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Arctic sea ice loss warmed the temperate
East Asian winter in the mid-Holocene

Check for updates

Jiang Dong 1,2, Xuefa Shi 1,2 , Haijin Dai 3 , Zhengyao Lu 4 , Xiting Liu 5,
Anatolii S. Astakhov 6, Limin Hu5, Gang Yang1, Yuri Vasilenko 6, Alexander Bosin 6, Jingjing Gao1,
Yanguang Liu 1,2, Jianjun Zou1,2, Zhengquan Yao 1,2 & Anchun Li7

The recent colder winters in midlatitude Eurasia have been proposed to result from Arctic sea-ice
decline. However, large uncertainties remain regarding this link in the present variable climate. Here,
we present ice-rafted debris records from the easternArctic and geochemical data from the temperate
East China Sea to reconstruct Holocene changes in sea ice and the East Asian winter monsoon. Our
reconstructions and climate numerical simulations revealed enhanced Arctic sea-ice decline but
warmer winters in East Asia in the mid-Holocene than in the late Holocene. In the warmer mid-
Holocene, enhanced Arctic sea-ice loss transferredmore heat from intensive summer solar insolation
to the winter atmosphere, suppressing meridional heat transport; thus, less high-latitude cold air
moved to lower latitudes in Asia due to the weakened winter monsoon. Our findings imply that the
colderwinters in East Asiamaynot change the long-term trend towardwinterwarming in the context of
Arctic sea-ice decline.

The present ongoing warming is accompanied by rapid Arctic sea ice
decline and subsequently influences the global climate and triggers
extreme climate events1–3. A contrasting change between the rapid retreat
of summer/autumn Arctic sea ice and the colder winter in midlatitude
Eurasia has been unexpectedly observed in the last two decades against
the background of long-term global warming4, which is referred to as the
“warm Arctic–cold continents” climate pattern5,6 (Fig. 1a). Regression
analysis and climate simulation studies have attributed the colder winter
in midlatitude Eurasia to the rapid decline in Arctic sea ice, likely through
planetary waves, storms, and/or jet streams5–7. However, this link remains
under debate due largely to the limited observation records with large
internal variability within the Arctic and midlatitude climate systems
and/or intermittency of the teleconnections8,9. In addition, this link is also
complicated by climate change at lower latitudes, present human activ-
ities accompanied by increased greenhouse gas concentrations, and the
lagged influences of the prior state of ocean-atmospheric circulation10,11.
Beyond these limited observations, paleoclimate changes during the
warm period of the mid-Holocene (8.2–4.2 ka) can elucidate the effect of
Arctic sea ice decline on the midlatitude winter climate under a long-
term global warming background.

In the mid-Holocene, proxy-based quantitative reconstructions indi-
cate that the summer insolation-driven global temperature was warmer
than that in the late Holocene and recent decades12. Because of Arctic
amplification, Arctic warming was prominent13, and the decline in Arctic
sea icemight have intensified during this warm period14,15. Thus, this warm
condition in the mid-Holocene without substantial impacts from human
activities is an interesting and natural experiment to investigate16,17. On the
one hand, statistical analyses and models indicate that the decline in the
equator-to-pole meridional temperature gradient due to Arctic amplifica-
tion possibly results in a more stable climate in warm intervals than in cold
intervals18,19. As a result, the weaker variances of proxy records in sea ice and
Asian climate in themid-Holocene than in the late Holocene imply that the
relatively weak variabilities on millennial timescales can largely limit the
influences of internal variabilities and the lagged influences of prior atmo-
spheric state dependence20–22. On the other hand, the winter climate in the
cooling core area (i.e., Central Asia and Siberia) is mostly controlled by the
Siberian High and the East Asian Trough (Fig. 1a). Although we cannot
directly reconstruct the midlatitude winter surface air temperature, the
strength of the East Asian winter monsoon (EAWM) can alternatively
indicate the East and Central Asian winter temperatures. The EAWM
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originates in the Siberian High and is also substantially influenced by the
East Asian Trough, which transports cold and dry air southward, fun-
damentally dominating the cold or warm winter climate in East Asia23–25.
In a sense, the EAWM is one of the most important manifestations of the
pressure field of the Siberian High and the East Asian Trough. Because
the intensity of the EAWM is closely and positively linked with the
Siberian High and the East Asian Trough but evolves negatively with
the central Asian winter temperature24,26,27, it can also provide an

independent reconstruction of the winter climate evolution in temperate
Asia. Overall, we focus on Arctic sea ice and EAWM changes on the
millennial timescale of the Holocene, which provides valuable records
that may reveal the link between high- and midlatitude winter climates in
these regions (Fig. 1a).

