
Science of the Total Environment 775 (2021) 145899

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Large volcanic eruptions reduce landfalling tropical cyclone activity:
Evidence from tree rings
Jan Altman a,b,⁎, Matthias Saurer b, Jiri Dolezal a,c, Nela Maredova a,c, Jong-Suk Song d,
Chang-Hoi Ho e, Kerstin Treydte b

a Institute of Botany, Czech Academy of Sciences, 25243 Průhonice, Czech Republic
b Research Unit Forest Dynamics, Swiss Federal Institute for Forest, Snow and Landscape Research WSL, CH-8903 Birmensdorf, Switzerland
c Faculty of Science, University of South Bohemia, 37005 České Budějovice, Czech Republic
d College of Natural Sciences, Andong National University, 760-749 Andong, Republic of Korea
e School of Earth and Environmental Sciences, Seoul National University, 08826 Seoul, Republic of Korea
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Strong imprint of past tropical cyclones
(TCs) in tree-ring oxygen isotope ratios

• Reconstruction of tropical cyclone fre-
quency and intensity over the past
350 years

• Radiative climate forcing of volcanic
eruptions reduced tropical cyclone
activity
⁎ Corresponding author at: Institute of Botany, Czech A
E-mail address: altman.jan@gmail.com (J. Altman).

https://doi.org/10.1016/j.scitotenv.2021.145899
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 November 2020
Received in revised form 12 February 2021
Accepted 13 February 2021
Available online 16 February 2021

Editor: Elena Paoletti

Keywords:
North Pacific
Typhoon
Volcanic eruption
Radiative forcing
Oxygen isotopes
Tropical cyclones (TCs) are one of themost devastating storm systemswith high socioeconomic impacts around
the world. The drivers of long-term changes in TC frequency and intensity, including the recent global climatic
changes, are, however, poorly understood due to short instrumental measurements and a lack of accurate
proxy records. Here we present the long-term impacts of large volcanic eruptions on TC activity in northeast
Asia. For this purpose, we performed a reconstruction of the frequency and intensity of landfalling TCs based
on tree-ring oxygen isotope ratios over the past 350 years. Our results revealed markedly depleted δ18O values
(P< 0.01) for TC years and confirm tree-ring δ18O as a strong proxy for the detection of past TCs. The agreement
between the δ18O chronology and the corresponding TC record (1950–2005)was 96.4% and itwas relatively high
also for the preceding periods covered by less reliable TC records, specifically 76.1% (1904–1949) and 66.4%
(1652–1903). In addition to the prominent TC frequency signal, we found a strong negative correlation (R =
−0.65; P < 0.001) between the δ18O chronology and TC intensity expressed by the amount of TC precipitation.
Our reconstruction revealed that the recent high frequency of landfalling TCs is distinct on a long-term scale.
We provide the first long-term evidence of reduced TC activity for two years following large volcanic eruptions.
Our results indicate that volcanic ash is a relevant driver of TC activity over northeast Asia via its role on radiative
climate forcing. We suggest that large volcanic eruptions modulate large-scale atmospheric and oceanic circula-
tion determining TC genesis and thus TC activity in the western North Pacific.
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1. Introduction

Tropical cyclones (TCs) have significant socioeconomic impacts
(Noy, 2016) as their destructive power is enormous and affects approx-
imately 35% of the world's population (Collins and Walsh, 2017). The
substantial damage caused by TCs is expected to increase in the future
continuing the globally observed trend of increasing TC intensity over
a few last decades (Bhatia et al., 2019; Grinsted et al., 2019; Kossin,
2018). Changes in the activity, i.e. frequency, intensity and track direc-
tion, of landfalling TCs are therefore of great concern (Mei and Xie,
2016; Zhang et al., 2020). Regional changes in TC activity are still poorly
understood due to differences among TC datasets, resulting in lower
confidence in basin-specific projections, particularly projections of TC
frequency (Christensen et al., 2014; Mei and Xie, 2016). The detection
of past trends in region-specific TC activity can improve our under-
standing of multiple climatic factors determining changes in TC gen-
esis, for example their relationship to spatiotemporal changes in
radiative forcing (Haig and Nott, 2016), sea surface temperature
(SST) (Scoccimarro et al., 2018), or large-scale circulation (Hu
et al., 2018; Sharmila and Walsh, 2018). In addition, large volcanic
eruptions could reduce TC activity several years after the eruption
(Guevara-Murua et al., 2015). However, this effect has not been
identified at the global level (Camargo and Polvani, 2019; Pausata
and Camargo, 2019). Hence, comprehension of past trends in TC ac-
tivity will improve projections of its future development under on-
going climatic change (Collins and Walsh, 2017).

