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Abstract  

Historical documents provide evidence for regional droughts preceding the political 

turmoil and fall of Beijing in 1644 CE, when more than 20 million people died in 

northern China during the late Ming famine period. However, the role climate and 

environmental changes may have played in this pivotal event in Chinese history remains 

unclear. Here, we provide tree-ring evidence of persistent megadroughts from 1576-

1593 CE and 1624-1643 CE in northern China, which coincided with exceptionally 

cold summers just before the fall of Beijing. Our analysis reveals that these regional 

hydroclimatic extremes are part of a series of megadroughts along the Pacific Rim, 

which not only impacted the ecology and society of monsoonal northern China, but 

likely also exacerbated external geopolitical and economic pressures. This finding is 

corroborated by last millennium reanalysis and numerical model simulations revealing 

internally driven Pacific sea surface temperature variations and the predominance of 

decadal scale La Niña-like conditions to be responsible for precipitation decreases over 
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northern China, as well as extensive monsoon regions in the Americas. These 

teleconnection patterns provide a mechanistic explanation for reoccurring drought 

spells during the late Ming Dynasty and the environmental framework fostering the fall 

of Beijing in 1644 CE, and the subsequent demise of the Ming Dynasty. 

Keywords: Paleoclimate; Beijing; Precipitation reconstruction; Climate-society 

interactions; Tree rings; Ming Dynasty 

1. Introduction 

Megadrought is the climatic phenomenon that typically coincides with major ecological 

and societal impacts and commonly influences large regions for many years [1-5]. 

Numerous studies have recently demonstrated the importance of megadroughts to 

human wellbeing, and how these extreme and persistent climate states may have 

contributed to the restructuring or even demise of ancient civilizations in the 

Mediterranean [6], Western Asia [7-9], Khmer [10], Mesoamerica [11,12], and 

southwestern United States [1]. With Beijing as its capital, the Chinese empires held 

sway over large areas of continental eastern Asia during diverse climates from the 13th 

to the early 20th centuries. These political units were based on agricultural societies 

depending on precipitation and its predictable seasonality to provide food for large and 

growing populations [13]. They were therefore vulnerable to changes in the amount and 

distribution of precipitation on different timescales, particularly during periods when 

additional political factors weakened authorities [14,15]. Although megadroughts are 

documented in Chinese historical records, the limited number of high-resolution 

climate observations prior to the 20th century in Asia has resulted in a controversy about 

the onset, duration, intensity, and causes of these megadroughts [16-19]. 

The late Ming Dynasty (1573-1644) has been described as affected by severe 

droughts and cold periods as well as socio-economic crises including military failures, 

political corruption, famine, and plague [13-15,18,19]. Over the past two decades, a 

number of climate reconstructions and climate model simulations have been used to 

investigate possible mechanisms triggering and sustaining late Ming Dynasty droughts 

[14,16-18,20], but two major uncertainties remain [2,17]. First, how the the cold 

temperatures during the climax of the Little Ice Age (LIA, ca. 1570–1710) interact with 

weakening of the East Asian summer monsoon (EASM) during this period, and which 

mechanism and external forcings were responsible for triggering the megadrought 

[17,21-23]. Second, new hydroclimatic records showed a consistency in the spatial 

pattern of megadroughts controlled by natural variability from the 1570s to the 1640s 

in the monsoon region of eastern China, although the region is mainly controlled by 

contrasting North-South rainfall patterns on interannual scales. Uncertainties in the 

spatial pattern of megadroughts on interdecadal scales still exist [2,13,24,25]. This 

temporal variability and large-scale covariance suggest a more complex relationship 

between East Asian monsoon precipitation and external forcing factors than is 

commonly apprehended. 
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Despite substantial research, the spatio-temporal pattern and driving mechanism 

of late Ming Dynasty megadrought remained elusive [14]. It particularly has not been 

established why these megadroughts persisted that long what the mechanisms of 

extreme precipitation variations were in northern monsoonal China. To fill this gap, we 

present a new high-resolution precipitation reconstruction covering Beijing derived 

from a tree-ring widths network from 1550–2022 CE. We benchmark the new 

reconstruction against regional and large-scale paleoclimatic and historical evidence. 

Our results delineate the timing and amplitude of Beijing precipitation anomalies, as 

well as the potential causes of coupled megadroughts on the Pacific Rim during the late 

Ming Dynasty. 

