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Impact of the centennial changes in ENSO
on the rise of the Chinese Qing empire
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The demise of theMing Dynasty (1368–1644) and the rise of the Qing Dynasty (1644–1912) marked an
epochal moment in Chinese and world history. Attention has been given to the North China droughts
during 1627–1643 that destabilized the Ming Dynasty. However, there is little attention paid to how
climate influenced the rise of aminorityManchu state in Northeast China and its conquest of theMing.
Here, we find that contrasting climate conditions betweenNorth andNortheast China persisted over a
six-decade period (1581–1644), which diversely affected economic, societal, and political changes at
the regional level. Five successive megadroughts ravaged North China, while relatively wet and mild
climate conditions prevailed in the Manchu homeland of Northeast China. Furthermore, in the early
decades of Manchu rule in North China (1645–1680), increased precipitation facilitated the Qing
Dynasty’s consolidation. Reconstructions and climatemodel simulations revealed that these unusual
climatic patternswere influenced by the centennial variation of clustering El Niño-SouthernOscillation
(ENSO) events andwere amplified by the Little Ice Age cooling. These findings shed light on how long-
termcontrasting future climate changes could lead todivergent socioeconomic responses, potentially
increasing the risk of conflict between neighboring states.

The demise of the Ming Dynasty (1368–1644) at the hands of the Qing
Dynasty (1644–1912) allowed indigenous people of Northeast China to
form a “Manchu” conquest state that would gain power over the social,
economic, and cultural life of about 35 percent of the earth’s population,
most of whom were “Han” Chinese1. More than 20 million people died in
the Ming-Qing transition. Existing historical literature on the conquest has
only begun to take climate into account2. Several theories have considered
the effects of the severe droughts in northern China as contributing factors
to the crisis andfinal collapse of theMingDynasty3–7.Notably, these theories
recognized the late Ming megadrought from 1627 to 1644 as the primary
cause of widespread famines and peasant uprisings that left the Ming
Dynasty vulnerable to a final Qing conquest3,6,7. It is still unclear whether a
megadrought could bring down amightyMing dynasty.More importantly,
the influence of climate change on the rise of the minority Manchus and
their eventual conquers of the Ming is still not well understood.

It took six decades for theManchu state to consolidate itself before the
1644 conquest.A local chieftain,Nurhaci (1559–1626), initiated thepolitical
unification of ethnic Manchurian peoples around 1583. His Later Jin
regime, established in 1616, steadily expanded, notably into the Liaodong
Peninsula, in the 1620 s. Resources from southern Mongolia were also cri-
tical for Manchu state development. In 1636, Hong Taiji, Nurhaci’s suc-
cessor, formally proclaimed the Qing Dynasty, a multi-ethnic regime that
haddeveloped into amajor rival of theMing8,9. TheQing captured theMing
capital of Beijing in 1644, but it took until the 1680 s to solidify their control
fully. However, the climate conditions that prevailed in Northeast and
North China during this period have received scant attention in the existing
literature. Some studies assumed a questionable degree of uniformity of
Little Ice Age (LIA) conditions throughout North China, Mongolia, and
Northeast China, suggesting that Northeast China may have experienced
moderate changes in temperature and precipitation10,11.

1Key Laboratory of Virtual Geographic Environment (Ministry of Education), State Key Laboratory Cultivation Base of Geographical Environment Evolution, School
ofGeography, NanjingNormal University, Nanjing, China. 2Department of Atmospheric Sciences and International PacificResearchCenter, School ofOcean Earth
Science and Technology, University of Hawaii, Honolulu, HI, USA. 3Department of History, Washington and Lee University, Lexington, VA, USA. 4Department of
Geography, University of Cambridge, Cambridge, UK. 5Department of Geography, University of Giessen, Giessen, Germany. 6Department of Earth System
Sciences, Tsinghua University, Beijing, China. 7Regional Climate Group, Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden.
8Cooperative Institute forMarine andAtmospheric Research, University of Hawai’i atMānoa, Honolulu, HI, USA. 9Institute for AdvancedStudy, School of Historical
Studies, Princeton, NJ, USA. e-mail: weiyisun@njnu.edu.cn; ndc@ias.edu

npj Climate and Atmospheric Science |            (2025) 8:61 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-00950-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-00950-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-00950-z&domain=pdf
mailto:weiyisun@njnu.edu.cn
mailto:ndc@ias.edu
www.nature.com/npjclimatsci


