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Abstract. Volcanic eruptions have been linked to historical famines in many parts of the world. In China, reduced temperatures 

following major eruptions can destabilise the hydroclimate and agricultural production, contributing to subsistence crises and 

even the downfall of dynasties. This study provides the first long term analysis of the specific connection between volcanic 

activity and famine in eastern China from 1440 to 1900 CE. Using the REACHES historical climate database, it reconstructs 10 

indices measuring temperature, drought, flooding, crop failure and famine. Superposed epoch analysis of these indices reveals 

a recurring, though regionally distinct, association between eruptions and famine. Famine peaks occur in northern China in the 

year of an eruption, in central China one to three years later - coinciding with delayed drought and crop failure - and in southern 

China in the first post-eruption year. Correlation analysis indicates statistically significant relationships between volcanic 

forcing, hydroclimatic extremes, crop failure and famine. Case studies – including a new assessment of the impacts of the 1809 15 

“unknown” eruption – demonstrate how other factors, such as the El Niño Southern Oscillation, non-volcanic climate 

processes, price volatility, disease and state relief mediate volcanic impacts. Many of these factors form feedback loop than 

can delay, amplify or counteract volcanic effects. We conclude that while eruptions may not be the primary drivers of famine 

in China, they significantly increase the risk of drought, flood, harvest failure and subsequent subsistence crises. The findings 

demonstrate the capacity of major volcanic events to destabilise food systems through coupled climatic and societal pathways. 20 

1 Introduction  

In many parts of the world, famines have been linked to major volcanic eruptions (Brönnimann and Krämer, 2016; Toohey et 

al., 2016; Huhtamaa et al., 2022; Kim, 2025). Volcanic sulphate aerosols cool global temperatures and disrupt regional rainfall 

patterns, which can negatively affect both agriculture and food prices. Whether this is the case in China is still an open question 

Evidence from early Chinese history suggests that volcanic eruptions are associated with cold, drought and locust outbreaks, 25 

but only inconsistently to harvests and subsistence crises (Yang and Ludlow, 2025). Research on later periods has identified 

links between volcanoes and dynastic collapse (Gao et al., 2021a), climate and famine (Lin et al., 2020; Wei and Li, 2024) and 

eruptions and the Chinese climate (Gao and Gao, 2018; Chen et al., 2020; Liu et al., 2022; Zhuo et al., 2023). However, a 

persistent connection between volcanic activity and famine has not been systematically investigated. This study addresses this 

https://doi.org/10.5194/egusphere-2026-1228
Preprint. Discussion started: 8 April 2026
c© Author(s) 2026. CC BY 4.0 License.



2 
 

gap by assessing the climatic, environmental and societal pathway volcanic eruption to famine across 460 years of Chinese 30 

history, 1440 to 1900 CE. 

 

The impact of volcanic eruptions on the East Asian climate has been addressed by several studies, using a variety of climate 

proxies and climate modelling data. Tropical volcanic eruptions tend to coincide with drying in south China in the year of an 

eruption, wetting in north and central China one year after the eruption, and regional wetting effects three years after the 35 

eruption (Gao and Gao, 2018). This is modulated by volcanic interactions with the El Niño Southern Oscillation (ENSO), 

which can reverse the regional drying, resulting in a general wetting effect when an a El Niño is induced by or coincides with 

a volcanic eruption (Liu et al., 2022). The physical mechanism behind the volcanic impacts is argued to be a weakening of the 

East Asian summer monsoon (EASM), due to a reduced land sea thermal gradient (Chen et al., 2020), and a strengthening of 

the East Asian subtropical westerly jet stream as it moves south (Gao and Gao, 2018). Heterogeneous moisture transport, cloud 40 

formation and feedbacks between clouds and soil moisture can all modify these effects leading to diverse hydrological effects 

in different regions of China (Chen et al., 2020; Zhuo et al., 2023). The location of the eruption can also change its impact, 

with northern hemisphere eruptions having a considerably bigger drying impact than southern hemisphere eruptions (Zhuo et 

al., 2023). The impact of ENSO, separate to an eruption, appears to be less than that of volcanic events and quite regionally 

specific. Modern studies show drought is most strongly correlated with ENSO in the south east of China (Lv et al., 2022), but 45 

the biggest agricultural impacts are in the north and central eastern China - around Shanghai and Henan province - where both 

El Niño and La Niña can have a positive effect on crop yields (Li et al., 2020). 

 

Recent research has also examined the links between climate variability and famine in China. Using the REACHES database, 

Lin et al. (2020) found that during the Qing Dynasty (1644-1911), famine and drought tends to be concentrated in three 50 

different epicentres: the lower Yellow River (in northern China); the lower Yangtze River (in central China); and occasionally 

in the far south of China along the Pearl River. From these centres, famines sometimes spread further inland to the upper 

reaches of the Yellow and Yangtze rivers. Famines were usually strongly connected to drought, but also to crop failure, price 

fluctuations and social turmoil, as well as disaster relief and locusts. Colder periods also tended to see lower agricultural yields 

and more social instability. Further analysis of these relationships was conducted by Wei and Li (2024) using Chinese historical 55 

data sources and climate reconstructions. They found both coincidence and correlation between annual drought, flood and 

famine in Qing Dynasty China. The strongest correlations were observed between drought and famine in northern China, while 

in southern China famine was correlated with both drought and flood, albeit more weakly than in the north. Notably, lagged 

analyses revealed strong correlations between drought and famine at one- and five-year intervals across China as a whole, 

suggesting the influence of ENSO or other delayed feedback mechanisms. 60 

 