In the eastern Arctic Ocean, rapid sea ice decline and summer sea ice-
free conditions have been accompanied by global warming from the late
twentieth century to the present1,2. The East Siberian Sea and adjacent seas

Fig. 1 | Observations of Arctic warming andmidlatitude Eurasian colder winters
with insets showing the East Siberian Sea and the East China Sea. a Linear trend of
surface air temperatures in Arctic and Asian winter (December–February) from
A.D. 1989–1990 to 2017–2018. Data from the NCEP reanalysis dataset of surface air
temperature4 (https://psl.noaa.gov/). b, c Core locations in the eastern Arctic Ocean
(upper rectangle in a) and East China Sea (bottom rectangle in a), respectively. The
red and black dots are the gravity cores in this study and the reference cores,
respectively. The mean annual major river sediment load36, winter ocean currents

(lines with arrows)34, and spatial distribution of the Changjiang River discharged
material-dominated distal mud in the Holocene (shaded area, in meters)35, the East
Asianwintermonsoon (EAWM, gray arrows), and the locations of the SiberianHigh
(circle), Chinese Loess Plateau (CLP), Barents Sea (BS), Kara Sea (KS), Laptev Sea
(LS), and East Siberian Sea (ESS) are also shown. The major ocean currents in the
East China Sea include the Kuroshio Current (KC), Taiwan warm current (TWC),
and alongshore current (AC). The TWC is shown as the dotted arrow because it
cannot flow freely in the northern strait in winter.
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are someof themost prominent areas in theArcticwhere the concentration,
coverage, and thickness of seasonal sea ice have decreased, especially in
autumn, resulting in stronger autumn and early winter warming than in
other Arctic seas13,28.Moreover, the East Siberian Sea is an important source
region that net exports seasonal sea ice into theArctic Ocean and influences
basin-scale sea ice development29–31. Thus, the East Siberian Sea is a repre-
sentative area for studying Arctic climate changes based on sea ice recon-
structions (Fig. 1b). In the East Siberian Sea, ice-rafted detritus (IRD) is
primarily concentrated and becomes abundant in sea ice via suspension
freezing during sea ice development; thus, the IRDcanbeusedas a proxy for
sea ice changes29–31.

Similarly, themost prominent surface feature of the EAWM is a strong
northeasterly wind along the East Asian coasts, and the temperate East
China Sea is in the core pathway of the EAWM24,25 (Fig. 1c). On the East
China Sea shelf, the EAWM has driven the alongshore current and has
determined its intensity both in the present and during theHolocene32,33. In
winter, the EAWM develops, and this alongshore current substantially
intensifies with a maximum surface velocity of ~50 cm s−1, transporting
~90% of the Changjiang River freshwater southward along the inner shelf
over a span of ~1000 km (water depth <50m), subsequently increasing the
suspended sediment concentration by up to >300mg L−1 (refs. 33–36). In
the mud area of the East China Sea, long-term observations have recorded
positive correlations among the winter northerly wind (i.e., EAWM), the
southward alongshore current, and the suspended sediment concentration,
but there is a negative link between the northerly wind and surface
temperature37. In summer, a reversed southerly develops. As a result, the
discharge sediment from the Changjiang River is mostly deposited on its
delta and transported northeastward34,35. The suspended sediment con-
centration in the East China Sea inner shelf region is <20mg L−1 because of
the absence of the EAWM in summer34. Thus, the transport and sedi-
mentation of the Changjiang River-dominated suspended material in the
East China Sea inner shelf mainly occur in winter. Therefore, based on the
mechanical differentiation in suspended sediment due to long-distance
transport through the EAWM-driven alongshore current23, the EAWMcan
be reconstructed using the Zr/Rb ratio proxy because the elements Zr and
Rb are concentrated in coarse-grained and fine-grained sediments,
respectively, representing a relatively intensified or weakened alongshore
current27,38.

In this study, we present records of IRD (125–250 μm, grains of
individual minerals and rock debris per gram) from Station LV77-36-1 in
the East Siberian Sea andZr/Rb ratios fromStationECMZ in the East China
Sea to reconstruct Holocene variations in Arctic sea ice and the EAWM,
respectively (Fig. 1b, c,Methods).We focus on the changes in Arctic sea ice
and the EAWM from the mid-Holocene (7.5–4.0 ka) to the late Holocene
(4.0–0 ka), as reworked and recycled shelf sediments cannot be used to
provide useful records in the early Holocene due to rapid sea-level rise39.
Because seasonal sea ice mainly occurs in the eastern Arctic Ocean and
synchronously declines under warming conditions13,28, we also compared
our reconstructions with the overall seasonal sea ice evolution in the eastern
Arctic and the winter climate over Central and East Asia during the
Holocene based on a compilation of published paleoclimate datasets to
reduce the regional limitations of our records (Supplementary Fig. 1).
Finally, in comparison to proxy reconstructions, we further applied
numerical simulations of the Community Earth SystemModel Version 1.0
(CESM1.0) and the Coupled Model Intercomparison Project Version 6.0-
the paleoclimate Model Intercomparison Project 4 (CMIP6-PMIP4) to
model the East Asian winter surface air temperature in the mid-Holocene
and reveal the physical processes underlying the influence of the eastern
Arctic seasonal sea ice on the EAWM (Methods, Supplementary Method,
Supplementary Note, Supplementary Fig. 2).