In the climate science literature, the causes of droughts during the late
Ming period remain controversial. External forcings, including reduced
total solar irradiance and large volcanic eruptions, have been suggested as
factors responsible for the freezing12,13 and dry periods in North China14–16

by weakening the East Asian summer monsoon17,18 (EASM). However,
some studies argue that the intensity of external forcing changes is insuffi-
cient to cause consecutive droughts, and the triggeringmechanisms of these
droughts remain unclear19. Recent studies speculated that internal varia-
bility and external forcings contributed to the droughts6,19,20. The causes of
the climate variation during theMing-Qing transition (1581–1680) remain
a conundrum.

The differential climatic impacts on contending political powers
become central to the hypothesis that a climatic disruption contributed to
the Ming-Qing transition. The chief aim of this study is to identify differ-
ential climate variations and their influence on environments and societies
during this pivotal period, as well as the underlying climatic mechanisms.
For this purpose, we will conduct a detailed analysis of the potential impact
of climate from 1580 to 1680 on a critical event in Chinese history, using a
regional breakdown.

Results
Comparing climate conditions in North China, Mongolia, and
Northeast China from 1581 to 1680
MingNorth China included extensive strategic borderland territory mainly
defined by the Great Wall. It was also a vast cereal-growing region,
encompassing the Shaanxi and Shanxi provinces, which were the bases of
the initial peasant uprisings (Fig. 1A). To the north layMongolia, and to the
northeast, beyond the Great Wall, the Jurchen polities (Manchuria). For
convenience, we use three general areas (Fig. 1A) to represent these three
regions: North China (31°N–41°N, 100°E–120°E), Mongolia (41°N–50°N,
100°E–120°E), and Northeast China (40°N–52°N, 122°E–139°E).

Because precipitation rates can significantly influence foodproduction,
socioeconomic developments, and environmental conditions in rainfed

agricultural systems, precipitation can serve as a measurable link between
ecological and social dynamics21,22. Here, we examine the percentage change
in summer precipitation (see Methods) because it provides deeper insight
than precipitation anomalies and offers a more comprehensive depiction of
the severity of events in North China. This innovative approach distin-
guishes itself from the methods employed in previous literature, such as
anomaly maps. The data used were derived from the Reconstructed Asian
Precipitation (RAP) dataset23.

Between 1581 and 1644, North China experienced five long-lasting
consecutive severe droughts, totaling 40 drier-than-normal years out of a
total of 64 years: 1581–1591, 1609–1612, 1615–1621, 1625–1630, and
1633–1644 (Figs. 1B and 2A–E). The summer precipitation decreased by
approximately 17%, 12%, 15%, 11%, and 21%per year during these drought
periods. There were 18 single years when summer precipitation decreased
by 20% to 52%. Similar results were obtained from two other precipitation
and drought/flood (D/F) grade reconstructions24,25 (Fig. S1). In Mongolia,
precipitation was also below average, with reductions of approximately 6%,
8%, 7%, 14%, and12%peryearduring thesefivedrought events, respectively
(Fig. 1C).Notably, arid conditions unfavorable to both crops and grasslands
prevailedoverNorthChina andMongolia during the lateMingperiod from
1581 to 1644.

In contrast, during the same period, precipitation in Northeast China
remained normal and stable (Fig. 1D). Remarkably, during three severe
North China megadroughts (1581–1591, 1625–1630, and 1633–1644),
Northeast China experienced moderate increases in precipitation by
approximately 2%, 6%, and 4% per year, respectively (Fig. 2). In the last two
decades of the Ming Dynasty (1625–1644), while North China experienced
an overall 14% deficit in precipitation, the Manchurian region received 4%
more precipitation (Fig. 2D, E). Notably, precipitation increased sig-
nificantly by 10% over Liaoning and Jilin provinces (41.5°–49°N,
123.5°–131°E), the core development regions of the Manchu regime. These
favorable hydrological conditions in Northeast China are supported by
other precipitation and vegetation reconstructions10,11,26–29 (Fig. S2).