The broadest picture studies link volcanic eruptions directly to famine and other sociopolitical events. Gao et al. (2021a) 

connected volcanic impacts to Chinese dynastic collapse, finding that over the last 2000 years, warfare and regime change 
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coincided with major eruptions considerably more often than would be expected from random chance. They hypothesized that 

agricultural disruption and resulting subsistence stress, together with the symbolic impact of ominous portents, adverse 65 

weather, and volcanically induced lunar and solar phenomena may have weakened the mandate and legitimacy of Chinese 

rulers. This brought to light the importance of not only material impacts, but also perception and meaning as important factors 

shaping the societal consequences of volcanic eruptions in the Chinese context. This was also emphasized by Yang and Ludlow 

(2025), although they pointed out that, at least in early Chinese history, this could have both positive and negative effect on 

disaster relief More specific case studies, investigating the impact of single eruptions, have connected the Laki eruption in 70 

Iceland (1783) to drought, locust outbreaks and famine in eastern China (Gao et al., 2021b); the Tambora eruption in Indonesia 

(1815) to unusually cold conditions in southern China, although with minimal social impacts (Gao et al., 2017); the Parker 

eruption in the Philippines (1640) to a prolonged and severe drought that potentially contributed to the collapse of the Ming 

dynasty (Chen et al., 2020); and a major unidentified eruption in 535 or 536 to summer frosts, multi-year drought, crop failures 

and catastrophic famines (Pankenier, 2022). 75 

 

The connection between eruptions and agriculture, and agriculture and famine, is perhaps the least well evidenced, since it is 

often assumed. Agriculture in China is complex, with regional variation in dominant crops and cropping intensity (Tian et al., 

2015; Yin et al., 2024). Nevertheless, Hao et al. (2020) found that since the beginning of the 19th century decreased harvest 

yields in southwest China have been consistent with periods of declining temperatures, higher drought occurrence and low-80 

latitude volcanic eruptions. They also emphasised the importance of social resilience and relief measures in shaping the 

ultimate impacts of subsistence crises. This is consistent with the results from Lin et al. (2020) and with the broader scholarship 

on famine and agriculture, the most well know being Sen (1982) who argued that prices and human responses (entitlements) 

are often more important than actual production in determining the outcome of famines. 

2 Data and Methodology 85 

2.1 The VICES approach 

This paper broadly follows the systems approach introduced in (Warren, 2026). This has since been developed, based on other 

volcano-society interaction frameworks (Brönnimann and Krämer, 2016; Ljungqvist et al., 2021; Büntgen et al., 2025) into 

the more detailed Volcanic Impacts on Climate, Environment and Society (VICES) approach - see Fig. 1. 
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 90 
Figure 1. Conceptual diagram showing the VICES approach to studying volcano-climate-society interactions, including the proposed 
causal chain linking volcanic eruptions to social impacts and the evidence and analysis used to assess/reconstruct each impact and 
connection. 

 

The approach starts by noting the basic coincidence of famine in China and global volcanic activity, particularly in the 1580s, 95 

1640s, and 1830s (Fig. 3). We then assess whether such coincidences are repeated and statistically significant using correlation 

and superposed epoch analysis (SEA). The effects of the El Niño Southern Oscillation (ENSO) - the primary ‘other factor’ 

affecting the Chinese climate on an interannual timescale (Li et al., 2020; Lv et al., 2022) - are similarly investigated. Next, 

we evaluate whether the proposed causal pathway - from volcanic eruption to climate disruption to agro-environmental impacts 

to famine - is supported by correlations between the relevant variables. Following Yang and Ludlow (2025), we then combine 100 

our long-term statistical analysis with detailed historical case studies to reconstruct the factors that moderate this pathway. 

Case studies include a new assessment of the impact on China of the 1809 ‘unknown’ eruption, as well as previous research 

on the Parker (1641), Laki (1783) and Tambora (1815) eruptions. 

2.2 Selecting major historical eruptions and ENSO years 

To identify volcanic eruptions with a global climate impact, we utilise the Toohey and Sigl (2017) stratospheric aerosol optical 105 

depth (SAOD) dataset, based on ice core composites from Antarctica and Greenland. Major volcanic eruptions were 

categorised as those with a peak global mean SAOD of over 0.75, giving a sample of 13 eruptions between 1440 and 1900 CE 

(see Table 1). The 20th century eruption of Mt. Pinatubo (1991) has been included for reference. 

https://doi.org/10.5194/egusphere-2026-1228
Preprint. Discussion started: 8 April 2026
c© Author(s) 2026. CC BY 4.0 License.



5 
 

 
Table. 1. Summary information on the 13 major volcanic eruptions used in this study. The data is sourced from Toohey and Sigl, 110 
2017.  

 
Further information was acquired from *Burke et al., 2023, **Ro et al., 2025, ***Hutchison et al., 2025. 

 

To investigate the effects of ENSO, extreme El Niño and La Niña years were identified using the Zhu et al. (2022) Niño 3.4 115 

reconstruction. This dataset combines tree ring chronologies with coral proxies to reconstruct sea surface temperature (SST) 

anomalies over the central Pacific Niño 3.4 region. Years with SST anomalies exceeding the 95th percentile were classified as 

extreme El Niño events, while years below the 5th percentile were classified as extreme La Niña events. This resulted in a set 

of 20 El Niño years and 19 La Niña years - see Table 2. 