Our results, combined with a synthesis of the published paleoclimate
dataset, reveal aweakened EAWMduring the period of enhanced decline in
Arctic sea ice in the mid-Holocene, indicating that Arctic sea ice loss could
warm temperate Asian winters on millennial timescales. Although our
results show conditions contrary to those of short-term observations6, these

findings can help in understanding long-term climate processes in the
context of global warming with Arctic sea ice loss.

Results and discussion
Decrease in Arctic sea ice in the mid-Holocene
We first used the IRD proxy to indicate sea ice changes in the East Siberian
Sea during the Holocene (Fig. 2a). In the East Siberian Sea Shelf region, the
terrigenous minerals and rock debris in the 125–250 μm fractions are
interpreted as IRDbecause the sand fraction (>63 μm) varies independently
for the changes in finer fractions, showing different sedimentary processes
for these two size fractions16. Sediment source analysis indicates that the
finer fractionsweredischarged from local rivers and rapidlydeposited,while
the sand fraction was enriched in the sea ice through rising frazil with local
suspended particles during theHolocene16,31,40. In this study, the influence of
authigenic minerals and minerals >250 μm are further excluded from our
IRD records to minimize the effect of icebergs (commonly indicated by
minerals >250 μm) and to focus on Arctic sea ice changes because seasonal
sea ice developed in the eastern Arctic through the middle and late
Holocene15.

Since the mid-Holocene, the IRD content has increased (Fig. 2a).
Moreover, in both the Chukchi Sea29 and Fram Strait (juncture between the
Atlantic and Arctic Oceans)30, the chemical compositions of Fe oxides
suggest that the amount of East Siberia-sourced ice-rafted iron grains has
also increased since the mid-Holocene, and these grains peaked in the late
Holocene.Our IRD records are consistentwith these ice-rafted iron records,
suggesting a decrease in sea ice in the East Siberia Sea and less export by sea-
ice transport in the mid-Holocene than in the late Holocene. In adjacent
deep sea and shelf areas, dinocysts and biomarker records show the
enhanced melting of sea ice and a sporadic occurrence of summer sea ice-
free conditions (<50% sea ice cover)14,15, accompanied by a higher surface air
temperature in themid-Holocene than in the lateHolocene41. In addition, in
the eastern Arctic regions covered by seasonal sea ice, the biomarker IP25
and quartz records from the Laptev Sea42, Kara Sea43, and Barents Sea44,45

increased from the mid-Holocene to the present, suggesting stronger
melting of sea ice in the eastern Arctic spring and summer in the mid-
Holocene than in the late Holocene (Fig. 2a). Therefore, our results, along
with the IRD and biomarker records, reveal a synchronous decline in the
overall seasonal sea ice in the eastern Arctic in the mid-Holocene (Sup-
plementary Fig. 1), which is consistent with stronger Arctic summer solar
insolation in the mid-Holocene than in the late Holocene46 (Fig. 2b).

Weakened EAWM in the mid-Holocene
We also analyzed the Zr/Rb ratio proxy from the temperate East China Sea
to reveal the evolution of the EAWMduring theHolocene (Fig. 2b). Against
the backgroundof noobvious changes in the regional tidal conditions due to
the slight sea level change from themid-Holocene to the lateHolocene32,39,47,
both the Zr/Rb ratio and the grain size data from the East China Sea show
similar increasing trends23. This increasing trend contrasts with the
decreasing changes in East Asian precipitation, the Changjiang River sedi-
ment supply, and the river mouth grain size, and it is also different from the
typhoon changes23,32,48. Thus, based on long-term observations34,37, themost
likely explanation for the Zr/Rb ratio is hydrodynamic differentiation in
long-distance transport through the EAWM-driven alongshore current.

