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Impact of orbitally-driven seasonal insolation
changes on Afro-Asian summer monsoons through
the Holocene
Chi-Hua Wu 1✉ & Pei-Chia Tsai1

Understanding what drives a shift of the Afro–Asian summer monsoons from the continents

to oceanic regions provides valuable insight into climate dynamics, changes, and modeling.

Here we use data–model synthesis to focus on the differential seasonal responses of solar

insolation and monsoons to orbital changes in the Holocene. We observe coordinated and

stepwise seasonal evolution of summer monsoons across the mid-Holocene, suggesting the

strengthening of the midlatitude jet stream as a bridge in the upper troposphere. Prior to the

mid-Holocene, insolation had decreased considerably in early summer; the continental

monsoons migrated southeastward, which corresponded to a more pronounced rainy season

in coastal East Asia. In late summer, insolation did not decrease until the mid-Holocene. The

continued weakening of the continental monsoons, combined with weakened insolation,

rapidly enhanced the intrinsic dynamics over East Asia–Western North Pacific and acceler-

ated a large-scale migration of the monsoon, suggesting orbital control of seasonal diversity.
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Presently, the Afro–Asian summer monsoons have distinct
timing onsets with a large range from late May to late
July1,2, following seasonal evolution of solar insolation and

the mechanistic connection of the monsoons. Generally, interior
heating drives the summer monsoons over South and East Asia in
late spring to early summer, characterized by an inland or high-
land control of the monsoon. The evolution of the Western North
Pacific (WNP) high and East Asian monsoon can be identical to
the advancement of the South Asian monsoon, and the upper
tropospheric circulation can be considered as a bridge connecting
the monsoons3. In late July, the atmospheric circulation and
precipitation enter another monsoon phase across West Africa,
South Asia, and East Asia–WNP, corresponding to the develop-
ment of the subtropical and oceanic monsoons1. In view of the
seasonal variation of the upper tropospheric intercontinental
anticyclone (with its center on South Asia, also recognized as the
South Asian high4), which follows and influences underlying
summer monsoon advancement, we may consider the Afro–Asian
monsoon circulation as a system; also, the monsoonal climatology
can be comparable between early summer and late summer, as the
periods 15 May–15 June and August compared in this study. To
explore what drives a shift of the Afro–Asian summer monsoons
from the continents to oceanic regions (i.e., a comparison between
early and late summer), we investigated the asynchronous Holo-
cene evolution of the monsoons and focused on whether the
seasonal differences in insolation between early and late summer
would cause shifting patterns of the monsoons.

In the early Holocene, higher northern hemisphere summer
insolation driven by the precession minimum and high obliquity
enhanced and shifted continental monsoons farther norward over
the Afro–Asian region5–8, and correspondingly, the WNP high was
stronger and expanded westward, suppressing the WNP monsoon
trough9. In response to the reduction in northern hemisphere
summer insolation due to orbital forcing, the Afro–Asian monsoon
circulation weakened and migrated southeastward during the
Holocene10; the monsoons were enhanced over subtropical and
oceanic regions, suggesting that continental confinement with
inland or highland origins was no longer typical of summer
monsoons. As will be shown in this study, the orbitally-enhanced
subtropical and oceanic monsoons would be seasonal. However, few
studies have focused on differential responses of a monsoon system
to seasonal orbital forcing on insolation changes11.

The mechanistic connection of the monsoons has been con-
sidered in some of the leads and lags between insolation and
various monsoon proxies12–15. In addition, studies suggest that
oceanic contributions16–18 and the interconnected nature of
monsoons could be responsible for the major and potentially
abrupt migration of the monsoons10,19. Related studies have
focused on a see-saw relationship of the East Asian–Australian
summer monsoon in the Holocene20 and Saharan desertifica-
tion7,21. According to Wu, et al.9, in the early Holocene, the
subtropical and oceanic monsoons were suppressed because of
the synchronous strengthening of the continental monsoons and
the WNP high, while the effect of the midlatitude circulation
changes on the WNP monsoon was weak. The development and
even formation of the subtropical and oceanic monsoons, invol-
ving the seasonal intrinsic dynamics over East Asia–WNP, might
shed light on the rapid shift of large-scale monsoon patterns in
the Holocene. It further motivated this study to investigate
whether the strengthening of the oceanic monsoons contributed
to the abrupt monsoon circulation change.