2. Data and methods 

2.1. Tree ring and precipitation data 

183 cores from 91 pine trees (Pinus tabuliformis Carr.) were sampled at six sites within 

the greater Beijing region during September 2022. Samples were fine-sanded to 

facilitate tree-ring identification, which is important in slow-growing pines, and annual 

ring widths were measured to the nearest 0.001 mm. Due to the high mean correlation 

between the master chronology and each individual ring-width series across all six sites 

(Rbar = 0.51, P < 0.01), a regional mean chronology was developed. The 183 ring-

width series were standardized by calculating ratios from negative exponential curves 

and combined into a regional chronology (RCH) using a robust mean. The Beijing RCH 

was correlated with instrumental precipitation data to assess the seasonal response of 

tree-ring data. Principal component analysis was used to extract common drought 

signals for northern China integrating three tree-ring records [26-28], and the HJZ 

chronology and Beijing RCH (Table S1). The first principal component (PC1) from this 

network explains 44.2% of the total variance of regional ring width data with from 

1570–2012 CE. Monthly instrumental precipitation totals recorded at the Beijing station 

since 1914 CE, and gridded monthly precipitation data from 1901–2021 covering 

39.5°N–41°N and 115.5°E–117.5°E (CRU TS4.06) [29] were used for calibration.  

2.2. Precipitation reconstruction 

After identifying the seasonal precipitation forcing from previous-year August to 

current-year July, a linear regression was employed to develop the Beijing precipitation 

reconstruction. Split calibration-verification [30] was applied to assess the stability of 

the relationships from 1914–2022 and prevent overfitting. The fully replicated 

precipitation reconstruction exceeds an expressed population signal (EPS) [31] of 0.85 

at a sample depth of six trees back to 1550 CE.  

Megadrought periods were identified based on the criterion of the 11-year running 

mean deviating from the 1550–2022 mean continuously for more than 10 years. We 

focussed on those megadroughts exceeding the 50th percentile. Correlations against 

CRU gridded precipitation data were performed to assess the spatial representation of 
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the reconstruction. We compared PC1 of the reconstructed precipitation with drought 

reconstructions from the Pacific Rim [1,2] to evaluate the occurrence of spatially 

coupled megadroughts. To explore the possible forcing mechanisms of such events, 

correlations between the new Beijing precipitation reconstruction and gridded global 

sea surface temperatures (SST) [32] were computed. To evaluate the probability of 

exceptional NDVI [33] values during late Ming Dynasty megadrought periods, 

cumulative distribution functions (CDFs) were applied to tree-ring derived June-August 

NDVI estimates. 

2.3. Model data 

We used monthly output of three models from the fourth Paleoclimate Model 

Intercomparison Project (PMIP4) of last millennium runs including INM-CM4-8, 

MIROC-ES2L, and MRI-ESM2-0 [34]. These models share common orbital, solar, 

volcanic, land use/land cover changes, greenhouse gas forcings and cover the pre-

industrial millennium from 850-1849 CE [34]. We also used monthly output from 12 

all-forcing runs of the Community Earth System Model-Last Millennium Ensemble 

(CESM-LME) project (https://www.cesm.ucar.edu/community-projects/lme) [35]. 

2.4 CAM5 experimental design 

We used the Community Atmosphere Model (CAM5), which is the atmospheric 

component of the Community Earth System Model (CESM, more detailed information 

can be found at https://www.cesm.ucar.edu/models/cam), to perform two additional 

simulations. The configuration set “F_1850_CAM5” was selected and the horizontal 

resolution set to 2.5° longitude × 1.9° latitude and 26 vertical hybrid levels. Due to 

minor aerosol influences during the period 1550–1850, the chemical process module 

was turned off to improve computational efficiency. The first simulation is the LIA 

control simulation. The monthly climatological SST and ice boundary conditions were 

constructed from the 1550–1849 runs of the PMIP4 MRI-ESM2-0 last millennium 

simulation. Atmospheric greenhouse gas concentrations were set to the average 1550–