 120 
Table 2. Extreme El Niño and La Niña years between 1440 and 1900 CE, identified from the Zhu et al. (2022) ENSO reconstruction.  
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*These years were excluded from the SEA, as the event year + 5 was outside of our data range.  

To account for the inherent uncertainty in ENSO reconstructions, the analysis was repeated using two alternative 

reconstructions (Li et al., 2013; Dätwyler et al., 2019) based on different methods and data sources (see Appendix A). 125 

2.3 Historical indices and the REACHES database  

To reconstruct the potential climatological, environmental and social impacts on China, this study uses the REACHES 

database, a digitised database of Chinese meteorological and climate related records from 1368 to 1911 CE (Wang et al., 2018). 

REACHES compiles and categorises an extensive set of official and local records from across China, originally collected in A 

Compendium of Chinese Meteorological Records of the Last 3,000 Years (Zhang, 2013). From these, a study area of twenty-130 

three provinces was selected, chosen for having a sufficiently large number of observations in the REACHES database (Fig. 

2c). These provinces were divided into three regions (Fig. 2a), based on climatology (Wang et al., 2024), agriculture (Li et al., 

2024), and historically concurrent famines (Lin et al., 2020). The study period 1440 to 1900 was chosen to include as many 

large volcanic eruptions as possible (particularly the 1452 eruption) whilst ensuring that all regions had enough reports for 

statistical analysis (Fig. 2b).   135 
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Figure 2. (a) Map of China showing the provinces included in this study and approximate routes of major river systems. Provinces 
are divided into regional divisions as follows: North Eastern China = Hebei, Beijing, Tianjin, Shandong, Henan, Shanxi, Shaanxi, 
and Gansu; Central Eastern China = Jiangsu, Anhui, Hubei, Shanghai, Zhejiang, Jianxi, Hunan, Sichuan, Chongqing Guizhou and 140 
Yunnan; South Eastern China = Fujan, Guangdong, Hainan, and Guangxi. The major rivers are the Yellow River in northern 
China, Yangtze River in central China and Pearl River in the south. (b) Total number of reports per year in the REACHES database 
for each region, 1440 to 1900 CE. (c) Total reports per province, 1440 to 1900 CE. 

 

Within REACHES, each record is categorised according to subject (famine, drought, flood, crop failure, price fluctuation, 145 

locusts, social turmoil, disease, famine relief etc.), along with a type description. To account for the variation in the number of 

reports over time and between regions, these records were converted into an event index using Eq. (1). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅∗

 (1) 

*100 year moving average 

Note that all values are per region. This formula was applied to reports of famine, drought, flood, crop failure to produce a 150 

famine index (FAI), drought index (DI), flood index (FI) and crop failure index (CFI) for each region. The event index assumes 
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that a higher number of reports indicates a more widespread and long-lasting event. This interpretation is supported by the 

general homogeneity of magnitude and duration classifications within the REACHES reports. 

 

Based on modern Chinese agricultural studies (Li et al., 2024; Feng et al., 2025), the two main climate factors affecting crop 155 

growth in China are summer temperatures and spring/summer precipitation. However, Lin et al. (2020) found a stronger 

connection between droughts and crop failure than between precipitation and crop failure. We therefore measure the climate 

impact from volcanic eruptions using the drought index (DI) based on the REACHES data and the summer temperature 

reconstruction from Wang et al. (2024) (also based on REACHES). This temperature reconstruction covers the extended 

summer period, May to September, which includes much of the growing season in China (Li et al., 2024; Feng et al., 2025). 160 

Since Wang et al. used smaller regions than our own, their results were averaged across each study region to create a new 

regional summer temperature index (STI).  

2.4 Statistical and spatial analysis 

Superposed epoch analysis (Robock and Mao, 1995) is a statistical method used to study the temporal response of a variable 

or system to repeated events, such as the impact of volcanic eruptions on climate, agriculture or society (Gao et al., 2021a; 165 

Huhtamaa et al., 2022; Zhuo et al., 2023). We use this method to present the composite effects of 13 major eruptions (see Figs. 

4 & 5) over an 11 year window, ranging from 5 years prior to each eruption to 5 years following. To test significance, a Monte 

Carlo model test (Zhuo et al., 2023) was employed, whereby 10,000 resamples of the original data are made and the mean and 

95% confidence band of this sample are identified. A p-value test (Bunn et al., 2025) with a different resampling was also used 

to show the probability that each result occurred by random chance. Values that were both outside of the 95% confidence band 170 

and had a p-value of <0.05 were considered statistically significant. 

 

Correlation analysis employing both Pearson and Spearman’s Rank correlation coefficients was used to capture linear and 

non-linear relationships between variables (Table 4 & Appendix G). 