In the East China Sea, the low Zr/Rb ratio reveals a weakened along-
shore current and thus indicates aweakerEAWMin themid-Holocene than
in the late Holocene (Fig. 2b). Moreover, in the southern sea, organic bio-
markers also suggest that more terrigenous biomass was transported
southwestward by the stronger alongshore current during the period of
decreased river discharge in the late Holocene than during the mid-Holo-
cene, which also points to a weakened (intensified) EAWM in the mid-
Holocene (late Holocene)49 (Fig. 2b). In parallel, multiple land records of
loess grain size and dustmass accumulation rate from themidlatitudeAsian
continents also reveal a weakened EAWM with less variability in the mid-
Holocene compared with the late Holocene, which are positively linked to
the weakened Siberian High26,48, but it is negatively related to the higher
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winter surface air temperature in central Asia and southern Siberia derived
from pollen- and mollusk-based reconstructions22,50 (Fig. 2b). These land
records are consistentwithmarine records, and the reconstructedweakened
EAWMalso coincides with the relatively high overall winter temperature of
the boreal midlatitude continent in the mid-Holocene51,52. Overall, the
weakenedEAWMcan revealwarmwinter temperatures inEast andCentral
Asia, which occurred coherently with the enhanced decrease in eastern
Arctic summer sea ice in the mid-Holocene.

Warmwinters in temperate East Asia were driven by Arctic sea
ice loss
In the Northern Hemisphere, winter solar insolation became stronger from
the mid-Holocene to the present46 (Fig. 2b). The relatively higher winter
solar shortwave forcing would have theoretically warmed the East Asian
winter in the late Holocene compared to that in the mid-Holocene53.
However, the proxy-based reconstructed EAWM has intensified since the
mid-Holocene, implying a relatively warm East Asian winter in the mid-
Holocene than in the late Holocene (Fig. 2b). In contrast, the central Asian
warm winter and weakened EAWM occurred synchronously with the
enhanced decline in Arctic sea ice in themid-Holocene (Fig. 2a, b). Because
Arctic sea ice is one of the most important cold air sources of the climate
system, this result implies that there were possible close links between the
enhanced decline in Arctic sea ice and the EAWM (i.e., East Asian warm
winter) in the mid-Holocene.

Previous studies based on Chinese loess records and CESM transient
simulations indicated that the intensified EAWM has resulted from

decreased annual mean atmospheric temperatures and solar insolation in
the middle and high latitudes and increased Arctic sea ice since the mid-
Holocene48,54. The annual warming in the middle and high latitudes coin-
cided with intensified summer solar insolation, but it was restrained by
weakened winter radiation in the mid-Holocene (Fig. 2b). In the Arctic,
proxy-based reconstructions of the enhanced decrease in eastern Arctic sea
ice occurred mainly in summer and spring, which was primarily driven by
intensive summer solar insolation in the mid-Holocene14,42–44 (Fig. 2). In
contrast, Arctic solar insolation was approximately zero in winter
throughout the Holocene46; thus, the annual Arctic heat flux was also
dominated by summer solar insolation. Previous studies based on idealized
paleoclimate model simulations have indicated that Arctic summer heat
could persist into winter due to the enhanced decline in sea ice and com-
pensate for or even exceed that of weakened solar heat forcing in boreal high
and middle latitudes, extending to ~50° N in the mid-Holocene winter55,56.
Thus, the positive thermal anomaly in Arctic winter due to summer sea ice
loss may change the global heat redistribution and related variations in
atmospheric circulation, which may have been important in regulating the
East Asian winter and the EAWM change in the mid-Holocene.

Our CESM sea ice sensitivity simulations modeled the enhanced
decline in sea ice in the mid-Holocene to first demonstrate the associated
processes of seasonal heat absorption and release (Fig. 3). Themagnitude of
the Arctic sea ice concentration reduction simulated by the CESM is con-
sistent with the results of a compilation of Arctic sea ice reconstructions,
indicating that the summer sea ice decline occurred mainly in the eastern
Arctic Ocean (Supplementary Fig. 1). As a result, the eastern Arctic surface

0 1 2 3 4 5 6 7 8 9
Age (ka)

0

3

6

9

20
16
12
8
4

16

12

8

4

3

2

1

0

6

4

2

0

2
1.6
1.2
0.8
0.4

80

60

40

20

32
28
24
20
16

a
Mid-HoloceneLate Holocene

?

?

0 1 2 3 4 5 6 7 8 9
Age (ka)

1350
1400
1450
1500
1550

0

1

2

-24
-22
-20
-18

25
20
15
10
5

1.3
1.2
1.1

1
0.9

12

8

4

00.8

1.2

1.6

2

360
380
400
420
440

b

Event-forced
sand layers

Mid-HoloceneLate Holocene

?