Results
Asynchronous seasonal and regional changes. Research has
suggested that the early-to-mid-Holocene monsoons intensified

and shifted northward over West Africa and Asia compared with
their present-day conditions7,10,17. Proxy data have further sug-
gested asynchronous pattern shifts in precipitation around the
mid-Holocene. As the cave and marine core oxygen isotopes in
Fig. 1 indicate (see the “Materials and methods” section for cal-
culation of the trend, and Supplementary Tables 1–2 and Sup-
plementary Fig. 1 for further details of the 14 proxy datasets used
in this study), the climate was getting drier across 7 ka before
present (BP) (Fig. 1c, d) over the Arabian Peninsula, the south of
the Tibetan Plateau, and part of Northeastern Asia, apparently
following the southward retreat of the monsoons. In contrast to
the land regions that became drier, coastal East Asia throughout 7
ka BP and the South China Sea and subtropical WNP throughout
5 ka BP (Fig. 1e–f) became wetter. The climate modeling results,
illustrated also in Fig. 1, suggested that the regional precipitation
response to orbital changes, in particular over East Asia–WNP,
may be related to the seasonal insolation changes between early
and late summer.

Throughout 7 ka BP, when the dry tendency expanded
southward over the Arabian Peninsula, south of the Tibetan
Plateau, and Korea, the wetting trend of the oxygen isotopes was
considerable over India and subtropical East Asia. This is closely
related to the strengthening and even formation of the present
style of the early Asian summer monsoon in early summer (15
May–15 June), as characterized by the Meiyu–Baiu season and
the Bay of Bengal monsoon (increase in precipitation and
intensification of cyclonic/negative streamfunction in the lower
troposphere, Fig. 1a, c). By contrast, throughout 5 ka BP, the
wetting trend over the South China Sea and subtropical WNP can
be attributed to the weakening of the WNP high in early summer
(anomalously cyclonic streamfunction, Fig. 1e) and the strength-
ening of the WNP monsoon trough in August (Fig. 1f). The
climate modeling results suggested that the orbitally driven
changes in the monsoons may vary by season.

To explore whether the difference in dynamical response
between early summer and late summer, including the position of
the WNP high and monsoon–midlatitude relationship in
particular, would contribute to the asynchronous evolution of
monsoons, we separately applied empirical orthogonal function
(EOF) analysis on precipitation and dynamical fields in the lower
and upper troposphere in 15 May–15 June and August (Fig. 2).
The results suggested that major changes during the Holocene (11
ka BP to the present day) occurred before 4 ka BP in early summer
(Fig. 2d) and after 7 ka BP in late summer (Fig. 2h). A change
opposite to that seen in the early-summer evolution in the early-
to-mid Holocene may have occurred since 4 ka BP (see below).