 175 

For the 1809 case study, we use spatial plots to show distribution and prevalence of drought, flood and famine, and related 

biological, economic and social phenomena for the years 1808 to 1812 (see Fig. 6). Following the method used by Gao et al., 

2017 and Lin et al., 2020, we first collected all the relevant records from REACHES and then converted them into geo-

referenced points showing the location and severity of crop failure, locusts, price fluctuations, social turmoil, disease and 

disaster relief. The distribution of drought and famine records was shown using a kernel density plot – a method used to create 180 

a probability density function and contour plot from point variables (see Lin et al., 2020; Ripley et al., 2025). 
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3 Results 

3.1 Index comparison 

Figure 3 gives an overview of the REACHES index data for summer temperature, drought, crop failure and famine, 

highlighting the potential role of volcanic eruptions. 185 

 
Figure 3. Scatterplots showing the distribution of STI, DI, CFI and FAI in north, central and south eastern China for volcanic and 
non-volcanic years. Labelled points are the years following major eruptions that are also in the top 5% of years in either index. See 
Appendix B for the equivalent graphs showing STI-FAI, DI-FAI and FI-FAI. 

 190 

The plots show that while some eruptions coincide with extreme temperatures, droughts, crop failures, and famines, the 

majority of extreme years are not associated with volcanic activity. This picture is fairly consistent across all three regions of 

China. Hence, barring any effects more than three years post-eruption, it seems that volcanism can at best only partly explain 
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the occurrence of famine in China. However, this general finding may mask some underlying trends, and enough extreme 

years do coincide with volcanic years to merit further investigation.  195 

3.2 Superposed epoch analysis 

To test whether the coincidence of famine events with major volcanic eruptions is statistically significant, we turn to SEA 

analysis (Fig. 4). 

 
Figure 4. Superposed epoch analysis showing famine index (FAI), relative to eruption years, for the three study regions. Purple, 200 
yellow and red lines show the mean and 95% confidence band for the Monte Carlo resampling (10,000 iterations). Note that the p 
values are based on a different resampling (also 10,000 iterations) of the same data. See Appendix C for equivalent graphs using 
peak forcing rather than eruption years. 

 

The results show a repeated coincidence between volcanic eruptions and famines, with famines occurring between 0 and 3 205 

years after many major volcanic events. Regionally, these effects are concentrated in north China in the year of an eruption; 

in central China one, two and three years following an eruption, with a strong peak three years after; and in the far south of 

China one year following an eruption. The same methodology was used to produce SEA plots for extreme El Niño/La Niña 
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years (see Appendix D). These indicate that the temporal association between ENSO extremes and famine in China is weaker 

and less consistent than that observed for volcanic eruptions, although results vary depending on the reconstruction used. The 210 

only exception is in northern China, where famines peak significantly one year before a major El Niño event. 

 

To break down the possible causal links between famine and volcanic eruptions, we can also examine SEAs showing how 

summer temperature, drought occurrence, crop failure and flooding correspond to major eruptions (Fig. 5). 

 215 
Figure 5. Superposed epoch analysis showing summer temperature (STI), drought (DI) and crop failure (CFI) indices, relative to 
eruption years, for the three study regions. Purple, yellow and red lines show the mean and 95% confidence band for the Monte 
Carlo resampling (10,000 iterations). Note that the p values are based on a different resampling (also 10,000 iterations) of the same 
data. See Appendix E for equivalent graphs showing flood index (FI) data.   

 220 

The SEA shows that while major eruptions do coincide with low temperatures, drought and crop failure, temporal patterns are 

highly regionally specific. Consistent summer temperature changes occur only in north and central China in years 0 and 1 

following an eruption. Significant post-eruption droughts occur in central China (but nowhere else) in years 2 and 4, and crop 

failures spike in years 1, 3 and 3 in south, central and north China respectively. The most significant change is the major spike 

in crop failures in central China, year 3, which seems to correspond to a similar spike in famine occurrence (see Fig. 4). 225 

https://doi.org/10.5194/egusphere-2026-1228
Preprint. Discussion started: 8 April 2026
c© Author(s) 2026. CC BY 4.0 License.



12 
 

Equivalent graphs for flooding (see Appendix E) show no significant connection to volcanic eruptions. Note that both north 

and central eastern China show significant temperature peaks before eruptions, a reminder that SEA plots indicate coincidence, 

not causality.  

 

We can also examine the effects of ENSO on the same climate and environmental indices (Appendix F). A summary of the 230 

statistically significant results is shown in Table 3. 

 
Table 3. Statistically significant SEA results for Zhu et al. (2022) extreme El Niño/La Niña events (see Table 2). Showing results for 
summer temperature (STI), drought (DI), flood (FI), crop failure (CFI) and famine (FAI). See Appendix D and Appendix F for the 
full SEA results, including those for alternative ENSO reconstructions.  235 

 
 

These show both significant and consistent coincidence between extreme ENSO events and climate and agricultural disruption 

in eastern China. Of particular interest are the strong links between ENSO and flooding, which are absent from the volcanic 

eruption SEAs. However, the timing and strength of these associations vary considerably between reconstructions, making it 240 

hard to draw robust conclusions about the timing and magnitude of El Niño and La Niña impacts. 

3.3 Correlations between climate, crops and famine 

Next, we examine the more general correlations between the summer temperature, drought, flood, crop failure and famine 

indices in each of the three regions (Table 4).  