ΔThermal energy

-1
IR

D
 (1

0 
co

un
ts

 g
)

LV
77

-3
6

-1
IP

/T
O

C
 (u

g 
g

)
25

PS
51

/1
54

-3
 

-1
IP

/s
ed

. (
10

ug
 g

)
25

BP
00

-3
6/

4
Sp

SI
C

 (%
)

N
P0

5-
11

-7
0G

C

Q
ua

rtz
 (%

)
PS

h-
51

59
N

-3
 

-1
IP

/s
ed

. (
10

ug
 g

)
25

BP
99

-0
4/

7
-1

IP
/T

O
C

 (u
g 

g
)

25

PS
51

/1
59

D
in

oc
ys

ts
2

-1
(1

0
 c

ou
nt

s 
g

)
PS

87
/0

79
En

ha
nc

ed
 m

el
tin

g 
of

 A
rc

tic
 s

ea
 ic

e
W

ea
ke

r E
AW

M
 a

nd
 w

ar
m

er
 w

in
te

rs
-2

In
so

la
tio

n
(W

 m
)

JJ
A,

 7
5°

 N
Zr

/R
b 

ra
tio

EC
M

Z
N

or
m

al
iz

ed
 M

G
S

C
LP

W
in

te
r t

em
p.

 (°
C

)
KT

K1

-2
In

so
la

tio
n

(W
 m

)
D

JF
, 4

5°
 N

H
op

an
e

3
-1

(1
0

 n
g 

g
)

YJ

-2
-1

M
AR

 (g
 c

m
 k

a
)

Yi
li 

Ba
si

n
W

in
te

r t
em

p.
 (°

C
)

Y a
ox

ia
n

Fig. 2 | Proxy-basedArctic sea ice decline versus temperate Asianwarmwinters in
themid-Holocene. a Reconstruction of the enhanced decline in eastern Arctic sea
ice in the mid-Holocene (green band). These reconstructions are based on the
IRD in the East Siberian Sea (this study), micropaleontological records in the
adjacent deep sea14, organic geochemical records in the Laptev Sea42, sea ice
biomarkers in the Kara Sea43, and the quantitative spring sea ice concentration
(SpSIC)44 and quartz percentage in the Barents Sea45. b Solar insolation and East
Asian warm winter in the mid-Holocene. Compared with that in the late
Holocene, solar insolation in the Arctic summer (June+ July+ August, JJA, 75°
N) increased, while solar insolation in the midlatitude winter (December+

January+ February, DJF, 45° N) decreased in the mid-Holocene46. The recon-
structions of the East Asian winter monsoon (EAWM) and the related weakened
Siberian High and midlatitude Asian warm winters are based on geochemical
(this study) and organic biomarkers in the East Asian marginal seas49, the stacked
normalized mean grain size (MGS) from the Chinese Loess Plateau (CLP)48, the
stacked dust mass accumulation rate (MAR) from the Yili Basin in central Asia26,
and the quantitative winter surface air temperature based on pollen records from
southern Siberia50 and mollusk data from the CLP22. The short lines with dots
and triangles are age points with 2-sigma uncertainties. The question marks
represent outliers.
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Fig. 3 | Simulated winter heat and air changes due to Arctic sea ice decline.
aChanges in sea ice (SIC, gray line), surface air temperature (SAT, orange line), short
radiation (SW, blue line), and seasonal heat storage (SHS, green line) in Arctic
winter. bWinter anomaly of the westerly jet (vector) and zonal velocity disturbance
(shaded color, indicates the planetary wave) at 200 hPa in the 0.8 A experiment. The

significance and comparison of winter zonal velocity disturbance in the 0.8 A and
CTRL experiments are shown in Supplementary Fig. 4. cAnomalies of surface wind
(vector) and heat transport (UVT, shaded color) in winter. d Positive anomaly of
surface air temperature in winter. All the changes were analyzed with Student’s t test,
with confidence levels greater than 95%.
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albedo decreased (Fig. 3a, gray line), and more shortwave radiation was
absorbed at the sea surface, which reached amaximum in summer (Fig. 3a,
blue line). Most of the additional shortwave radiation was stored in the
upperocean layer and/or in the shelf bottomwater, resulting in anomalously
increased temperatures from summer towinter in thesewater layers2,57, thus
forming additional seasonal heat storage (Fig. 3a, green line, Supplementary
Fig. 3). The additional seasonal heat storage could have discharged after
summer andwarmed the surfaceArctic, causingArcticwarming to reach its
maximum in autumn andwinter (Fig. 3a, orange line). In autumn and early
winter, additional seasonal heat was released from the upper ocean layer via
strong vertical mixing because more water was directly driven by surface
winds due to less sea ice cover58–60 (Fig. 3a, gray line). In mid-late winter,
when the eastern Arctic was covered by sea ice, the decreased sea ice
thickness due to a longer period of sea icemelting could have also enhanced
the release of additional seasonal heat storage from the upper ocean layer via
surface upward sensible heat flux, increasing the Arctic winter surface air
temperature61. Hence, the CESM-simulated results are consistent with
observations2,57, indicating that the enhanced decrease in eastern Arctic sea
ice increased the heat flux transferred from the ocean to the atmosphere in
the mid-Holocene winter.