In the early and middle Holocene (11–4 ka BP), with respect to
the early-summer monsoons, precipitation increased over the
northern Arabian Sea, Bay of Bengal, and coastal East Asia,
including the south of Japan, whereas it decreased over West
Africa (Fig. 2a). At the same time that the precipitation changes
occurred, anomalous anticyclonic/positive streamfunctions were
visible over North and West Africa, the Arabian Peninsula, and
West and central Asia, corresponding to the reduced precipitation
in the Sahel and Middle East as well as a retreat of the South
Asian summer monsoon (Fig. 2b). By contrast, anomalous
cyclonic streamfunctions occurred over South Asia and East
Asia–WNP, implying an increase in intensity of subtropical
monsoons (closely related to the position of the present-day
early-summer monsoons) and weakening and eastward retreat of
the WNP high. In the upper troposphere, the westerly jet stream
shifted southward, strengthened over subtropical regions, and
exhibited a southwest–northeast tilt (Fig. 2c), corresponding to
the large-scale contrast in lower tropospheric streamfunctions.
The early-summer monsoon changes can be clearly identified
prior to and around the mid-Holocene.
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Regarding the monsoons in late summer, with prominent
changes during the mid-Holocene (6–4 ka BP), precipitation
decreased over Africa, the southern Tibetan Plateau, and the
Maritime Continent and increased over subtropical Asia and the
WNP (Fig. 2e). The reduced precipitation in the Sahel and the
retreat of the WNP high remained considerable (Fig. 2f).
Differing from the anticyclonic streamfunction anomalies over
West and central Asia (40°E–100°E) in early summer, the
streamfunction in late summer exhibited a cyclonic anomaly over
the region. In the upper troposphere, the westerly jet stream
increased markedly over East Asia–WNP (Fig. 2g), corresponding
to a sizable change in the lower tropospheric streamfunctions. As
a major dynamic factor of the subtropical monsoons, the low-
level westerly flow weakened over Africa and strengthened over
the Indian Ocean and WNP (refer to Fig. 4d–f). The changes in
oceanic monsoons can be clearly identified in the mid-Holocene,
which critically brought the broad-scale and seasonal monsoon
pattern closer to its present-day condition.

Monsoon dynamics, such as the strength of the monsoon flow
over Africa, South Asia, and East Asia, consistently reveal a
seasonal contrast in the Holocene evolution. A change occurred
in the continental monsoons in early summer prior to the mid-
Holocene, followed by a comprehensive (including late-summer
monsoons) and even pronounced change in larger-scale circula-
tion in the mid-Holocene. Associated with the seasonally lagged
Holocene change, the difference between late summer and early

summer was most pronounced around the mid-Holocene
(Supplementary Fig. 2).

Orbitally-driven seasonal insolation changes. Because perihe-
lion occurred in July in the early Holocene and shifted to late
August by 6 ka BP16, the solar insolation changes could be sea-
sonal. Compared with the early-Holocene state at 11 ka BP, the
decrease in northern hemisphere insolation has occurred and
intensified in early summer since the early Holocene, and the
insolation change is more apparent prior to than after 4 ka BP
(Fig. 3). In late summer, the decrease in insolation occurred a few
thousand years later. As shown in Fig. 3b, the insolation in
August along 30°N mostly increased prior to approximately 7 ka
BP. It appears that the contrasting seasonal insolation changes
have given support to the major changes in the atmospheric
circulation and precipitation as the EOF analyses indicate. A
further analysis has confirmed that the changes in atmospheric
heating and geopotential heights, particularly those associated
with continental monsoons (Africa and South Asia), followed well
after the seasonal insolation changes (Supplementary Fig. 3).

The changes in the insolation between seasons can be also
considerable during the Holocene. At 11 ka BP and 30°N, the
insolation was approximately 50Wm−2 higher during early
summer than late summer (i.e., 15 May–15 June versus August,
Fig. 3b). In the early Holocene between 11 ka BP and 7 ka BP, the

Fig. 1 Pattern shifts in data model synthesis. Simulated precipitation (shaded, mm day−1) and streamfunction at 850 hPa (contours, 106 m2 s−1) in a 15
May–15 June and b August in the present. c, d Changes in simulated precipitation and the 850-hPa streamfunction from 8 ka BP to 6 ka BP in c 15 May–15
June and d August. e, f Same as c, d except for 6 ka BP to 4 ka BP. The thick contour lines denote differences in streamfunction with a confidence level of
90% (Student’s t-test). Only the differences in precipitation with a confidence level of 90% are shown. Black squares/red dots denote the area getting
drier/wetter across c, d 7 ka BP and e, f 5 ka BP.
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seasonal variation of insolation diminished rapidly associated with
the contrasting insolation changes (i.e., the decrease in early
summer and the increase in late summer). The subtropical
insolation contrast in early relative to late summer reached a
quasi-equilibrium state with approximately 15Wm−2 in differ-
ence around the mid-Holocene, corresponding to a synchronously
seasonal decrease in insolation. During the late Holocene, because
the insolation continued to decrease in late summer and re-
increased in early summer, the seasonal insolation variation re-