 245 
Table 4. Correlation coefficients between summer temperature (STI), drought (DI), flood (FI), crop failure (CFI) and famine (FAI) 
indices for the three study regions of China. The bottom and leftmost values use the Spearman’s Rank method, while the top and 
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right use the Pearson method. Correlation significance is denoted by asterisks: *** = p < 0.01; ** = p < 0.05; * = p < 0.1. Where |r| < 
0.1 and p ≥ 0.1, coefficients are replaced with a dash to indicate no significant correlation. 
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 250 
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In all three regions, drought, crop failure and famine are significantly correlated with each other. Flood correlations are slightly 

more variable, and summer temperature is only significantly correlated with drought in central China and crop failure in 

southern China. Most of these relationships are approximately linear. Of the four other indices, drought correlates most strongly 

with famines in all three regions, with crop failure a close second. Interestingly, drought always correlates more strongly with 255 

famine than with crop failure, possibly indicating a separate process connecting drought to famines. The drought, crop failure, 

and famine correlations all seem to weaken as they move south, although the flood-crop failure correlations show the opposite 

trend, being much stronger in central and south eastern China than in the north east. 

 

Evidence for a direct correlation between the REACHES indices and volcanic activity, as measured by SAOD (Toohey and 260 

Sigl, 2017), was assessed using lagged correlations to account for the delayed nature of volcanic impacts (see Appendix G). 

Across all regions, r values indicate at best very weak correlations, although some results are statistically significant. In 

northern China, volcanic eruptions are correlated with flooding and crop failure, and inversely correlated with summer 

temperature and drought, but this does not translate into any correlation with famines. Meanwhile in southern China there is 

little or no correlation between SAOD and climate, crops or famine. Only in the central China region do famines correlate with 265 

volcanic activity, which is also where we see the strongest correlations with crop failure.  

3.4 Case Studies: The 1809 “Unknown” eruption and the eruptions of 1641, 1783 and 1815 

Having identified statistically significant coincidence between volcanic eruptions, drought, crop failure and famine (at least 

for central China), the remaining question is whether these relationships are causal. This can be addressed by examining 

individual eruptions in detail to trace the specific climatic and societal pathways through which they may have produced 270 

famine. To complement the existing literature, we have produced a short case study examining the impacts of the 1809 

“unknown” eruption – the largest (as measured by SAOD) eruption in the Qing dynasty that has not been studied in detail. 
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Figure 6. Point and kernel density plots showing the annual distribution of drought and famine reports, and the location and 
frequency of related events, 1808 to 1812. Note that owing to a larger overall number of reports in the REACHES database (see Fig. 275 
2) droughts, famines and events in northeast China may be over-represented. 

 

The spatial plots from 1808 to 1812 (Fig. 6) show severe droughts in the vicinity of the Yellow (north-east) and Yangtze 

(central-east) rivers in 1811 and 1812, with the most extreme being in the north-east in 1812. These correspond to reported 

famines across north-east China in 1811, centred on Shandong province, that worsened and spread to central-east China 280 

(around Zhejiang province) in 1812. Before this, we can see famines of similar magnitude in south and central eastern China 

in 1809 and 1810 (the worst being in Guangdong province in 1810, near the mouth of the Pearl river), although these do not 

coincide with any major drought or flood. Isolated crop failures were reported throughout the period, only reaching a high 

density in 1811 and 1812 around the Yellow river in the north-east. In all years there are numerous flood records in different 

regions of China, but 1808, 1811 and 1812 seem to have been particularly bad flood years. Locust outbreaks do not appear to 285 

have been a major issue. Reports of social turmoil and disaster relief are widespread and seem only partially connected to the 

famines, although there was a major disease outbreak in eastern Shandong in 1812 which could well be linked to the 1811-

1812 famine there. Possibly the most interesting events are the reports of major price fluctuations, which often (though not 

always) seem to correspond with regions of famine – for example in the south of Zhejiang province in 1812 where we see 

famine and a cluster of price fluctuations, but minimal incidence of drought, crop failure or flooding. 290 

 

A summary of these results, combined those from three additional case studies from the 1440 to 1900 period (Gao et al., 2017; 

Chen et al., 2020; Gao et al., 2021b) is presented in Table 5.  

 
Table 5. Summary of four case studies that examined the climate, environmental and social impacts of volcanic eruptions in 1641, 295 
1783, 1809 and 1815. Note that Yrs 0, 1, 2 and 3 refer to the year of an eruption and the first, second and third year following. 
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*East Asian Summer Monsoon; **Western Pacific Subtropical High; ***Intertropical Convergence Zone.  
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4 Discussion 

4.1 Case studies and causality 300 

The results presented above show repeated links between volcanic activity, drought and famine in eastern China, based on 

thirteen eruptions between 1440 and 1900. Drawing from the wider literature and the case studies (Table 5), this section 

examines how major eruptions contribute to famines, and how other factors moderate this relationship. 

 

Figure 7. Systems diagram showing the complex processes linking volcanic eruptions to famine in China. Feedback loops are 305 
identified as either amplifying or balancing, depending on whether they intensify or counteract existing trends. Weak or inferred 
causal connections are shown as dashed lines. The colour scheme follows the broad categories from Fig. 1.   
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Figure 7 illustrates the general progression from post-volcanic cooling to increased incidence of flooding and drought, reduced 

crop production, rising food prices, and a greater risk of famine. However, it emphasises that at each stage there are other 310 

processes that can amplify or balance these changes. While many of the connections in the diagram are well-evidenced from 

both our results and the case studies, a few require further explanation. The connections between ENSO and 

temperature/flood/drought were apparent from both the SEA results and Gao et al. (2021b), but it should be noted that El 

Niño/La Niña cycles can both strengthen or counteract the effects of a volcanic eruption, and they rarely result in famine on 

their own. In contrast, non-volcanic climate variability is more than capable of causing famine (see Table 4). It can also 315 

determine volcanic impacts both on climate (through the superposition of volcanic and non-volcanic effects) and society 