Fig. 1 | Precipitation changes over North China,
Mongolia, and Northeast China. A Geographical
orientation map for the Ming Dynasty (orange),
Mongolia (light blue), and Northeast China (Man-
chu state, light green) around 1626. Brown dashed
lines denote the Great Wall. Gray dashed lines
denote the area of initial uprisings (Shaanxi and
Shanxi provinces). Percentage changes in JJA mean
precipitation (%) over B North China (31°N–41°N,
100°E–120°E), C Mongolia (41°N–50°N,
100°E–120°E), andDNortheast China (40°N–52°N,
122°E–139°E), relative to the period of 1500–2000.
Gray shadings mark the five droughts in North
China. Data are from the RAP23.
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Additionally, year-to-year fluctuations in summer precipitation in North-
east China during the late Ming period exhibited approximately half the
magnitude of those in North China (Fig. 1B, D), indicating that Northeast
China experienced more stable precipitation variability.

Moreover, after theManchus entered theMing capital, Beijing, in 1644,
climate conditions dramatically turned around, with North China gaining
significant abundant precipitation from 1645 to 1680 (Fig. 2F). The tran-
sition from a dry to a wet period may help explain the economic recovery
and consolidation of Qing power during the dynasty’s early decades.

Climatic impacts on the Ming-Qing transition
Based on paleoclimatic data, we can represent the connections between
climate variability andMing-Qingpolitical and socioeconomic changes on a
timeline that integrates both (Fig. 3). While regional climate variations
cannot provide a comprehensive explanation of the Ming-Qing transition,
such variations are essential drivers of environmental changes that stand in
the background of socioeconomic and political events. Differences in
hydroclimate between the three regions mark the entire span of the rise of
the Manchu state, that is, more than 60 years before the fall of the Ming
Dynasty, encompassing both the reigns of threeMing emperors—Wanli (r.
1573–1620), Tianqi (r. 1620–1627), and Chongzhen (r. 1627–1644)—and
the rise of Manchu regimes under Nurhaci (1559–1626) and Hong Taiji (r.
1626–1643).

In the early Wanli period, North China and Mongolia endured a
megadrought (1581–1591) (Figs. 1B and 3A) while Northeast China
enjoyed a wetter-than-normal climate (Fig. 3E). Under Nurhaci, Northeast
China experienced stable climate conditions. From 1583 to 1607, wet
conditionsmay have favored the expansion of vegetation and agriculture in
Northeast China (Fig. S2), sustaining demographic growth10, which also
allowed for the assimilation of allies fromMongolia into the Manchu state.
They were incorporated into the Banner System, thus increasing the
Manchu military potential30. During 1610–1619, possibly due to dry con-
ditions in Northeast China, Nurhaci decided to expand agricultural pro-
duction, leading to tensionswith theMingdynasty. Such tensions led towar,
and the Manchus first crushedMing forces at the Battle of Sarhu8 and then
invaded the rich Ming agricultural region of Liaodong. During 1620–1626,

Northeast China regained its climate advantage, experiencing a dry-to-wet
transition and suitable winter temperature (Fig. 3E and S3). In the newly
occupied region of Liaodong, notwithstanding ethnic conflict, favorable
climate conditions and political measures10 taken by the Manchu state
increased agricultural production, allowing for increased acreage that sup-
ported the newly expanded population, stemming mainly from a flow of
Mongols fleeing from Mongolia to Manchu territory, and from other
conquered and surrendered peoples30.

In contrast, North China and Mongolia endured a series of severe
droughts in 1581–1591 and 1609–1626 (Fig. 2A–C). North China also
experienced singularly extreme cold events (Fig. S3). Such adverse climatic
conditions reduced economic production and generated challenges for
MingandMongol rulers3,31. Crop yields inNorthChinadeclinedby 20–50%
between the 1580 s and the 1630s31. This induced a 60% surge in the price of
rice from 1610 s to 1620 s, causing widespread famine and decreased
population growth rates in North China32–34 (Fig. 3C). Consequently, the
Ming government raised taxes by 110% to balance central government
revenues and enhance military defenses along the northern frontier (Fig.
3C). The combination of high prices, food shortages, and tax hikes are the
immediate causes of the uprisings in the 1620 s (Fig. 3B).