1850 CE values (CO2 = 278.7575 ppm, CH4 = 728.7289 ppb, N2O = 272.5540 ppb, 1 

ppm = 1000 ppb) according to the PMIP4 forcing data. The second simulation is an 

anomalous SST sensitivity simulation. SST anomalies were derived by computing 

residuals from the LIA period Last Millennium Reanalysis data [32]. We then imposed 

these SST anomalies on the monthly climatological SSTs of the control run. The 

greenhouse gases concentrations for the sensitivity simulation were set to the average 

values from 1576–1643 CE (CO2 is 278.2289 ppm, CH4 is 707.4775 ppb, N2O is 

271.3893 ppb, 1 ppm = 1000 ppb). The orbital forcing was set to the 1850 values for 

both simulations. The two simulations were consecutively integrated over 40 years, 

though the results represent averages over only 30 years to allow CAM5 to attain a 

relative equilibrium state over 10 years. Due to the minimal difference in greenhouse 

gas concentrations between the two experiments, differences likely reflect the changing 

boundary SSTs conditions during the period of 1576–1643. While volcanic aerosols are 
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equally important for drought formation, the lag and interannual influence of volcanic 

eruptions are stronger [16,36]. Therefore, we focus on the dominant role of the Pacific 

SST background and related mechanisms in the onset of the Pacific Rim megadrought 

during the late Ming Dynasty. 

3. Results 

We present an August-July precipitation reconstruction from 1550–2022 CE derived 

from a network of common pine (Pinus tabuliformis Carr.) sites within 100 km of 

Beijing (Fig. 1; Table S1 online). These pines are severely water-limited and their radial 

growth is well correlated with precipitation, moisture availability (scPDSI) and 

grassland productivity (Normalized Difference Vegetation Index (NDVI)) (Fig. S1 

online). The reconstruction explains ~41.7% of the variance in the instrumental 

precipitation from 1914–2022 CE and passes all split-sample calibration-verification 

tests (Table S2 online). At a mean and standard deviation (σ) of 508 mm and 92 mm, 

respectively, our precipitation reconstruction shows multi-decadal dry periods from the 

1570s to the 1640s, commonly associated with the climax of the LIA, followed by a 

prolonged pluvial period until 1709, coinciding with the collapse of the Ming and 

transition to the Qing Dynasties (Table S3 online) [14].  

Together with a new quantitative precipitation reconstruction, we assessed the 

duration and severity of historically documented megadroughts [18,25]: the so-called 

Wanli megadrought from 1576–1593 CE and the Chongzhen megadrought from 1624–

1643 CE during which mean precipitation reached only 413 and 399 mm, respectively. 

The severity and duration of these megadroughts recorded in the new Beijing 

precipitation reconstruction far exceed any other event. Moreover, nine (the mean is 

294 mm) of the eleven (the mean is 287 mm) driest years, during which precipitation 

was smaller 2σ, fall within the Wanli and Chongzhen megadroughts. When considering 

additional tree-ring records beyond the Beijing region, we find evidence that the Wanli 

and Chongzhen megadroughts extended as far away as Shaanxi [26], Henan [27], and 

Shanxi [28] (Figs. 1 and 2). These latter records are completely independent of our 

precipitation reconstruction and thereby verifying their accuracy. Meanwhile, persistent 

droughts occurred in the southwestern North America and the Altiplano region of South 

America, both of which were accompanied by cold weather [37] (Fig. 3). Unlike 

northern China, the upper southwestern North America experienced more drought 

events from the 1570s to the early 1640s, but on an interdecadal scale consistent with 

the late Ming megadrought. Records from different sources, such as cave stalagmites 

and ice core records from the Pacific Rim, are likewise indicative of hydroclimatic 

anomalies during the 1576-1644 CE [38-41]. 

Although the correlation between variables can vary over different time periods, the 

Pacific SST variability is likely to exert some important influences on the Beijing 

precipitation (Fig. 1b). A similar correlation pattern is observed using the PC1 of the 

tree-ring network (Fig. S2e online). Notably, compared with the entire LIA interval, the 
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tropical central and eastern Pacific show La Niña-like SST anomalies during the period 

of 1576–1643 CE considering latest Last Millennium Reanalysis data (Fig. 4a) [42], 

while in contrast, SSTs at mid-to-low latitudes in the western Pacific show positive 

anomalies. Additionally, the mid- and high-latitude regions of the North Pacific and the 

eastern Pacific at mid-latitudes show significant negative SST anomalies, resembling 

the Victoria mode [43]. Concurrently, the Indian Ocean basin-scale SSTs show 

warming anomalies, while North Atlantic SSTs show a significant negative anomaly. 