(through its effects on the period preceding an eruption). Lin et al. (2020), Gao et al. (2021b) and Yang and Ludlow (2025) 

highlight locusts as an occasional but important factor determining how droughts translate into crop failures. Drought creates 

ideal breading conditions for locusts (Lin et al., 2020), meaning that outbreaks may be more likely following a volcanic 

eruption. The relative importance of food prices requires further investigation, as the REACHES database only records the 320 

general category of “Price Fluctuations”. Based on Sen (1982) and Yang and Ludlow (2025) it seems likely that both crop 

failure and anticipated crop failure (due to cold temperatures or a delayed monsoon, for example) could drive up food prices 

and lead to famine amongst the poor. The link from flood and drought (and indeed crop/harvest failure could also be connected 

here) to social turmoil is based on Gao et al. (2021a), where it is mentioned that such natural disasters could weaken the 

mandate of the Emperor and the Imperial bureaucracy, thus leading to popular unrest. 325 

 

The limitations of this diagram should also be acknowledged. It is generalised over the whole of China, yet volcanic impacts 

vary considerably between eruptions and regions. Many of the mechanisms linking volcanic eruptions, temperature and 

hydroclimate are not included, although these are summarised in the introduction and case studies. Several important economic 

and social factors were also excluded, since they lacked sufficient evidence in REACHES or the case studies. Trade, market 330 

integration and grain imports/exports were all significant to the transmission of and relief from the impacts of natural disasters 

- and varied greatly between provinces, regions and time periods (Li, 2007). Food transportation may also have been impacted 

when extreme droughts caused the drying of river ports, such as after the Laki (1783) eruption. Access to state relief - 

sometimes directed by the emperor himself during times of crisis - was similarly important, but again varied across regions, 

time periods and imperial administrations (Marks, 1998; Li, 2007). Over the Qing dynasty, the granary relief system, which 335 

formed the backbone of such aid, became increasingly tied to market systems, as administrators came to rely on purchasing 

grain in times of famine, rather than on local storage (Marks, 1998). This shift created a feedback loop that linked famine relief 

to fluctuating grain prices. Migration represents another complex factor that could either alleviate or exacerbate famine 

conditions: populations might move towards areas of higher food production or better access to aid, but such movements could 

also increase mortality through crowding and the spread of disease (Sen, 1982; Pankenier, 2022; Warren, 2026). 340 
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4.2 Volcanic impacts on the different regions of China 

Despite these shortcomings, by combining the processes from Fig. 7 with the SEA and correlation results, we can now both 

summarise and begin to explain the impacts of volcanic eruptions on the three main study regions. Across China, there seems 

to be a double peak in famines following volcanic eruptions – one immediate, and one delayed (see Fig. 4a and Appendix C). 

This suggests that both immediate cooling and hydroclimate disruption in years 0 and 1 can trigger famine, as can the slower-345 

acting climatological and social feedback loops set in motion by the eruption (Fig. 7). 

  

In north eastern China, low summer temperatures (Fig. 5a; Table G1a) and the potential for drought (Fig. 5b; Tambora, 1815) 

and flooding (Table G1a; Laki, 1783) in year 0 to 1 following an eruption, are associated with only minor crop failures (Fig. 

5c; Table G1a) However, the climatic disruption may cause a failure of confidence in the harvest, leading to potential price 350 

spikes and increase in famine incidence (Fig. 4b), as observed in 1809 (Fig. 6b). The cause of crop failures in year 3 (Fig. 5c) 

is less clear, but may be the increased, though not statistically significant, prevalence of drought in the preceding years (Fig. 

5b; Unknown, 1809). The case studies and volcano-climate literature suggest that the inconsistent volcanic impacts on north-

eastern China might partly be due variable hydroclimatic impacts: eruptions sometimes causing drought, but also occasionally 

having the reverse effect. It is also possible that a greater reliance on wheat agriculture (Yin et al., 2024) and proximity and 355 

access to direct relief from the emperor and central government in Beijing made north eastern China more resilient to longer-

term climatic stress than other regions. 

 

In central China, low temperatures in years 0 to 1 following an eruption (Fig. 5d; Table G1b) may have caused some crop 

failures (Table G1b), leading to an increased famine occurrence in years 1 and 2 (Fig. 4b), as observed after Tambora in 360 

1815/16. By year 2, temperatures have returned to normal, but significant drought kicks in (Fig. 5e), producing a spike in crop 

failures (Fig. 5f) and a corresponding spike in famine in year 3 (Fig. 4b). We see this central China-drought effect in all four 

case studies. The delayed impact likely reflects the counteracting influence of concurrent El Niños (Gao et al., 2021b; Liu et 

al., 2022) and the time required for the different amplifying processes in Fig. 7 to take effect. North-south variation in the 

boundary between post-eruption wetting and drying (Gao and Gao, 2018; Gao et al., 2021b) may also reduce the consistency 365 

of any such drought responses.  