In the Hong Taiji period (1627–1643), Northeast China experienced a
persistent two-decade-long phase of wet climate and average temperatures35

(Figs. 3E and S3). These favorable climate conditions were conducive to
stable agricultural production, increased population growth (mainly by
immigration), and intense military activity9,36,37. Between 1627 and 1636,
Hong Taiji extended his rule to Inner Mongolia, formally proclaiming the
Qing Dynasty in 16369. Subsequently, between 1636 and 1643, Hong Taiji
also launched extensive military operations against Ming and Northern
Korea (Fig. 3D), whilemilitary strengthwas boosted by the incorporation of
Ming defectors9. During the same period, the Ming continued to grapple
with persistent megadroughts and cold events (Fig. 3A). Famine and high
food prices reduced population growth rates and swelled the ranks of the
peasant armies, whose violence grew in scale and intensity (Fig. 3B, C), such
as the Gao Yingxiang (1628), Li Zicheng (1629), and Zhang Xianzhong
(1630) uprisings3. After sufferingmultiple setbacks, theMing succumbed to
Li Zicheng, who occupied the capital, Beijing, and, in turn, was defeated by

Fig. 2 | Spatial patterns of percentage changes in precipitation (%) during the late
Ming and early Qing periods. A–E Five megadroughts during the late Ming period
(1580–1644), as highlighted in Fig. 1. F Wet conditions in North China during the
early Qing period underManchu rule (1645–1680). Black boxes represent regions of
North China (31°N–41°N, 100°E–120°E), Mongolia (41°N–50°N, 100°E–120°E),

and Northeast China (40°N–52°N, 122°E–139°E), respectively. These changes in
precipitation are relative to the period of 1500–2000. Stippling denotes the sig-
nificance at the 90% confidence level (two-tailed Student’s t-test). Data are from
the RAP23.
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the Qing army in 1644. Comparing differential climatic conditions, the
highest degree of climatic contrast with joint impacts from both precipita-
tion and temperature betweenNorth andNortheast China occurred during
theHong Taiji period, that is, during a time of strengthening of theManchu
state and corresponding internal rebellions in North China that weakened
the Ming.

During the early decades of Manchu rule in North China (1645–1680),
the Qing attracted the support of former Ming civil and military officials
despite the persistence of a fragmentedMing loyalist movement that held on
for several more years in various enclaves of southern China. The new
dynasty’s economic recovery was assisted by a notable increase in North
China precipitation (Fig. 1B) that supported high agricultural yields. By 1661,
the Qing triumphed over the rump “SouthernMing” forces but did not fully
consolidate its rule until 1681. The Manchus, in effect, enjoyed a substantial
and prolonged climate advantage for an entire century during their conflict
with the Ming (1583–1644) and even during its aftermath (1645–1680).

Causes of climate anomalies during the Ming-Qing transition
(1581–1680)
A better understanding of the impacts of internal variability and external
forcing on the clustered-megadroughts may help to connect the climate
mechanisms on a global scalewith the role played by the climate in theMing-
Qing transition. To this end,we probe the potential influences of theElNiño-
Southern Oscillation (ENSO), a predominant source of internal variability.

The ENSO index used is the ensemble mean of the global proxy-based
reconstructions38,39 and North American tree-ring-based reconstructions40,41

(see Methods). To corroborate the reconstructed ENSO evolution, we also
used the mega-ENSO index derived from the Paleo Hydrodynamics Data
Assimilation product42 (PHYDA), which exhibits a consistent evolutionwith
ENSO reconstructions from 1580 to 1680 (r = 0.40, P < 0.01).

Periods of North China’s droughts tend to coincide with El Niño
events,with significantnegative correlation coefficients (r =−0.33,P < 0.01)
during the period of 1580–1680 (Fig. 4A, D). This correlation is stronger
during the clustered-megadroughts period of 1609–1645
(r =−0.45, P < 0.01).