4. Discussion and conclusions 

4.1. Megadrought and societal vulnerability of the late Ming Dynasty 

The command system of the Ming Dynasty covered the whole of monsoonal 

northern China and was linked to the main military fortresses within the vast 

administrative regions of the Great Wall, which spans more than 8,000 kilometers. By 

the late 16th century, it had become a convoluted political and economic network. The 

political and military infrastructures of the monsoon fringe areas were internally 

interdependent, resistant to lower-level environmental changes, vulnerable to failures 

of the EASM [14,18]. The inter-regional megadroughts reported here, corresponding 

with the climax of the LIA [37] appear to have weakened the political and economic 

resilience against environmental stressors. Harvest failure likely affected financial 

coping strategies, and increased the difficulty and cost of the Ming government to 

maintain their military presence on the northern frontier of the empire, and contributed 

to the collapse of the Ming Dynasty as the largest empire in East Asia [14,44,45].  

Several studies showed that the combination of persistent water shortage and food 

insecurity caused by poor harvests had cascading consequences on the resilience and 

functioning of the socioecological systems of the Ming Dynasty [14,20,46]. Our 

precipitation reconstruction demonstrates that sustained megadroughts coincided with 

a period of weakened monsoon strength. Reduced economic productivity and decreased 

availability of energy in monsoonal northern China occurred when agricultural 

productivity was reduced by the effects of megadrought. Whereas the vast desert 

grassland of monsoonal northern China is widely distributed within the modern 200 

mm/a and 350 mm/a precipitation isohyets (Fig. 1a) [47,48]. During the two 

megadrought periods of the late Ming Dynasty, these isohyets migrated southward by 

200–300 km into the Beijing area so that the growth, of several principal grain crops 

was unable to be sustained in the arid regions adjacent to the Great Wall [20] (Fig. 2). 

Fairly rapid but sustained environmental changes forced the migration of several 

species within the ecosystem including grassland rodents, with serious consequences 

for Beijing inhabitants and the cores (nine garrisons, 九边重镇 ) of the northern 

defence line of the Ming Dynasty (Fig. 1a). The ecological balance of the entirety of 

monsoonal northern China was disrupted and manifested by the outbreaks of the Wanli 

and Chongzhen epidemics that spread over to neighbouring areas in the 1580s (Fig. 1c) 

and fostered the migration of rodents during extreme drought [20, 49]. 
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Subsequent to environmental changes and damages, the megadroughts accelerated 

the dysfunction of the imperial political and economic systems and contributed to the 

collapse of the social order [14]. The destruction of military farms and land acquisition 

led to the complete collapse of the supply system of government troops in monsoonal 

northern China and significantly reduced the self-sufficiency of military administrative 

regions, which necessitated an increased transfer of funds from the central government 

[50,51]. During the period from the 1570s to the 1580s, military expenditure accounted 

for almost 76% of total government spending, and frequent wars exacerbated the 

national financial crisis [14,50,51]. In an attempt to mitigate this fiscal crisis, the Ming 

government raised the taxation levels, which in turn forced increasing numbers of 

people to become refugees and eventually led to a large-scale peasant uprising at 

Shaanxi, the opposite end of the empire [51,52]. The worsening fiscal situation of the 

Ming government, which was increasingly unable to afford the greatly increased 

military and civil expenditure and frequently defaulted on military salaries and rations, 

resulted in a decline of military effectiveness. Many officers and soldiers were 

dismissed and even rebelled, the most famous being Zicheng Li (1606–1645), who 

ultimately overthrew the rule of the Ming Dynasty. The decades of weakened 

monsoonal rainfall in northern China likely triggered harvest failure, which must be 

regarded as the key socioeconomic stressor during the late Ming Dynasty.  

In addition to the internal socioeconomic problems, the Ming Dynasty also faced 

major geopolitical pressures including frequent wars in regions surrounding the empire, 

such as the conflict with Japan from 1592 to 1598 [53,54] and the escalating conflict 

among the Manchus starting in 1618 [55,56]. These wars caused the empire to incur 

enormous financial, human, and material costs. Studies indicate a linkage between the 

fall of the Ming Dynasty and a decrease in silver imports [57,58]. Whereas there is no 

direct evidence linking silver production to drought, these coupled megadroughts 

undoubtedly impacted silver producing regions in South America (Fig. 3) [5], and there 

were also continuous wars and severe famines in Europe during this period [59,60]. 

“Seventeenth-century crisis” and the decline in silver production prevented the Ming 

Dynasty from obtaining enough silver, and leaded to a sharp rise in food prices 

[57,58,61]. Unlike the collapse of ancient civilizations and the implicated climate crisis 

[6-9,11,12], the Ming Dynasty, with its vast area, diverse climates and territories, and 

complex systems, fell due to the coupled influences of megadrought and unrelenting 

geopolitical factors during the early age of exploration.  