 

In the south of China, the climatic impacts of eruptions are highly inconsistent. In particular, there is no clear or consistent 

cooling effect (Fig. 5g; Table G1c), although that may be an artifact of limited variability in the STI for south eastern China 

(see Fig. 4e). The lack of significant hydroclimate impacts is broadly consistent with the literature (Gao and Gao, 2018; Liu et 370 

al., 2022; Zhuo et al., 2023), in which south eastern China tends to see less extreme changes than the rest of China. Increased 

crop failures in the first year following an eruption (Fig. 5i) may therefore be due to reduced temperatures (see Tambora, 1815) 
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or increased flood occurrence (Table 4c) but this remains highly speculative. These crop failures do appear to result in famines 

in the same year however (Fig. 4c), suggesting a very direct connection from crop failure to famine in southern China. 

4.3 Further considerations and research 375 

We have already identified some of the missing elements from our causal explanation of volcanic impacts on China, but a few 

further considerations should be included here. The first, as alluded to in the previous section, is agriculture. Staple crops vary 

between the study regions: rice is grown across south eastern China and much of central eastern China, while wheat is more 

prevalent in the north east and the north of central eastern China (Yin et al., 2024). Cropping intensity also differs, with some 

regions relying on a single annual harvest (north eastern China and the north of central eastern China), whereas others support 380 

double or even triple cropping (south eastern China and the south-central eastern China; (Tian et al., 2015). These systems 

respond differently climatic stress. Wheat is generally more resistant to adverse conditions, while rice is highly sensitive both 

drought and cold (Tian et al., 2015; Yin et al., 2024). Multiple cropping meanwhile, may either amplify or buffer volcanic 

impacts: it can exacerbate subsistence shocks if drought, flood or cold persist throughout the year, or mitigate them if only part 

of the growing season is affected. The more marginal nature of rice agriculture in central eastern China (at the northern edge 385 

of rice’s growing range) coupled with its importance as a staple crop could also explain that regions sensitivity to volcanic 

climate disturbance. A promising avenue for future research might be to use coupled climate-agricultural models to simulate 

how post-volcanic climatic disruption affects crop yields in different regions of China (Flückiger et al., 2017). 

 

There are also sampling issues with our set of 13 major volcanic eruptions. Three coincide with extreme EL Niño/La Niña 390 

years, and four occur within six years of another major eruption – both factors that obscure the signal from a single volcanic 

event (see Gao et al., 2021b). Furthermore, as Zhuo et al. (2023) point out, eruption latitude and timing influence climate 

impacts. Since our sample comprises three northern hemisphere eruptions and ten tropical eruptions, we can say very little 

about the impact of southern hemisphere volcanic activity or the different effects of northern hemisphere and tropical eruptions. 

Expanding the number of case studies – particularly for northern hemisphere eruptions - or extending our data sources further 395 

back in time would give a larger sample of eruptions for comparison. It would also allow the removal of closely spaced 

eruptions from the sample and more detailed investigation of eruption impacts under different of ENSO phases. 

 

While we have offered a general causal explanation and summary of regional volcanic impacts across China, more granular 

analysis is clearly required explain famine dynamics in detail. We have already mentioned some of the broad factors missing 400 

from our framework, but there are almost certainly others that are specific to individual eruptions, time periods or geographical 

areas. Future studies could investigate the roles of famine relief, migration, trade networks, market integration, and price 

volatility at provincial, prefectural, or county scales. Detailed grain price data could be especially valuable - extending beyond 

the simple price fluctuations recorded in REACHES – allowing direct comparison of market prices with drought, flood and 

summer temperature indices. This could be used to assess our hypothesis for a direct connection between 405 
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temperature/hydroclimate and prices. Further case studies could also assess whether our regional SEAs, correlations and causal 

explanations are consistent with other eruptions and at finer spatial scales. 

5 Conclusions 

This study provides a multi-regional synthesis of volcanic impacts on famine across a large sweep of Chinese history (from 

1440 to 1900). Scatterplots and correlation analysis based on the REACHES database confirm that volcanic climate disruption 410 

is not the main cause of famine in China. However, SEA reveals that famine occurrence and severity do increase significantly 

across northern, central and southeastern China following major eruptions. The timing and intensity of post-eruption famines 

varies considerably between eruptions and regions, with the most severe famines in northern China in the year of an eruption, 

in central China in the third year following and in southern China in the first year following. The co-occurrence of famines 

and volcanic activity is consistent with the expected effects of climatic disruption following a major volcanic event, where 415 

cooling, drought and floods can all contribute to subsistence crises. Such effects are evident from SEA and correlation results, 

which show reduced summer temperatures (year 0 and 1 post-eruption) and a delayed or prolonged drought response (years 1 

to 4) across north and central eastern China. SEA of extreme ENSO years found significant associations with summer cooling, 

hydroclimate extremes, and agricultural disruption, but only minimal coincidence between El Niño/La Niña events and famine. 

However, uncertainties in dating past ENSO events suggests that SEA may not be the most suitable method for reconstructing 420 

such impacts. 

 

Crop failure appears to be the principal mechanism linking volcanic climatic shocks to famine, although case studies from 

specific eruptions suggest that price speculation also plays a contributory role. A wide range of additional factors - including 

ENSO variability, non-volcanic climate variability, locust outbreaks, disease, famine relief, and social unrest - can amplify or 425 

counteract the impacts of an eruption. Many of these processes form feedback loops that shape the intensity and timing of 

volcanic effects: Soil moisture and cloud feedbacks may amplify or delay hydroclimatic responses, while the Chinese state 

relief system could sometimes counteract or postpone famine conditions. Given the spatial variability of volcanic climate 

effects - particularly shifts in wet–dry boundaries - it may be more appropriate to assess impacts in terms of a heightened risk 

of extremes rather than deterministic index responses. From this perspective, volcanic eruptions lead to: 430 

1. Decreased summer temperatures; and 

2. Increased likelihood of hydroclimate anomalies (drought and flooding). 

These disruptions, in turn, elevate the risk of crop failure, locust outbreaks and price volatility, thereby increasing famine risk.  

