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Volcanic activity modulated Holocene extreme hydroclimate

events in monsoonal Asia
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Dear Editor,

Under global warming, extreme hydroclimate events (e.g., droughts and
floods) are projected to increase in both frequency and severity, threatening
regional economies and ecosystems.' However, the short span of observa-
tional data limits our understanding of long-term patterns and underlying
drivers of such extremes.

The Holocene epoch offers rich geological archives for extending this
perspective. Geological records from East and South Asia reveal long-term
hydroclimatic variability across the region. For instance, in the middle-lower
Yangtze River basin, where the Meiyu front exerts a dominant influence,
speleothem magnetic mineral records indicate frequent extreme rainfall
events during the early and late Holocene, but relatively quiet period in
between (Figure 1A).” Similarly, a high-resolution reconstruction from Lake
Ximenglongtan—Ilocating at the margin of Indian summer monsoon
(ISM)—reveals frequent extreme droughts in the early and late Holocene, with
much fewer events during mid-Holocene.” Previous studies have often linked
these patterns to changes in the El Nifio—Southern Oscillation (ENSO) activity,
which was weaker during the mid-Holocene and intensified thereafter.
However, discrepancies remain between the timing of some extreme hydro-
climatic events and reconstructed ENSO activity, suggesting that additional
external forcings were influential.

Volcanic eruptions represent a further important forcing that can influence
climate extremes.” Historical evidence demonstrates that large tropical
volcanic eruptions in recent centuries have triggered droughts in the ISM
region and flooding in the Yangtze River basin.”® Regrettably, most paleocli-
mate modeling studies, including the mid-Holocene equilibrium experiments
from the Paleoclimate Modelling Intercomparison Project (PMIP3/4) and
Holocene transient simulations (e.g., TraCE-21ka), omit volcanic forcing and
have generally examined changes in mean-state precipitation rather than
extremes. Intriguingly, a recent reconstruction of Holocene volcanic activity
reveals high eruption frequencies during the early and late Holocene, with a
comparatively quiet interval in the mid-Holocene (Figure 1B).” This temporal
pattern closely mirrors the prevalence of hydroclimatic extremes, which calls
for a systematic examination of their possible connections.

Here we employed the state-of-the-art oxygen isotope-enabled Community
Earth System Model version 1.3 (iCESM 1.3) at a horizontal resolution of
~1.9° x 2.5° to conduct a Holocene transient simulation. Crucially, this experi-
ment explicitly incorporates volcanic forcing. Our volcanic forcing is derived
from a newly reconstructed eruption sequence based on two high-resolution
Holocene ice cores—the Greenland (GISP2) and West Antarctic (WDC) ice
cores, which was bias-corrected and verified using 25 Greenland and 38
Antarctic ice cores with representative Common Era volcanic signals. This
reconstruction generally aligns with that of Sigl et al.” but applies the Gao et al.”
procedure to prescribe the monthly and spatially dependent forcing index.
Additional external forcings include greenhouse gas concentrations, orbital
parameters, and ice-sheet changes, similar to recent transient simulation
setups.” We refer to this experiment as ICE+ORB+GHG+VOL.

To detect extremes in the Holocene climate simulation, we calculate
June—August (JJA) precipitation anomalies relative to the 9—1 ka mean.

Extreme precipitation in the Yangtze River basin and extreme ISM drought
are defined as anomalies above the 98th percentile or falling below the 2nd
percentile, respectively, across 9—1 ka. All other values are set to zero. Then,
we construct extreme indices by applying a 101-year running mean to high-
light their long-term evolution. Moreover, since Holocene volcanic chronol-
ogy has uncertainties of +30-50 year, we also apply a 101-year running mean
to calculate the accumulative volcanic radiative forcing, which are compared
with proxy data.

LINKAGES BETWEEN VOLCANIC ERUPTIONS AND EXTREME HYDROCLI-
MATIC EVENTS

Visual inspection of the reconstructed volcanic activity with hydroclimatic
proxies reveals parallel long-term patterns. During the early Holocene, when
eruptions were frequent and intense, hydroclimatic extremes also occurred
more often (Figures TA & B). A notably strong cluster of volcanic eruptions
around 8.3, 7.6, and 7.2 ka BP coincided with severe ISM drought and intense
Yangtze River flooding. In contrast, during the mid-Holocene interval of
reduced volcanism (6.3—3.7 ka BP), such extreme events were far less
common. Both volcanism and hydroclimatic extremes intensified again in the
late Holocene. The significant correlation (r = 0.3, p < 0.05, based on the
effective degrees of freedom) between the 1071-year running mean of
volcanic forcing and reconstructed droughts over 9—1 ka BP suggests that
volcanic eruptions may have influenced ISM drought occurrence. A weaker
but still notable relationship appears in the Yangtze River basin during 8.6—4
ka BP (r = 0.23, p < 0.10), likely moderated by the growing role of ENSO vari-
ability during the mid-to-late Holocene. The consistent correlations between
volcanic eruptions and the reconstructed extreme dry—wet indices across the
—25 to +25 years lead—lag sensitivity test indicate that dating uncertainties in
the records are unlikely to substantially influence our conclusions.