4.2. Causes of coupled megadroughts-a moldel perspective 

Changes in oceanic boundary conditions contributed to the development of 

anomalies in large-scale atmospheric circulation and monsoon systems. During the 

1576–1643 period large-scale SST anomalies were likely the principal cause of the 

coupled megadroughts on the Pacific Rim. Assessment of CAM5 model series 

simulations (see Data and methods) revealed distinct climatic changes during the boreal 

summer (May–September) in the East Asia. These include significantly decreased sea-
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level pressure in low-latitude land areas and coastal regions of Asia from 1576–1643 

(Fig. 4b). Negative 500 hPa geopotential height anomalies developed in East Asia (Fig. 

4c), indicative of a substantially weakened influence of the western Pacific subtropical 

high in eastern China and causal for persistent cyclonic circulation anomalies in the 

lower troposphere over southern China (Fig. 4d). Anomalously northerly winds over 

southeastern China signified the weakening of the East Asian summer monsoon, 

disrupting inter-regional water vapour transport (Fig. S3) and caused a dipole summer 

precipitation pattern including negative deviations in northern and positive deviations 

in southern China (Fig. 4e). In this process, the La Niña-like cold SST anomalies can 

lead to the weakening and southward shifting of the Intertropical Convergence Zone, 

which can also contribute to weakening the East Asian summer monsoon [62]. 

Additionally, the cold SST anomalies in the central equatorial Pacific Ocean and warm 

SST anomalies in the western North Pacific Ocean also hindered the development of 

the Philippine anomalous anticyclone [63], explaining the weakened influence of the 

subtropical high on eastern China. At the same time, precipitation in the North 

American monsoon region were significantly decreased.  

The 1576–1643 SST anomalies also appear to be linked to constrained monsoonal 

rainfall in the Pacific Rim including the southern United States and Mexico (Fig. 4e). 

However, these changes in the North American monsoon circulation are insignificant 

(Fig. 4d). The main reason for decreased monsoonal precipitation are the La Niña-like 

cold SST anomalies, which lead to a decrease in mid- and low-tropospheric 

temperatures in the tropical North American region (Fig. S4). This in turn caused a 

significant reduction in atmospheric water vapor content and an anomalous moisture 

reduction in the North American monsoon region (Fig. S5).  

During the austral summer (November–March), the South American summer 

monsoon is significantly enhanced in response to significant SST decreases in the 

eastern tropical Pacific Ocean (Fig. S6). Water vapor transport from the tropical Atlantic 

to South America increases significantly, leading to a pronounced convergence of 

moisture in central tropical South America and substantial enhancement of monsoon 

rainfall. However, along the western coastal regions of South America, the La Niña-

like anomalies appear to have forced a significant decline in atmospheric moisture 

content and reduction in monsoon rainfall along the western coastal regions of South 

America. These changes in precipitation are consistent with paleoclimate records that 

indicate simultaneous droughts in northern China and the American monsoon regions 

along the Pacific Rim during this period [1,5]. 

Both external forcing factors and internal variability of the climate system can 

have a significant impact on SSTs during this period. In this study, additional 

assessment of past millennium simulations from the CESM-LME project and PMIP4 

multi-models shows that None of the existing simulations or ensemble of simulations 

can reproduce these SST anomalies, in particular the La Niña-like cold SST anomalies 

and Victoria-like mode in the Pacific driven by transient external forcing (Figs. S7–S9 
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online). This suggests that the co-occurring megadroughts in the Pacific Rim region 

were caused by the anomalous Pacific SSTs, which probably caused by internal 

variability rather than externally driven. Furthermore, in Western North America and 

South America studies have similarly found that ocean-atmosphere variability has 

played an important role in driving past megadroughts [2,5,64]. Certainly, we also have 

to admit that the current model performance still has significant shortcomings, 

especially in simulating the climate of East Asia, and there is an urgent need for 

improvement to better understand the mechanisms of precipitation changes. 

Beijing has thrived for centuries, and it has developed into one of the largest urban 

agglomerations in the world [65]. However, due to its geographical location and huge 

urban water consumption, it is still threatened by drought and water scarcity [66]. 

Although precipitation in Beijing has decreased only slightly over the past 40 years, the 

frequency and severity of drought have increased significantly due to the impact of 

global warming [67,68,69]. To alleviate the water shortage in northern China, the 

Chinese government has constructed the world’s largest water diversion project. 

