sea (Fig. 9).
These high-tropospheric circulation changes also contribute to the
response of EASM. From a viewpoint of moisture transport, an
anomalous negative moisture flux convergence is simulated over
EA with northeastern moisture flux anomalies (Fig. 10b), combined
with anomalous sinking motion as seen in 500 hPa vertical velocity
(Fig. 10a). Most parts of the Indian Peninsula are dominated by the
anomalous northwesterly winds and strong anomalous sinking
7

motion (Figs. 6b and 10a), which is responsible for the lighter
precipitation there. Over CA, there are positive vertical velocity
anomalies (Fig. 10a), which suppress the rainfall. The winter at-
mospheric circulation has similar patterns to the summer (not
shown), also accounting for the deficits in rainfall.

4. Discussion

The TraCE-21ka results reveal that the whole Asia broadly ex-
periences extremely cool and dry conditions in main response to
the meltwater discharge and subsequent strong cooling in North
Atlantic, which is in general agreement with current proxies. For
instance, Fukusawa (1999) analyzed the records of the varved
layers from Lake Suigetsu and Lake Tougouike and suggested that a
dry and cold climate occurred in inner Asia, reflecting a YD signa-
ture. By evaluating mean effective moisture paleoclimatic records
from monsoonal Central Asia, Herzschuh (2006) found that
“moderate dry” or “dry” conditions of the YD dominated in most of



Fig. 7. Differences in surface temperature and precipitation rates over typical sub-regions in the TraCE 21ka full-forcing and single-forcing simulations during the YD. a, c, e is for
surface temperature over North Atlantic, Asia, and Tibetan Plateau, respectively, b, d, f is for precipitation rates over East Asia, South Asia, and Central Asia. Asterisks represent
differences exceeding the 95% significance level.

Fig. 8. Changes in sea level pressure in summer in the TraCE-MWF during the YD. Only differences that exceed the 95% significant level are plotted.
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northeastern and eastern China. Such cool and dry climate during
the YD episode is also found in pollen records, linking to the shifts
in the elevation of vegetation zones and the changes of vegetation
composition (Chen et al., 2020; Nakagawa et al., 2006; Takahara
8

et al., 2010). Moreover, high-resolution speleothem in the East
Asian monsoon region and pollen records from northern China
have revealed that the EASM intensity becomes weaker (Chen et al.,
2015; Dykoski et al., 2005; Liu et al., 2008; Ma et al., 2012). The



Fig. 9. Changes in zonal deviations of geopotential height (shaded) and winds vectors at 200 hPa in summer in the TraCE-MWF simulation during the YD. Only differences that
exceed the 95% significant level are plotted.
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proxy-based weakened East Asian monsoon intensity during YD is
consistent with the simulated weakened summer circulation, even
not very well with simulated precipitation variation over East Asia.
Although the geological evidence for the ISM is not sufficient,
previous studies indicated that the weakened ISM during the YD
was coherent with the EASM, based on the marine sediments and
stalagmite isotopes (Rashid et al., 2007; Shakun et al., 2007; Sinha
et al., 2005).

Meltwater flux exerts a profound impact on the Asian climate
during the YD, which is considered to trigger this event by slowing
down the state of the AMOC. Alley (2007) believed that an AMOC
weakening might be related to a number of centennial-to-
millennial-scale cool events, including the Heinrich, Younger
Dryas. Various climate model experiments also support the impacts
of the AMOC intensity on global climate through the addition of
freshwater discharge into the North Atlantic (Manabe and Stouffer,
1997; Okumura et al., 2009; Wu et al., 2008). Vellinga and Wood
(2002) explored the climate response to a weakened AMOC and
suggested that a cool condition spreads over large parts of the NH
effectively by the atmospheric circulation, as well as a cooling up to
2 �C in Asia. By analyzing the multi-model ensemble data, Stouffer
et al. (2006) found negative precipitation anomalies and cool sur-
face air temperature in Asia, as a result of decreased AMOC caused
by freshwater input. Our results indicate that the EASM circulation
and ocean-land thermal contrast are both reduced under the
meltwater flux forcing during the YD episode. Similar to our
conclusion, some water-hosting perturbation experiments under
the present-day conditions also found that the weakening of the
AMOC produces northerly wind anomalies over East Asia in sum-
mer, suggesting the decreased EASM (Lu and Dong, 2008; Yu et al.,
2009, 2018; Zhang and Delworth, 2005). These studies have
revealed that the freshwater discharge can affect the EASM through
tropical processes. For example, Yu et al. (2009) show strong
cooling occurring over the North Atlantic and North American
continent, and warming in the south Atlantic, which indicates a
southward shift of the ITCZ, leads to weakened Hadley Circulation
but strengthened Walker Circulation in the tropical Pacific, and
thus induces weaker EASM. Zhang and Delworth (2005) also found
that the northern Pacific exhibits a La Nina-like pattern with a
9

stronger Walker Circulation with the weakened AMOC, as well as a
southward displacement of the ITCZ. Yu et al. (2018) proposed that
the northerly wind anomalies are caused by an anomalous west-
ward SLP gradient between Eurasia and the northwestern Pacific,
which is related to heat flux anomalies in the South China Sea and
the Philippian Sea.