Our modeling results also demonstrate strong coherence between volcanic
activity and hydroclimatic extremes (Figure 1C). The 101-year running mean
of accumulated volcanic radiative forcing correlates significantly with the ISM
drought index (r = 0.51, p < 0.01) over 9-1 ka, explaining about 25% of the
variance. Particularly, the correlation coefficient reaches r = 0.72 (p < 0.01)
during the early Holocene (9—6.5 ka), explaining ~50% of the variance. This is
much stronger than during the mid-late Holocene (r = 0.30, p < 0.05, 6.5-1.0
ka). In the Yangtze River basin, volcanism and floods correlate at r = 0.31 (p <
0.05) for the overall Holocene (9-1 ka), higher than during the relatively quiet
volcanic period (r = 0.17, p > 0.10, 6.3—3.7 ka). Additionally, we tested differ-
ent running-mean windows (i.e., 31 to 201 years) and found that all correla-
tions between volcanic forcing and both regional indices remain robust and
statistically significant.

To isolate the volcanic signal during the mid-to-late Holocene, when ENSO
variability began to intensify, we used a parallel non-volcanic run from the
iTraCE. In this run, greenhouse gas, orbital, and ice-sheet forcings are identi-
cal to those in our experiment (ICE+ORB+GHG+VOL) over 6.5-0 ka (see Bao
et al.” for experimental design). Subtracting this background noVOL signal
reveals that volcanic eruptions significantly enhance late-Holocene (4—1 ka)
ISM droughts, with a correlation of r = 0.32 (p < 0.05) between volcanic activ-
ity and droughts, explaining ~10% of their variance (Figure not shown).
Volcanism also contributed moderately to Yangtze River flooding occurrence
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Figure 1. Holocene extreme hydroclimatic events in the ISM region and the Yangtze River basin, and volcanic impact (A) Reconstructed lake level changes (GS32; blue) from
Lake Ximenglongtan (22°38'N, 99°35'E)” and speleothem magnetic mineral records (IRMgqu green) from Heshang Cave (30°27'N, 110°25'E)°. (B) Reconstructed volcanic
stratospheric sulfur injection (Tg S) of individual eruption and the perspective 101-year running mean. (C) Simulated extreme droughts in the ISM region (8°-20°N, 70°-100°E;
blue) and extreme precipitation in the Yangtze River basin (25°-34°N, 105°-115°E; green). Hydroclimatic extremes are defined by JJA precipitation exceeding the top 2% thresh-
old during 9-1 ka. After constructing the extreme indices, a 101-year running mean is applied. (D) Superposed epoch analysis (SEA) of unsmoothed precipitation (shadings; mm
day™") and 850 hPa winds (vectors; m s™') anomalies in JJA2 after the top 30 largest eruptions during 9—1 ka. Blue dots denote the locations of two reconstructions. (E) is same
as (D), but for surface air temperature anomalies (°C) in the second winter. Time series of anomalous monthly relative SST (RSST, °C) over the Nifio-3.4 region after the top 30
largest eruptions are shown in (E), and shadings represent twice the standard error of the mean. The RSST removes the mean tropical (20°S—20°N) SST anomaly and better
captures ENSO-related gradients under global cooling.” (F) Composite analysis of JJA precipitation and 850 hPa winds anomalies between the clustered large eruptions periods
(8.565—8.30, 7.20-7.05, and 6.6—6.3 ka) and the quiet period (6.3—3.7 ka). The data were linearly detrended over 9—1 ka and smoothed with a 101-year running mean before anal-
ysis. (G) is same as (F), but for surface air temperature anomalies. In (D-G), only the significant results with confidence levels exceeding 90% (two-tailed Student's t-test) are
displayed.