However, a relatively dry period during the late Ming Dynasty occurred in the Hanjiang 

river basin (Fig. 2) [70], which is the source area of the South to North Water Diversion. 

Despite the inconsistent trends in hydroclimatic changes in the Han River Basin and 

northern China since the 20th century caused by anthropogenic forcing and natural 

variability. If a similar megadrought would reoccur presently, the efficiency of these 

water transfer facilities would almost certainly be greatly reduced. Therefore, future 

water resource planning of Beijing must fully consider the impact of extreme events. 
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Fig. 1. Precipitation reconstruction for Beijing. (a) Map of the study area, showing the 
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location of the tree-ring sites and climate station. The tree-ring series for Beijing is 

correlated with the gridded precipitation dataset for total August–July precipitation over 

northern China for the period 1914–2021. Note the positive correlation between RC 

chronology and gridded precipitation dataset over the North China Plain. (b) Spatial plots 

of correlations between sea surface temperature (SST) [32] and the tree-ring series for 

Beijing for the period 1870–2022. (c) Reconstructed total August–July precipitation 

(1550–2022 CE). Shown are green (precipitation > 508 mm) and brown (precipitation < 

508 mm) bars with an 11-year running average (black line) centered on the average of the 

precipitation reconstruction (horizontal black line). The Wanli and Chongzhen pandemics 

are indicated by black vertical bars [48], and the uncertain of the precipitation is shown 

in gray (±1 standard deviation). (d) Regional dry/wet index series for the North China 

Plain, Jiang-Huai area, Jiang-Nan area, and central eastern China during the period 1550-

1995, derived from a yearly drought/flood grade dataset [13]. (e)The 50-year and 100-

year running variance changes in reconstructed precipitation. (f) Plot of the running 

expressed population signal (EPS) and the sample size of the RC chronology for Beijing 

 

Fig. 2 Moisture-sensitive tree-ring records from northern China. (a) Beijing precipitation 

reconstruction (this study), (b) tree-ring width series of the HJZ site, (c) tree-ring width 

series of the WTS site [24], (d) precipitation reconstruction from the southern Taihang 

Mountains [27], (e) gridded PDSI reconstruction for our study area [15] and (f) streamflow 

reconstruction for the Hanjiang River [68]. The Wanli and Chongzhen megadroughts are 

indicated by red vertical bars. The bold line represents smoothing with an 11-year running 

average. The inset figure shows precipitation variation during the different periods: full-

length (1550–2022) and two driest periods 1576–1593 and 1624-1643.  

 

Fig. 3. Regional hydroclimate records on the Pacific Rim from 1570 to 1644. (a) The 

pathways of political, financial, and social factors leading to the fall of the Beijing. The 

inset figures show cumulative distribution functions (CDFs) of NDVI, silver production 

of Potosi and annual China warfare frequency [55,59]. CDFs plotted for different periods: 

full-length (1550–2022), instrumental (1981–2015), and two driest periods 1576–1593 

and 1624-1643. Smooth lines are lognormal fits to CDFs. Annotated are probabilities of 

not exceeding the mean NDVI1981-2015. (b) Reconstructed SST anomalies (unit: ºC) during 

the period 1576–1643 compared to the mean of the period 1550–1850. The numbers 1, 2, 

3 and 4 denote the late Ming rebellions, the Ming-Manchu war of 1618-1683, the East 

Asian War of 1592–1598 and the Thirty Years War 1618–1648, respectively. (c) Beijing 

precipitation reconstruction (this study), (d) PC1 of several tree-ring records [26-28], HJZ 

chronology and Beijing chronology, (e) summer soil moisture reconstruction for 

southwestern North America [1], (f) drought reconstruction for the Altiplano region of 

South America [5] and (g) Northern Hemisphere summer temperature reconstruction [37] 
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Fig. 4. Reconstructed SST and simulated climate changes. (a) Reconstructed SST 

anomalies (unit: ºC) during the period of 1576–1643 compared to the mean of 

the period 1550–1850. CAM5 simulated differences of (b) sea level pressure 

(unit: hPa), (c) geopotential height at 500 hPa (unit: m), (d) wind field at 850 

hPa (units: m s–1), and (e) precipitation (unit: mm d–1) during boreal summer 

(May–September) between the sensitivity simulation and control simulation. 

Areas with statistical significance exceeding the 90% confidence level are 

denoted by dots or grey shading. 
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