Based on the heat transfer across seasons, our results of CESM climate
model simulation further verify the influence of the enhancedArctic sea ice
decline on the East Asian warm winter by heat redistribution and related
atmospheric changes. Because the simulated degree of eastern Arctic
warming agrees well with the pollen-based quantitative reconstructions of
the eastern Arctic winter temperature in the mid-Holocene62, our CESM
simulations provide a representative situation in the mid-Holocene. The
relatively increased upward release of the eastern Arctic heat flux and the
warmer Arctic surface air in winter suppressed the meridional heat trans-
port from low tohigh latitudes, andmore heatwas trapped at lower latitudes
(Fig. 3b, c). Because the local climate feedbacks at low latitudeswere stronger
than those at middle latitudes, such as the positive feedbacks of water vapor
and cloud feedback63, a larger (smaller) temperature increase tended to
occur at low (middle) latitudes (Fig. 3d). As a result, the increased mer-
idional temperature gradient between the low and middle latitudes inten-
sified the westerlies, which was inferred from the thermal wind theory
(Fig. 3b–d). This result can be further supported by the enhanced westerlies
in the mid-Holocene, which are indicated by the dust mass accumulation
rate and dust grain size in the northwest Pacific Ocean64,65. The faster
background flow increased the frequency of the quasistationary planetary
wave and dampened its activity according to the dispersion relation of the
Rossby wave and the energy formula of the Rossby wave, respectively
(Fig. 3b, shading, Supplementary Fig. 4). The decreased planetary wave
activity weakened the East Asian trough and the Siberian High (Supple-
mentary Fig. 5), resulting in southerly anomalies in northern East Asia and
eastern Siberia (north of ~35° N, east of ~115° E) (Fig. 3c). Therefore, the
EAWM weakened, and less cold air was carried from the Arctic into the
lower latitudes, resulting in warmer winters in East and Central Asia in the
mid-Holocene (Figs. 2 and 3d).

Based on the compilation of proxy reconstructions for sea ice, the
EAWM, and East and Central Asian winter temperatures in the Holocene,
as well as climate model simulations (Figs. 2 and 3), our results contradict
observations over thepast twodecades (Fig. 1a).Aprevious studyusing only
the same atmosphere model, Community Atmospheric Model Version 5
(CAM5), found that Arctic sea ice decline might cool themidlatitude Asian
winter through weakening of the stratospheric polar vortex66. However, the
winter stratospheric polar vortex is highly nonlinear by itself, and it can also
be influenced by multiple factors from different latitudes and solar heat
input10,66. Arctic warming can also result in stronger westerly winds and a
strongly confined polar vortex through deepening the Arctic surface low-
pressure center and increasing themidlatitude-Arctic pressure gradient and
thus fewer cold outbreaks to the midlatitudes11. A result based on a high-
resolution transient simulation using a similarmethodwithCAM4 revealed
a weakened EAWM that was statistically significant in the mid-Holocene,
implying East Asian warmer winter temperatures in the context of Arctic

warming in the mid-Holocene than in the late Holocene54. In this study,
Arctic sea ice and the ocean and atmosphere from different latitudes,
including CAM5, but without drastic changes in ocean circulation, were
comprehensively analyzed via coupled CESM1.0 sensitivity simulations.
Compared with previous findings, our results reveal a “warm Arctic–warm
continents” climate pattern and further illustrate the detailed physical
processes underlying the function of enhanced Arctic sea ice decline in
warming the East Asianwinter via wave-mean flow interactions in themid-
Holocene based on coupled simulations and proxy records (Fig. 4).

In addition, we noted that sea ice loss in different Arctic seas (e.g., the
Barents-Kara Seas vs. Chukchi-Bering Seas) probably leads to contrasting
impacts on tropospheric circulation in the Northern Hemisphere67. Thus,
there is uncertainty about Arctic-Asian climate links inferred from only
single-coreHolocene records, althoughourproxy records are representative
of Arctic warming and a weakened EAWM in the mid-Holocene. In this
study, to limit this uncertainty and the spatial heterogeneity of the influence
of sea ice in different Arctic regions, overall sea ice loss in the eastern Arctic
was analyzed in our climatemodel simulations because of the simultaneous
decline in sea ice in the mid-Holocene (Supplementary Fig. 1). Hence, we
focus on the overall effect of the decrease in easternArctic sea ice on the East
Asian winter climate.