increased. Associated with seasonal insolation changes between
early and late summer, the asynchronous evolution of the summer
monsoons during the Holocene might have been influenced by the
orbitally-driven variation on the millennium scale, as the
millennial-scale evolution of lower tropospheric streamfunction
in Fig. 3c indicates (i.e., the WNP high changes in early summer
and the weakening of African monsoon and deepening of the
WNP monsoon trough in late summer). Meanwhile, the increased
seasonal contrast in insolation (in different months) might

Fig. 2 Holocene changes in dynamic fields. The EOF1 of a precipitation, b streamfunction at 850 hPa, and c zonal winds at 200 hPa in 15 May–15 June
(shaded) from 11 ka BP (11 K) across the present day (0 K) to 1 ka after the present (1 Kap); contour lines denote the corresponding fields in the present day
(unit of precipitation is mm day−1, unit of streamfunction is 106 m2 s−1, and unit of zonal wind is m s−1); the percentage of total variance explained by EOF
is also provided. d Corresponding principal components (precipitation: black circles; streamfunction: red dots; zonal winds: blue). e–h Same as a–d except
for August.
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substantially affect the seasonal diversity of the monsoons over
West Africa, South Asia, and East Asia–WNP. A suggestion might
be that the present-day monsoon phase transition in late July is
inevitable because the continental monsoon no longer has
dominant control of large-scale circulation.

Coordinated Afro-Asian monsoon evolution in the mid-
Holocene. With respect to the large-scale Holocene evolution,
major changes may have occurred in early summer prior to
approximately 4 ka BP and in late summer after approximately 7
ka BP. To further explore regional differences in the Holocene
evolution, we analyzed the leading EOF analysis results of zonal
winds at 850 hPa and precipitation (Fig. 4) and focused on the
monsoon subregions, including Africa (20°W–20°E), the Arabian
Sea (50°E–70°E), and East Asia–WNP (110°E–140°E). Overall,
the major summer monsoon changes can be clearly identified
following the paradigm of a southeastward retreat of the mon-
soon circulation.

In Africa (Fig. 4a, d), the lower tropospheric westerlies (850
hPa) and precipitation consistently weakened over the region
approximately north of 10°N in June–September. Over the region
covering the Arabian Sea (Fig. 4b, e), where the seasonal
advancement of the Somali jet stream sometimes has dominant
control, the westerlies in the region north of 15°N exhibited the
largest decrease in June–July and the largest decrease in
precipitation in July–September. As demonstrated by the
strengthening of the westerlies over the region between 15°N
and the equator (Fig. 4e), the Somali jet stream was confined to
the equator, corresponding to the southward shift of the monsoon
position. The first principal component (PC1) of the analyzed

fields over these two regions suggests a gradual evolution of the
monsoons during the Holocene (Fig. 4j, k).

Over the East Asia–WNP region (Fig. 4c, f), a southward
retreat of Meiyu precipitation and the wind band occurred in
May–June, and the westerlies and precipitation in the tropical
WNP (5°N–25°N) increased in July–September. Intriguingly, the
PC1 of the East Asia–WNP region suggests a rapid change
between 6 and 4 ka BP (Fig. 4l). The enhancement and even
formation of the oceanic monsoon was likely a major contributor
to the large-scale and abrupt change in the mid-Holocene.