More robust evidence supporting El Niño-driven North China
droughts is demonstrated by the chain reaction of Asian precipitation in
response to ElNiño43. Physically, El Niño-inducedWalker circulation shifts
the deep convection eastward, causing deficient rainfall over the Maritime
Continent44 (MC) (Fig. 4E). The suppressedMC convective heating further
excites descending Rossby waves, forming an anticyclonic ridge from MC
toward India and suppressing the Indian summer monsoon (ISM)
precipitation45. Finally, the reduced Indian precipitation heating generates a
mid-latitude Rossby wave train downstream46, forming an anomalous low-
level cyclone over Northeast Asia. To the west of the cyclonic anomaly,
northerlies prevail over North China and Mongolia, leading to dry condi-
tions. However, in the center and east of the cyclonic anomaly, anomalous
ascending motions tend to increase precipitation over Northeast China

Fig. 3 | Climate change and historical events over North China and Northeast
China during the Ming-Qing transition. A Percentage changes in JJA mean pre-
cipitation over North China (%) after 3-year running mean. BWeak (rebels ≤
10,000), moderate (10,000 < rebels ≤ 100,000), and strong (rebels > 100,000) pea-
sant uprisings3,79. C Financial conditions in the Ming, including the price of rice (10
taels of silver per 300 kg, black), central revenue3 (10million taels of silver, blue), and

population growth rate34 (%, purple). D Historical timeline. Number of battles and
military events in the Ming prevails in the northern frontier (red line). Red triangles
and black crosses represent the Ming-Qing battles in the Ming prevails and the
Manchus prevails, respectively. The major battles are listed in Table S1. E Same as
(A), but for precipitation over Northeast China.
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(Figs. 4E and S4). Conversely, La Niña produces a chain reaction with
opposite indications.

From 1580 to 1680, El Niño (La Niña) caused concurrent deficient
(abundant) precipitation over MC, ISM, and North China (Fig. 4B–D).
From 1620 to 1644, the clustered El Niño events also contributed to the wet
conditions over Northeast China (Fig. 2D, E). From 1580 to 1680, a sig-
nificant correlation was observed between the MC and ISM precipitation
(r = 0.54, p < 0.01), and the ISM and North China precipitation were also
intimately connected (r = 0.85, p < 0.01). The suppressed ISM precipitation
from 1581 to 1644 is supported by other ISM proxy data47–49 (Fig. S5).
Therefore, the coherent chain reaction of Asian precipitation responding to
El Niño supports the robustness of the clustered El Niño events’ impacts on
the North China droughts during the Ming-Qing transition.

We find that the external forcing-induced LIA cooling further boosted
the impacts of the clusteredElNiño events by analyzing the last-millennium
climate simulations from the Paleoclimate Modeling Intercomparison
Project phases50 (PMIP) and the Community Earth System Model-last
millennium ensemble51 (CESM-LME). By comparing the El Niño’s effects
between the colder LIA (1600–1850) and the warmer Medieval Climate
Anomaly (MCA, 950–1200), we discovered that El Niño affects the North
Chinadroughtmore significantlyduring theLIA thanduring theMCA(Fig.
S6A–C), suggesting that the external forcing-induced global cooling can
aggregate El Niño impacts. This modeling result is confirmed by the
instrumental data that indicate a more pronounced El Niño impact on
North China’s dry conditions during the colder period (1901–1970) than
the warmer period (1971–2020) (Fig. S6D, E). Global cooling can induce a
decrease in specific humidity and a weakened EASM, decreasing the mean-
state precipitation over North China17,52, which may enhance El Niño’s
drought effect. These results recap the indirect role of the external forcing
through modulating El Niño’s impact, which has been overlooked in the
existing literature.

Discussion
This work delves into the intricate relationship between climate and society
during the crucial historical period of the Ming-Qing transition. It explains

the physical mechanisms of the contrasting regional climate conditions.
These findings offer a more comprehensive and accurate understanding of
differential climate conditions as critical drivers of the Ming-Qing
transition.