Overall, from the perspective of seasonal heat transfer due to the
change in Arctic sea ice and its connection to climate processes, the
results of synchronous changes in Arctic sea ice loss and the weakened
EAWM from the inversion of multiple proxy-based reconstructions and
forward modeling of climate simulations suggest that the enhanced
decline in Arctic sea ice warmed the East Asian winter on a millennial
timescale under mid-Holocene warming conditions (Fig. 4). Although
the major reasons for the warm Arctic differ between the mid-Holocene
and the present day, the contributions of global climate warming and
enhanced Arctic sea ice loss are similar. In the case of the mid-Holocene
without the rise of greenhouse gases, our findings highlight the role of
enhanced Arctic sea ice decline in inducing East Asian winter warming.
These results imply that the observed short-term occurrence of severely
cold winters in East Asia may not change the long-term trend toward
warming conditions in winter in the context of Arctic sea ice decline.
Therefore, our findings have important implications for assessing climate
change at middle and high latitudes related to Arctic sea ice decline under
warmer-than-present boundary conditions.

Methods
Materials and age models
Two sediment cores were collected in this study. In September 2016, sedi-
ment coreLV77-36-1 (155.66°E, 74.10°N)was collected in the low-gradient
East Siberian Sea shelf region at a water depth of 36.0m by the vessel R/V
“AkademikLavrentiev”. The recoveryof this core sedimentwas 376 cm, and
it was mainly composed of mud without obvious sedimentary structures16.
In September 2015, sediment core ECMZ (122.17° E, 28.5° N)was collected
on the temperateEastChina Sea shelf at awaterdepthof 40.0 mby the vessel
“Kan 407”. The length of the uppermud sediment in this core was 1546 cm,
and it was alsomainly composed of silt and clay68. Both core sediments were
deposited mainly in a shallow sea environment16,68. Notably, event-forced
sand layers were identified at lengths between 1450 cm and 1350 cm in the
sediment coreECMZ,whichwasunable toprovideuseful reconstructions to
indicate the alongshore current and related climate changes because they
were largely reworked and recycled32. Overall, the absence of erosion sur-
faces and thegradual changes in sediment composition suggest that themud
sediment in both coreswasnot distinctly affectedby reworkedorunderlying
older deposits except at lengths between 1450 cm and 1350 cm in the
sediment core ECMZ. Accordingly, the sedimentary strata provide con-
tinuous records from the eastern Arctic and temperate East China Sea to
reveal the variations in sea ice and the EAWM.

The age models of the core sediments were reconstructed based on
accelerator mass spectrometry 14C dating of twelve bivalve shells and ten
mixed benthonic foraminifera shells in the 63–250 μm fraction in cores
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LV77-36-116 and ECMZ32, respectively. In this study, we updated the age
models based on the Marine 20.14 C dataset via Calib 8.2 software (http://
calib.org/calib/)69. The local reservoir ages (ΔR) were also referenced in the
age calibrations and calculations, which were set at a value of −121 ± 76
years in the temperate East China Sea70–72 and −95 ± 61 years in the East
Siberian Sea and the Laptev Sea73. The interpolated ages under a 95%
confidence interval were estimated using Clam 2.2 via R software74. In
addition, the ages of the core surficial sediments (0 cm) were set as the years
of core collection based on the 210Pb and 137Cs data75,76. The results suggest
that both our cores provide sufficient sedimentary records to reconstruct the
histories of Arctic sea ice and the EAWM from ~7.5 ka to the present
(Supplementary Fig. 6).

IRD
Based on the reconstructed age-depth model of core LV77-36-1,
77 samples at intervals of ~100 years were selected to obtain IRD
records. These samples were first dried in an air oven for 48 h at
60 °C and then weighed. Afterward, the samples were water-sieved
using a 63 μm mesh. Thus, the coarse fractions (>63 μm) were iso-
lated. These dried coarse fractions were repeatedly sieved using
125 μm and 250 μm meshes. Subsequently, the grains in the
125–250 μm fractions were observed and identified under a ZEISS
Stemi 2000 stereoscope with reflected light in the laboratory at the
First Institute of Oceanography (Qingdao). In this study, terrigenous
individual minerals or rock debris (composed of two or more dif-
ferent minerals) in the 125–250 μm fraction were identified as IRD,
while authigenic minerals (e.g., pyrite and gypsum) were not iden-
tified as IRD because their formation depends on multiple geo-
chemical and biochemical processes internal to the seas77,78. In
addition, very coarse grains (>250 μm fractions) were not identified
as IRD to indicate seasonal sea ice changes because they were pos-
sibly influenced by iceberg transport in geological history30. Finally,
the number of IRD grains was divided by the corresponding dry
unsieved bulk weight to calculate the IRD counts per gram for
comparison.