The midlatitude westerly jet stream can be a major dynamic
factor in the monsoon changes because of its strength and
position, whether on a synoptic or planetary scale22,23. Overall,
the change in large-scale circulation prior to the mid-Holocene
was characterized by a southeastward migration, and the
strengthening of the westerly jet stream had substantial effects
on enhancing the Meiyu–Baiu season (See Supplementary Fig. 4
for further discussion). Originally because of the seasonal contrast
in orbitally driven insolation changes, the monsoons gradually
changed in early summer prior to the mid-Holocene, character-
ized by a southeastward migration of continental monsoons. A
drastic change in large-scale circulation occurred until the mid-
Holocene, apparently with collaborated evolution of monsoons in
Africa, South Asia, and East Asia–WNP. The vertical circulation
coupling over East Asia–WNP, as characterized by the upper
tropospheric jet stream and lower tropospheric WNP high, might
contribute to accelerating mid-Holocene climate change.

A two-step migration of the Afro–Asian circulation in the mid-
Holocene, involving coordinated evolution of the subtropical
summer monsoons, is therefore suggested: (a) Prior to the
mid-Holocene, the continental monsoons had been shifting

Fig. 3 Insolation changes. a Annual variation in the Northern Hemisphere insolation from 11 ka BP (11 K) to 1 ka after the present (1Kap) (shaded, unit: Wm−2);
contours denote that the insolation in 11 ka BP is subtracted. b Same as a except for averaged in 15 May–15 June (red line), August (blue line), and difference in
between (gray bars) along 30°N. (c) Evolution of streamfunction at 850 hPa (unit: 106 m2 s−1) in 15 May–15 June (shaded, only for positive values) and August
(contours, only for negative values) from 10 ka BP to 1 ka BP.
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southeastward and weakening to a certain extent, which was
visible in early summer and could be attributed to the orbitally
driven reduction in insolation. (b) The orbitally reduced
insolation persisted and intensified in late summer across the
mid-Holocene. This favored the sideways expansion of the upper
tropospheric intercontinental anticyclone, which is associated
with an enhancement and even formation of the intrinsic
dynamics in East Asia–WNP, including the Pacific–Japan (PJ)
pattern24 with a tropical oceanic origin and a strong midlatitude
connection25.

Seasonal evolution in the late Holocene. In the late Holocene,
the early-summer insolation change was much smaller than that
in the early and middle Holocene and the insolation began to
increase toward the present day, whereas the late-summer inso-
lation continued to decrease (Fig. 3). Figure 2 shows a secondary
signal in early summer since 4 ka BP, which might imply reversed
shifting patterns during the late Holocene, compared with the
pattern shifts in the early-to-mid Holocene. To explore the
changes in the late Holocene, we conducted extra time-slicing
simulations from 4 ka BP to the present day (see “Materials and
methods” section). Overall, the Pacific high restrengthened and
expanded westward in the late Holocene, corresponding to a
weakening of the upper-level westerly jet stream in the sub-
tropical Asia and a reduction in monsoon precipitation in coastal
South and East Asia. Meanwhile, nearly no changes occurred in
precipitation and low-level streamfunction in Africa (See Sup-
plementary Fig. 5 for further discussion). During the late Holo-
cene, the atmospheric conditions changed only partly over
Afro–Asia in early summer opposite to the changes during the
early-to-mid-Holocene.

The leading EOF analysis results of the monsoon subregions
show the contrasting changes more clearly in early versus late
summer and in the late versus the whole Holocene (compared
Fig. 4d–f, g–i). In the late Holocene since 4 ka BP, the changes in
late summer were considerable and mostly consistent with the
mid-Holocene changes. By contrast, in early summer, the changes
in the late Holocene disappeared in Africa and occurred in

opposite signal in the Arabian Sea and East Asia–WNP. We recall
attention to the weakening of the early-summer continental
monsoons during the early-to-mid Holocene, which could be a
precursor of the broad-scale monsoon changes. Partly due to a
relatively low insolation in the late Holocene compared to
previous times, the subtropical and oceanic monsoons were
continuously enhanced, in contrast to the re-strengthening of the
early-summer monsoons over South and East Asia.