The traditional explanation for the Ming dynasty’s collapse in 1644
attributes it to the late Ming megadrought (1627–1644). However, we
suggest that the different climate conditions in North and Northeast China
during 1581–1644 had a cumulative impact on the challenges in food
production and economic stability faced by the nascent Qing Dynasty and
the declining Ming. In North China, five successive megadroughts, com-
pounded by a cold climate, led to crop failures and widespread famine.
These harsh conditions also adversely affected revenues and military
defenses and provided the impetus for internal socioeconomic and political
unrest. In contrast, the Manchus in Northeast China benefited from a wet
and mild climate, allowing them to expand agriculture successfully under
Nurhaci and Hong Taiji. This led to stable harvest levels and facilitated an
economic transition from a mixed economy, where hunting and gathering,
pastoralism, and limited farming coexisted at the village economy level, to a
state-run economic model that primarily relied on steady revenues from
agricultural production.

In the early decades of Manchu rule in North China (1645–1680),
climate conditions improved dramatically, facilitating the economic
recovery and consolidation of the Qing Dynasty. Overall, the centennial
variation (1580–1680) of the East Asian climate favored the rise of the Qing
Dynasty, including the Ming’s deterioration.

The unique environmental aspects of Northeast China, including
forests, pastureland, and riverplains suitable for agriculture, contributed to a
greater economicdiversity compared toMongolia (predominantly pastoral)
and Ming (mainly agricultural). Evidence from environmental history
shows that economic diversification in general, contributes to strategies to
increase sources of food in case of natural disasters53,54. Relying on a variety
of productive activities, theManchu regimes’ economicdiversificationmade
them more resilient to drought events55, allowing them to mitigate the
adverse effects of the dry conditions experienced from 1610 to 1619.
However, even under favorable climate conditions, there were food

Fig. 4 | Impacts of ENSO on the Asian summer precipitation during the Ming-
Qing transition. A Ensemble mean of four ENSO reconstructions (orange line) and
their spread (orange shading) (see Methods). B–D Precipitation anomalies (mm
month−1) over the Maritime Continent (MC, 9°S–10°N, 97°E–143°E), the Indian
summer monsoon region (ISM, 8°N–30°N, 68°E–86°E), and North China, respec-
tively, relative to the period of 1500–2000. Correlation coefficients are computed
during the period of 1580–1680. Gray shadings mark the five long-lasting droughts
in North China. Precipitation data are derived from the RAP23. E A Schematic

diagram shows how a developing El Niño affects the central North China pre-
cipitation (see text for detail). Processes 1–4 represent the equatorial wave adjust-
ment induced by equatorial eastern Pacific warming, the descending Rossby wave
response to reduced MC precipitation, the anomalous upper-level low pressure
generated by reduced Indian precipitation heating, and the Rossby wave train
generated by reduced precipitation heating over India, respectively. “L” means the
anomalous low pressure in the upper troposphere.
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shortages among theManchus during the reign ofHongTaiji, primarily due
to the influx of new subject people10. Some of these individuals could be
termed “climate refugees”, fleeing less resilient North China and Mon-
golia areas.

Based on proxy data analysis and climate model simulations, we find
that these differential centennial climatic patterns were influenced by the
chain reaction of Asian precipitation in response to the centennial variation
of clustering ENSO events under the influence of the LIA cooling. Yet, the
root causes of the frequent El Niño events during the lateMingDynasty are
still not fully understood. Proxy records suggest a background El Niño-like
sea-surface temperature (SST) pattern during the LIA12,56–58, which likely
promotes more frequent El Niño events59. Concurrently, there was a cold
phase of theAtlanticMultidecadalVariability (AMV) from1581 to 165042,60

(Fig. S7), which could result in thewarming of the equatorial central-eastern
Pacific61,62. A comprehensive understanding of the frequent El Niño
occurrences during the late Ming period also necessitates considering other
factors, including influences from mid-latitude or inter-basin
interaction63,64.

Materials and methods
Observational data
Instrumental land precipitation data were used from the Global Precipita-
tion Climatology Center (GPCC) dataset65, with a resolution of 1°×1°. The
observational SST data were derived from an ensemble mean of the Hadley
Center Sea Ice and SST dataset version 1 (HadISST1)66 and the ERSST V5
dataset67. To minimize data uncertainties, a ‘merged’ monthly mean SST
dataset was created by calculating the arithmetic mean of the two datasets
for the period of 1900 to 2020.