Our analysis confirmed that the meltwater discharge produces
lower surface temperature in the North Atlantic, which exhibits a
tripole SST anomaly pattern, indicating a typical structure of a
positive phase of NAO. And this cooling pattern can remotely affect
the EASM by the modulation of the upper-tropospheric westerlies;
this mechanism also gains support from modern climatic research.
Previous studies have pointed out that a North Atlantic tripole SST
anomaly pattern associated with NAO phase anomalies can excite
the teleconnection from the North Atlantic to Eurasia connecting by
an eastward propagated wave train, affecting the East Asian sub-
tropical front and further EASM (Wu et al., 2009; Zuo et al., 2013).
Zheng et al. (2016) also concluded that the NAO signal can imprint
on contemporaneous SST pattern and further modulate the EASM,
which becomes an important predictor for EASM. Zuo et al. (2013)
found that the meridional location of the tripolar SST pattern is
sensitive to the north-south movement of the NAO center, which
has a potential impact on EASM. Based on model simulations,
Sundaram et al. (2012) indicated that the signals of summer NAO
can affect the EASM through the stationary waves excited at the
Asian Jet entrance during the Marine Isotope Stage (MIS) 13.

Our results have captured the characteristics of the Asian
climate response to North Atlantic meltwater during YD and
emphasized the low and high latitude dynamics of monsoon cir-
culation. However, it should be noticed that uncertainty still exists
in model sensitivity and interpretation of the proxy especially
when the YD-like millennial-scale abrupt climate events are
focused. Our analysis failed to give an exact spatial agreement be-
tween TraCE-FULL precipitation and East Asian stalagmite isotopes.
On the one hand, different inter-model responses during the YD
cannot be ignored. Renssen (2020) pointed out that large un-
certainties are mainly located in the high latitude regions by
comparing five different climate models. The potential reason is
related to uncertainties of the freshwater forcing and the latitude of



Fig. 10. Changes in vertical motion and moisture transport during summer in the TraCE-MWF simulation during the YD. (a) vertical motion at 500 hPa. Negative values represent an
increase in upward motion, (b) integrated moisture flux (vectors) and moisture convergence (shaded). Negative values mean moisture divergence. Only differences that exceed the
95% significant level are plotted.
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the strongest cooling depends on the location of the North Atlantic
Deep Water. Although the relatively realistic forcing conditions are
adopted in the TraCE data, it might still underestimate the cooling
over Greenland and North Atlantic (He, 2011). Previous studies also
indicated different sensitivity of the AMOC and that the responses
of temperature over the northern North Atlantic varied greatly
among models (Stouffer et al., 2006). Based on the modern water-
hosing experiments, the strength of EASM shows different re-
sponses, which depends on the magnitude of the AMOC related to
the freshwater discharge. Yu et al. (2018) figured out that a subtle
weakening of AMOC did not result in the significant changes of
EASM, and the effect on the EASM only took place when the AMOC
weakened more substantially. On the other hand, there still exist
some debates about the interpretation of the cave d18O in Asia
although they are widely used as major proxies to investigate the
10
summer monsoon variations in the past. Cave d18O may mostly
present the large-scale monsoon intensity rather than the amount
of local precipitation (Cheng et al., 2012; Clemens et al., 2010).
5. Conclusions

Using transient climate modeling data over the last 21,000
years, the climate responses, attributions, and potential mecha-
nisms over Asia during the YD episode are investigated in this
study. The results show that the whole Asia experiences cool and
dry conditions and this response is mainly attributed to the melt-
water flux and associated cooling over North Atlantic. Weakened
East Asian and Indian summer monsoon are also found, which can
be explained by a weaker surface land-sea thermal gradient and/or
an eastward wave train pattern from the North Atlantic to Eurasia
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in the upper troposphere. Although the coarsely spatial resolution
of these modeling data may limit the performance of the Asian
climate simulation, our work provides useful insights into the
spatial patterns and dynamics of the millennial-scale rapid Asian
climate change, such as YD and Heinrich events. Future studies by
higher resolution climate models are still necessary to fully assess
how the Asian climate responds to various external forcings and
especially the meltwater discharge.
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