 

Our conclusions are necessarily constrained by our own timeframe (1440–1900), by the REACHES database, and by the focus 435 

on eastern China. While the causal mechanisms identified here likely extend further back in time, testing this would require 

additional historical datasets and eruption case studies. The extent to which these findings apply to contemporary China also 
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remains uncertain given profound changes in agriculture, infrastructure, markets, and governance since 1900. Nevertheless, 

the historical record demonstrates clearly that major volcanic eruptions — particularly when coupled with extreme 

hydroclimate variability — have the capacity to produce severe agricultural disruption and subsistence crises. 440 

Appendices 

Appendix A – Alternative ENSO reconstructions 

 
Fig. A1. ENSO reconstructions, 1440-1900 CE. Showing Li et al. (2013) SST anomalies (dotted), Dätwyler et al. (2019) ENSO index 
(dashed) and Zhu et al. (2022) SST anomalies (solid). Note: Li et al. (2013) is based on a set of tree ring chronologies also used in 445 
Zhu et al. (2022), so the two data sets are not completely independent.  

Table A2. Extreme El Niño and La Niña years between 1440 and 1900 CE, identified from Li et al. (2013) and Dätwyler et al. (2019).  
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*These years were excluded from the SEA, as the event year + 5 was outside of our data range. Underlined years are those that 450 
match extreme El Niño and La Niña years identified from the Zhu et al. (2022) reconstruction (see Table 2).  
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Appendix B – Further index comparison 

 
Fig. B1. Scatterplots showing the distribution of STI, DI, FLI and FAI in north, central and south eastern China for volcanic and 
non-volcanic years. Labelled points are the years following major eruptions that are also in the top 5% of years in either index. 455 
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Appendix C - Peak volcanic forcing year-famine SEAs 

 
Fig. C1. Superposed epoch analysis showing famine index (FAI), relative to peak forcing years, for the three study regions. Purple, 
yellow and red lines show the mean and 95% confidence band for the Monte Carlo resampling (10,000 iterations). Note that the p 
values are based on a different resampling (also 10,000 iterations) of the same data.  460 
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Appendix D – Extreme ENSO-famine SEAs 

 
Fig. D1. Superposed epoch analysis showing famine index (FAI), relative to extreme El Niño years, for the three study regions. 
Purple, yellow and red lines show the mean and 95% confidence band for the Monte Carlo resampling (10,000 iterations). Note that 
the p values are based on a different resampling (also 10,000 iterations) of the same data. 465 
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Fig. D2. Superposed epoch analysis showing famine index (FAI), relative to extreme La Niña years for the three study regions. 
Purple, yellow and red lines show the mean and 95% confidence band for the Monte Carlo resampling (10,000 iterations). Note that 
the p values are based on a different resampling (also 10,000 iterations) of the same data. 
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Appendix E – Eruption-flood SEAs 470 

 
Fig. E1. Superposed epoch analysis showing flood index (FLI), relative to eruption years for the three study regions. Purple, yellow 
and red lines show the mean and 95% confidence band for the Monte Carlo resampling (10,000 iterations). Note that the p values 
are based on a different resampling (also 10,000 iterations) of the same data. 
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Appendix F - Extreme ENSO-temperature, drought, flood and crop failure SEAs 475 

 
Fig. F1. Superposed epoch analysis showing summer temperature (STI), drought (DI), flood (FI) and crop failure (CFI) indices, 
relative to extreme El Niño years, for the three study regions. Purple, yellow and red lines show the mean and 95% confidence band 
for the Monte Carlo resampling (10,000 iterations). Note that the p values are based on a different resampling (also 10,000 iterations) 
of the same data. 480 
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Fig. F2. Superposed epoch analysis showing summer temperature (STI), drought (DI), flood (FI) and crop failure (CFI) indices, 
relative to extreme La Niña years, for the three study regions. Purple, yellow and red lines show the mean and 95% confidence band 
for the Monte Carlo resampling (10,000 iterations). Note that the p values are based on a different resampling (also 10,000 iterations) 485 
of the same data. 
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Appendix G – Lagged SAOD correlations 

Table G1. Lagged correlation coefficients between SAOD and summer temperature (STI), drought (DI), flood (FI), crop failure 
(CFI), famine (FAI) indices for the three study regions of China. Correlation method is denoted by black (Pearson) and grey 490 
(Spearman) text. Correlation significance is denoted by asterisks: *** = p < 0.01; ** = p < 0.05; * = p < 0.1. Where |r| < 0.1 and p ≥ 
0.1, coefficients are replaced with a dash to indicate no significant correlation. 
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Code availability 

All graphs were produced using the ggplot2 R package (10.32614/CRAN.package.ggplot2), while data and calculations were 495 

produced/conducted using the publicly available R packages cited in the text.   

Data availability 

The REACHES database is available online via the NOAA repository at https://www.ncei.noaa.gov/access/paleo-

search/study/23410. 

 500 

The derived index data used for this study is publicly available at https://boris-portal.unibe.ch/entities/product/d336e807-8c36-

483c-a228-8817cd92ef6d. 
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