The atmospheric circulation variables were derived from the ECMWF
reanalysis datasets. We combined data from the ERA-20C reanalysis68

covering the period from 1901 to 2010, the ERA-40 reanalysis69 during
1958–2001, and the ERA-5 reanalysis70 during 1979–2020. To ensure
temporal consistency, the mean states of these datasets were calibrated by
using the data from the overlapping period 1979–200171. Differences in
monthly climatology between these datasets were subsequently removed.

Proxy data
This study used three gridded precipitation reconstructions. The first is a
June-August (JJA) reconstructed Asian precipitation (RAP) dataset23

spanning from 1470 to 2013, with a resolution of 2° × 2°, which was com-
bined with 453 tree-ring-width chronologies and 71 historical documents.
The RAP data accurately reproduced the observed climatology and varia-
bility of Asian precipitation and its interannual-decadal relationship with
ENSO (Fig. S4), mega-ENSO, and AMO, compared to observations23,72,73.
The second dataset is a May-September (MJJAS) precipitation recon-
structionduring 1470–2000overChina25 (IGGPRE)basedon371 tree-ring-
width chronologies, a tree-ring-isotope chronology, and 107 drought/flood
indices. The third is a gridded drought/flood (D/F) grades dataset24 over
easternChina from1500 to 2000. The dry-wet conditions overNorthChina
in the IGGPRE andD/F grades datasets are significantly correlated with the
RAP dataset during 1581–1680 (r = 0.94, P < 0.01), indicating a similar dry
wet evolutionduring theMing-Qing transitionperiod.Differences in spatial
resolutions and temporal may not affect the comparability of results. For
Mongolia andNortheast China, the spatial coverage of the IGGPRE andD/
F grades datasets is incomplete, so wemainly rely on the RAP data for these
two regions.

To validate the changes in precipitation over the ISM region during the
late Ming Dynasty, we also used precipitation records obtained from
alternative proxies. We conducted a comparison with the nearly annual‐
resolution speleothem δ18O record from Jhumar Cave in central India48, the
detrended z-score-transformed speleothem δ18O record from Mawmluh
cave in northeast India49, and a marine record of upwelling intensity from
the Arabian Sea47 (Fig. S5).

To elucidate the temperature changes during the Ming dynasty, we
used a decadal-resolution annual mean temperature anomalies dataset

coveringNorthChina for thepast 1000years3 and reconstructionof extreme
winter cold wave events (ECWEs) in southern China74 from 1289 to 2017.
To validate the winter temperature changes in Northeast China, we used an
annually resolved tree-ring-based winter temperature field reconstruction
over the past 700 years75 and a tree-ring reconstruction of the autumn-
winter season (August-December) minimum temperature in the southern
Sikhote-Alin mountain76 (44°01’N, 134°13’E) from 1529 to 2014.

To investigate the factors contributing to precipitation variability
during theMing-Qing transition period, we analyzed ENSO variability.We
utilized the ensemble mean of four annual-resolution ENSO proxies
spanning the past half millennium, which were derived from a range of
global proxy-based sources38,39, such as tree rings, corals, ice cores, sediment
data, and North America tree ring-based reconstructions40,41. A previous
study validated the reliability of these four ENSO proxies by assessing their
correlationswithAsian precipitation patterns during ENSOdeveloping and
decaying years72. The spatial patterns of these correlations closely resembled
those in observations. To corroborate the reconstructed ENSO evolution,
we also examined the mega-ENSO index77, which is defined by SST dif-
ferences between a K-shape region over the western Pacific and a triangular
region over the eastern Pacific. Given the limited temporal coverage of
instrumental data, we extended the mega-ENSO index across the past half
millenniumusing JJAmean2-msurface air temperature data fromthePaleo
Hydrodynamics Data Assimilation product42 (PHYDA). This mega-ENSO
index derived from the PHYDA exhibits a consistent evolution with the
ensemble mean of four ENSO reconstructions between 1580 and 1680
(r = 0.40, p < 0.01), validating the reconstructed ENSO variations. On the
decadal time scale, we utilized a reconstructed summer AMV60 from 800 to
2010. Another AMV reconstruction is derived from the JJA mean AMV
index in PHYDA.