Zr/Rb ratio
Based on the reconstructed age-depth model of the core ECMZ, the geo-
chemical compositions of 76 samples collected at intervals of ~100 years
were analyzed to calculate the Zr/Rb ratio. After digesting these bulk sam-
ples with a concentrated mixture composed of HNO3 and HF in Teflon
vessels, the element contents were measured by applying a thermal iCAP
RQ ICP–MS system at the First Institute of Oceanography. The errors
calculated by replicate measurements were <5%.

CESM Arctic sea ice sensitivity simulations
Because Asian climate change could have been remotely influenced by
Arctic climate change during the Holocene, we performed sensitivity
simulations and prescribed sea-ice parameters in the model simulation to
elucidate this remote Arctic forcing, which was relevant to the decline in sea
ice. Using the CESM transient simulation, the reconstruction of a weakened
EAWM in the mid-Holocene was consistent with proxy records54, and
relatively low Arctic sea ice concentrations could also be simulated by
decreased surface albedo to reflect intensive summer solar insolation in the
mid-Holocene, which was closely related to heat absorption and transfer
across seasons55,58–60. In this study, we also employed CESM1.0 to further
trace the physical processes of climate variability and change via sensitivity
simulations79, which were composed of a spectral atmospheric model
(CAM5, with 26 vertical levels)80, a land model (CLM4)81, a tripolar-grid
ocean model (POP2, with 60 vertical levels)82, and a sea-ice model
(CICE4)83. CESM1.0was runwith a grid spacing of 3.75° for the atmosphere
and land models and ~3.0° for the ocean and sea-ice models. Based on the
quantitative and semiquantitative reconstructions of Arctic seasonal sea ice,
the period of eastern Arctic sea ice cover with >50% concentration in the
mid-Holocenewas ~0.8 times greater than that in the lateHolocene14,15, and
the general ocean circulation did not largely change under this background
according to model studies58–60. To study the influence of the decrease in
easternArctic sea ice on the EAWMthrough heat redistribution and related
atmospheric changes, we completed a 2000-year preindustrial control run
(CTRL) and a 500-year surface albedo perturbation run (0.8 A) using
CESM1.0. During 1501–2000, 0.8 A was “parallel” to CTRL, with the same

Pacific OceanArctic Ocean Eurasia continent

Increased summer insolation

Increased absorption
of summer solar heat

Increased upward
release of summer heat

Increased release of
polar heat in winter

Arctic sea ice decline

Weakened SH and EAWM
Warm winters 

Intensified Westerlies More heat trapped
in lower latitudes

southerly anomalies

Weakened EAT

Fig. 4 | Influencing mechanism of Arctic sea ice decline on warm East Asian
winters in the mid-Holocene. In the mid-Holocene, the decrease in Arctic sea ice
enhanced the absorption of summer solar heat input. This heat was stored in the
upper Arctic seawater in summer and released, increasing the heat flux from the
ocean to the atmosphere and thus suppressingmeridional heat transport from low to

high latitudes in winter. As a result, the increased meridional temperature gradient
between the low and middle regions intensified the westerlies, suppressing the
Rossby wave. This weakened the East Asian trough (EAT) and the Siberian High
(SH), generating southerly anomalies. Thus, the temperate Asian winter warmed
due to the weakening of the East Asian winter monsoon (EAWM).
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initial conditions at the end of 1500, while the surface albedo (for shortwave
radiation) over the (global) ice-covered oceanwas set to 0.8 times its original
value (only the surface albedo in the ocean model was revised artificially).
The surface albedo in other parts of the coupled climate model was not
revised artificially. CO2 was fixed at 284.7 ppmv, and all orbital parameters
were fixed at preindustrial conditions for simplicity and to focus on the
impacts of Arctic sea ice melt. The 0.8 A reached quasiequilibrium after the
500-year integration. Thus, we focused on the equilibrium responses using
the monthly averaged fields over the last 200 years of integration. All the
changes were analyzed with Student’s t test, with confidence levels greater
than95%.More importantly, our 0.8 Asimulated results coincidedwellwith
the proxy-based Arctic sea ice conditions and pollen-based records of
eastern Arctic winter temperature anomalies in the mid-Holocene62 (Sup-
plementary Fig. 1), further increasing the confidence of the CESM simu-
lations of midlatitude Eurasian climate responses to Arctic sea ice in the
mid-Holocene.

Data availability
The sourcedata of themarineproxy records in this study are available online
at https://doi.org/10.17632/7rhys776cp.1.
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