Discussion
In this study, the strengthening and southward shift of the
midlatitude westerly jet stream is considered a major dynamic
factor in the coordinated evolution of the Afro–Asian summer
monsoons in the Holocene. Furthermore, the coupling between
the upper tropospheric westerlies and the underlying monsoon
circulation, partly associated with an enlarged perturbation of the
jet stream, could be suggested to be a connection between the
monsoons. A similar emphasis on the role of a changing jet
stream may promote understanding of decadal changes in
monsoons. A recent modulation of the Silk Road pattern25 and
frequency in the double-jet phenomenon26 were attributed to
amplified summer warming on the Eurasian continent27,28. A
westward shift and advanced Asian summer monsoon have been
further suggested as reasons for the recent increase in
temperature29,30.

Studies have also suggested that dynamic mechanisms invol-
ving the influence of the vegetation–atmosphere–ocean interac-
tion31–33 could result in the phase transition from the Green
Sahara34 in the early-to-mid-Holocene to its present-day condi-
tion. Inflow of low-moisture static energy air from the ocean or
poleward region as a result of a ventilation mechanism has been
further suggested as a major process in setting the northern
boundary for the African monsoon35. Following a Gill–Matsuno-
type mechanism36,37, the influence of the tropical Atlantic on the
monsoons over Africa and South Asia has also been consider-
able38. Large-scale control and a remote connection to changes in
other monsoons may reasonably be related to the stepwise
monsoon evolution in a region. Decadal drying of Sahel summer

Fig. 4 Annual variation in monsoon regions. Annual variation in precipitation (shaded, unit: mm day−1) and zonal winds at 850 hPa (contours, unit: m s−1)
in a 20°W–20°E, b 50°E–70°E, and c 110°E–140°E at the present (0 K). d–f The EOF1 of precipitation (shaded) and the 850-hPa zonal winds (contours) in
11 ka BP (11 K)–1 ka after present (1Kap); the percentage of total variance explained by EOF is also provided. g–i Same as d–f except for 4–0 ka BP. j–l The
corresponding PC1 of precipitation (black and gray) and the 850-hPa zonal winds (red and orange).
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precipitation was attributed to increased summer monsoons over
South Asia and the WNP39, implying a connection between the
monsoons. Driven by early-Holocene orbital forcing, with
extremely high summer insolation, the enhanced African mon-
soon corresponded to a strengthened and westward expansion of
the WNP high, a weakened midlatitude westerly jet stream, and
weakened subtropical Asian monsoons. Thus, the WNP monsoon
trough in the lower troposphere might disappear9. Earlier mod-
eling results further illustrated that oceanic feedback in the mid-
Holocene strengthened the African monsoon but weakened the
Asian monsoon16. The Holocene evolution of the monsoons with
inland or highland origins and the monsoons with subtropical
and oceanic origins, with opposite signals, are likely correlated.

Besides, the differential response of land and ocean to orbital
forcing was emphasized, and suggested as a controlling
mechanism of monsoon intensity when the amplitude of solar
forcing falls below the threshold level40. We have further exam-
ined the orbitally driven Holocene changes in surface temperature
by conducting EOF analysis on temperatures over land (globally
in 60°S–60°N) and distinct oceans, including the tropical Indian
Ocean (20°S–20°N), North Atlantic Ocean (0°–60°N), and the
WNP (0°–40°N) (Supplementary Fig. 6). The abrupt changes
during the mid-Holocene could only be identified as considerable
in the WNP region, and were characterized partly by a reduction
in sea surface temperature in late summer. Thus, regarding the
abrupt formation of the Holocene PJ pattern in late summer, sea
surface temperature might have played a passive role. However,
partly due to the focus on the Afro–Asian monsoons, we may
have not fully explored the shifting patterns including the mod-
eling circulation changes across the equator and over the North
Atlantic Ocean; also, other paleoclimate forcings and their
potential impact on monsoons have not been investigated. Fur-
ther simulations with deep ocean circulation and including other
paleoclimate forcing would provide valuable information.