We compiled datasets from previous publications and historical
documents to assess the political and socioeconomic changes in the Ming
and Qing dynasties. The social conditions in the late Ming dynasty were
characterized by indicators such as the central revenue and price of rice3 and
population growth rate34. Regarding external battles along the northern
frontier of theMingdynasty, theprimaryadversarieswereMongolia and the
Later Jin (Qing dynasty)3,78,79. Following the establishment of the Later Jin in
1616, the majority of major battles waged by the Ming Dynasty were
directed against the Later Jin (Qing dynasty) (Table S1). Information
regarding historical events was sourced from historical documents and
literature8,9. Informationonpeasantuprisings at the endof theMingdynasty
was obtained from tabulation records of battles in dynastic China3,79.

Last millennium simulations
The last-millennium simulations were derived from the Community Earth
System Model Last Millennium Ensemble51 (CESM-LME) and the Paleo-
climateModeling Intercomparison Project50 (PMIP). Our analysis involved
12 all-forcing runs from the CESM-LME, which has a good performance in
modeling ENSO characteristics and its relationship with Asian summer
rainfall80. We incorporated data from 11 last-millennium simulations from
the PMIP3 (including BCC-CSM-1.1, CCSM4, CSIRO-Mk3L-1–2,
FGOALS-s2, GISS-E2-R, HadCM3, IPSL-CM5A-LR, MPI-ESM-P, and
MRI-CGCM3) and the PMIP4 (MRI-ESM2-0 and MIROC-ES2L) (Table
S2). The multi-model ensemble mean result was generated by merging the
results from the 11PMIP runs and the ensemblemean result ofCESM-LME
all-forcing runs. The spread between eachmodel represents the inter-model
variant (Fig. S6).

Climate indices
The calculation of the percentage change in precipitation (%) involved
examining the reconstructions, observations, and climate simulations. This
metricwas definedby considering the JJAmeanprecipitation anomalies as a
percentage of the JJA climatological precipitation. The JJA climatological
precipitation is averaged over the reference period. For example, in RAP
data, the JJA climatological precipitation is averaged over the period of
1500–2000, yielding ~4.3mm day−1 in Northeast China, higher than the
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3.3mmday−1 in North China and 1.9 mmday−1 inMongolia, aligning with
observational data. Under the impact of ENSO, the magnitude of inter-
annual precipitation anomalies overNortheastChina canbe similar to those
in Mongolia and smaller than those in North China (Fig. S4), which results
in smaller variability in the percentage changes in precipitation (%) over
Northeast China (Fig. 1D). The percentage map of precipitation offers a
more comprehensive depiction of the severity of events inNorth China and
Mongolia. This innovative approach distinguishes itself from the methods
employed in previous literature, such as the use of anomaly maps.

We used the SST anomaly averaged in the NINO 3.4 region (5°N–5°S,
120°–170°W), known as the Niño 3.4 index. Note that the Niño 3.4 index
exhibits a large variance during October-November-December-January-
February (ONDJF), peaking in December81. Therefore, to identify El Niño
or La Niña years, we rely on the ONDJF mean Niño 3.4 index.

Data availability
Data related to this paper can be downloaded from the following:
HadISST v1.1 (https://www.esrl.noaa.gov/psd/data/gridded/data.hadsst.
html); ERSSTv5 (https://www.ncdc.noaa.gov/data-access/marineocean-
data/extended-reconstructed-sea-surface-temperature-ersst-v5);
ECMWF reanalysis (https://www.ecmwf.int/en/forecasts/datasets/
browse-reanalysis-datasets); GPCC (https://www.esrl.noaa.gov/psd/
data/gridded/data.gpcc.html); The PMIP modeling datasets (https://
esgf-node.llnl.gov/projects/cmip6/); The CESM-LME datasets (https://
www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLME.html); The
RAP and other reconstructions data are publicly available at https://www.
ncei.noaa.gov/access/paleo-search/ (with a name search). PHYDA
(https://doi.org/10.5281/zenodo.1154913).

Code availability
Codes for creating the figures and analysis were written in NCAR Com-
mand Language Version 6.6.2. and are available upon request from the
corresponding authors.
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