(r=0.27, p < 0.10), explaining ~7% of the variance, which indicates a weaker ~ between volcanic eruptions and extreme dry-wet reconstructions, particu-
sensitivity than in the ISM region. larly during late Holocene (4-1 ka). This discrepancy may partly arise from the

Overall, both model and reconstructions consistently demonstrate that  orbital forcing-enhanced ENSO variability during this period, which provided
volcanic forcing strongly influenced ISM droughts and, to a lesser degree,  an additional and compounding influence on hydroclimatic extremes during
Yangtze floods. It should be noted that some degree of mismatch exists  this period.
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PHYSICAL PROCESSES LINKING HOLOCENE VOLCANISM WITH HYDRO-
CLIMATE EXTREMES

Volcanic eruption injects aerosols into the stratosphere, reflecting short-
wave radiation and cooling surface.”® Holocene records document numer-
ous large volcanic eruptions, with some eruptions far exceeded the magni-
tude of the well-known 1815 CE Tambora eruption. We select the 30 largest
eruptions from our Holocene simulation, with an average size of about 1.3
times the Tambora eruption (37 Tg S), and perform a superposed epoch
analysis (SEA) of unsmoothed data. Results indicate that extreme drought
occurred across the ISM region in the first boreal summer post-eruption,
particularly in India, the southern Tibetan Plateau, the Bay of Bengal, and
Southeast Asia (Figure not shown). This response stems from stronger
volcanic cooling over the Eurasian and African continents than over tropical
oceans, which reduces temperature gradients and weakens the ISM circula-
tion, especially the low-level cross-equatorial Somali Jet. In the second boreal
summer, atmospheric aerosol concentrations decline and the cooling effect
weakens. A distinct hydroclimatic dipole emerges: precipitation increased
significantly in the Yangtze River basin, while drought persists in the ISM
region (Figure 1D). This interannual-scale dipole pattern has also been inde-
pendently confirmed by observations, proxy reconstructions, and other
climate model simulations.>'?

The enhanced Yangtze rainfall is primarily linked to stronger moisture
transport by a strengthened western North Pacific anomalous anticyclone
(WNPAC),'"” whose development is caused by the rapid transition from the
volcano-induced El Nifio (+0.76°C) to a La Nifia-like state (—0.80°C, Figure 1E).°
Volcanically induced land—ocean thermal contrasts between Eurasia and the
Pacific may influence El Nifio development in the first year, after which
volcanic forcing amplifies the ENSO transition via the wind—evaporation—SST
feedback. Combined with cooler SSTs in the western North Pacific, this feed-
back extends and intensifies the WNPAC.*"°

Clustered large volcanic eruptions can affect decadal-to-centennial climate
variability, which may also influence the climatic extremes. To assess this, we
composite boreal summer precipitation and atmospheric circulation anoma-
lies during three periods of clustered eruptions (8.55-8.30, 7.20—7.05, and
6.6—6.3 ka) and contrast them with the volcanic-quiet period (6.3—3.7 ka).
The accumulative effect of cluster eruptions produces centennial-scale cool-
ing over the Northern Hemisphere (Figures 1F-G) and weakened monsoon
circulation over the Indian Continent. The land—sea thermal contrast under
successive volcanic eruptions is weaker on decadal-to-centennial timescales
than on the interannual scale, resulting in a distinct circulation response. In
the tropical Pacific, a prevailing La Nifia—like state strengthens the western
Pacific subtropical high, enhancing southwesterly winds over southern China.
Simultaneously, a weakened meridional temperature gradient limits moisture
transport to northern China, concentrating persistent rainfall over the Yangtze
River Basin. Moreover, this dipole pattern of ISM drought and Yangtze River
flood is reproduced consistently across all three clustered eruption periods.
Together, these changes reduce precipitation in the ISM region while increas-
ing precipitation in the Yangtze River basin, promoting hydroclimatic
extremes in both regions (Figure 1F).

In summary, we provide first evidence of volcanic eruptions served as a
previously underappreciated trigger of Holocene hydroclimatic extremes,
which moves beyond the conventional notions linking these extreme events
to ENSO variability. By combining a Holocene transient simulation that explic-
itly incorporates volcanic forcing with reconstructions, we demonstrate that
frequent large volcanic eruptions during the early Holocene promoted a
recurrent dipole pattern, characterized by severe ISM droughts and intense
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Yangtze River flooding. These droughts arose from weakened cross-equatorial
flow, while flooding was associated with a rapid ENSO transition and a west-
ward strengthened WNPAC. Clusters of large eruptions further induced
centennial-scale Northern Hemisphere cooling, which favored the occur-
rences of extremes. Hydroclimatic extremes in the late Holocene were influ-
enced by both volcanic forcing and orbital forcing-enhanced ENSO variability.
However, precisely quantifying the relative contributions of volcanic forcing,
internal variability, and other external drivers remains a challenge. Future
studies need to conduct ensemble model simulations and higher-resolution
or downscaled modeling approaches to better resolve regional extreme
events. Furthermore, our findings indicate that future large volcanic eruptions,
particularly if clustered, could substantially increase the risk of concurrent
ISM droughts and Yangtze River floods. Improving representation of volcanic
forcing in climate models is essential for advancing decadal predictions and
risk assessments of such compound extremes.
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