Moreover, compared to that in the early and middle Holocene,
the change in insolation and atmospheric circulation in many
aspects was smaller in the late Holocene. Unlike an accelerated
decrease in obliquity, precession reached a minimum around 1 ka
BP and had much smaller changes in the late than middle
Holocene. Our simulations, by comparing previous modeling
results focusing also on orbital impact8,41, may have confirmed
the obliquity’s contribution in the late Holocene only in late
summer (Supplementary Fig. 7). It is worth of further investi-
gation on how the precession versus obliquity affects monsoons
in the late Holocene. Understanding of the role of decreasing
obliquity in the late Holocene might be able to further provide
insights into orbital forcing on a projected future climate change.

Methods
We collected 14 proxy records with relatively high temporal resolution in the
Holocene (11–0 ka BP) across the Afro–Asia region. Proxy data included cave and
marine core oxygen isotopes, which were measured for precipitation and hydro-
climate and downloaded from the paleoclimatology data website of the National
Oceanic and Atmospheric Administration (NOAA). We detected a wetting or
drying trend during 2000 consecutive years, as identified by 1000-year averaged
oxygen isotopes between a given reference time. For example, the trend throughout
5 ka BP was calculated as the average of 4–5 ka BP minus the average of 5–6 ka BP.
The time-slicing simulations between 4 and 6 ka BP were compared with the trend
of proxy records across 5 ka BP. We further calculated the standard deviation by
using available data of a proxy record in 11–0 ka BP. Only the trends with a
difference greater than 0.3-times the standard deviation (the thresholds of 0.2 and
0.4 did not have a significant modulating effect on the results) for 2000 consecutive
years are shown in Fig. 1 (refer to Fig. 1a and Supplementary Table 1; Supple-
mentary Fig. 1 for further details of the used records).

To explore atmospheric response to orbital changes during the Holocene, we
used the Community Atmospheric Model (CAM) version 5.1 of the National
Center for Atmospheric Research (NCAR) and the slab ocean model (SOM)
(http://www.cesm.ucar.edu). CAM and SOM simulations were integrated using the
finite volume dynamical core with 1° horizontal resolution and 30 vertical levels in

the CAM42. Studies have shown that the combination of CAM and SOM reflects
realistic climatological seasonality over the Asian summer monsoon region9,23. A
total of 21 time-slicing experimental simulations (from the early Holocene across
the present day to 1 ka after the present) were performed; in addition to the
13 simulations from 11 ka BP to 1 ka AP with interval of 1000 years (refer to
Supplementary Table 2 for detailed orbital parameters), extra eight simulations at
the orbital conditions of 3.6, 3.2, 2.8, 2.4, 1.6, 1.2, 0.8, and 0.4 ka BP were per-
formed for higher resolution in the late Holocene. The boundary and initial con-
ditions of the simulations were taken from the Community Earth System Model
(CESM) preindustrial control experiment43. The model was integrated for 40 years,
and outputs for years 21–40 were used to form the climatology. Inevitably, our
time-slicing experimental simulations did not include deep oceanic circulation
changes and feedbacks between vegetation and the atmosphere, which could be a
major source of uncertainty in a comparison between paleoclimate data and
modeling.

Data availability
The data sets generated during the study are shown in the manuscript and
Supplementary Appendix. The proxy records are available from the National Oceanic
and Atmospheric Administration (NOAA) (https://www.ncdc.noaa.gov/data-access/
paleoclimatology-data) and https://doi.org/10.6084/m9.figshare.13265366.v1. Model
outputs used in this study are available from https://doi.org/10.6084/m9.
figshare.13284452.v1.
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