The western North Pacific (WNP) is the world's most active
ocean basin with about one third of all TCs occurring in this region
(Matsuura et al., 2003). Rapid shifts in TC activity including the pole-
ward migration of TC maximum intensity (Altman et al., 2018;
Kossin et al., 2014; Sharmila and Walsh, 2018) or the genesis of
Fig. 1. Study site location and TC signal of the latewood δ18O chronology. (A) Spatial correlation
(FLDSA, 0–40 cm,McNally et al. (2017)) over the period 1982–2005. Location of our study site (r
(TCs) passed (1950–2005). Only significant correlations (P ≤ 0.1) are coloured; (B) Relationship
of precipitation during Jun-Sep TC events (blue bars) within individual years. Green dots (1996
Table S2) and black dot (2002) indicates false negative detections (positive LW δ18O residuals
cient (R) and level of significance (P) are shown; (C) SEA of the LW δ18O chronology for five yea
shows that years with a TC event have significantly different LW δ18O values compared to the s
line) are shown. (For interpretation of the references to colour in this figure legend, the reade
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TCs (Daloz and Camargo, 2018) have been recently identified
there. Our knowledge of past variability of TC activity is, however,
rather poor and largely based on short-term climatic records fo-
cused on basin-integrated metrics regardless of whether a TC
made landfall or not (Altman et al., 2018). Thus, reliable long-term
high-resolution proxy records of TC activity are needed for under-
standing past climate dynamics, and reducing uncertainties induced
by the short length of instrumental data (Altman et al., 2013; Mei
and Xie, 2016).

The potential of tree-ring data for reconstruction of TC activity
has already been proven (Altman et al., 2013; Altman et al., 2018;
Knapp et al., 2016; Miller et al., 2006; Trouet et al., 2016). Oxygen
isotope ratios (δ18O) of tree-ring cellulose have been used for precise
detection of past TC frequency, but so far only in few studies focusing
exclusively on the North Atlantic region (Li et al., 2011; Miller et al.,
2006). This method is based on the observed significantly lower δ18O
values of TC precipitation compared to other precipitation sources
(Lawrence and Gedzelman, 1996). 18O-depletion of TC precipitation
is caused by a combination of 1) large-scale convection, 2) high con-
densation efficiency, and 3) recycling of isotopically depleted vapour
in rain shield areas (Xu et al., 2019). Due to the vast amount of pre-
cipitation generally falling during TCs, such 18O-depleted precipita-
tion can persist in soil water storage pools for long time, and the
signal is incorporated into tree-ring cellulose as trees take up the de-
pleted soil water (Miller et al., 2006).

We utilized a multi-tree latewood cellulose δ18O chronology
(Materials and methods) to detect past TC events making landfall
on the Korean Peninsula (Fig. 1A). Specifically, we aimed to de-
velop the first multi-century high-resolution proxy record of TC ac-
tivity in northeast Asia (Figs. S1 and S2, Table S1). For this purpose,
we used instrumental data of TC tracks and amount of precipitation
between the latewood (LW) δ18O chronology and June–September (Jun-Sep) soil moisture
ed dot) and areawithin 300 km(red circle)wheremost of the considered tropical cyclones
between 1-year autoregressivemodel of the LW δ18O chronology (red line) and the amount
and 2001) indicate detected documented TC events with missing precipitation data (see

despite a TC event nearby our study area; see text for details). Pearson's correlation coeffi-
rs prior and five years after TC event years (= year 0) for the period 1950 to 2005. Red bar
urrounding 10 years. Confidence intervals forα= 0.05 (solid line) and α= 0.01 (dashed
r is referred to the web version of this article.)
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during TC events together with historical records to calibrate and
verify our δ18O latewood chronology (for details see Materials
and methods and Supplementary Information). In addition, we
aimed to disentangle if large volcanic eruptions affect the TC activ-
ity. We hypothesized that: (1) the latewood cellulose δ18O chro-
nology will be a good proxy for the detection of past TC events,
but not their intensity, and (2) past TC activity was reduced by
the radiative forcing of large volcanic eruptions.

2. Materials and methods

2.1. Study area

Our study site is located in the Seoraksan National Park, South Korea
(38°10′ N, 128°20′ E). The climate of the Korean Peninsula is consider-
ably affected by 1) cold air masses from Siberia in winter, and 2) East
Asian summer monsoon and TCs (called typhoons in WNP) in summer
that bring abundantmoisture from the Pacific Ocean and produce heavy
rainfall (Cheung et al., 2018). The mean annual temperature in our
study area is 8.8 °C, with January (−6.1 °C) as the coldest month and
August (21.9 °C) as the warmest month. Mean annual precipitation is
1325.9 mm, with a minimum in January (24.2 mm) and a maximum
in July (294.7 mm) and August (285.1 mm) (for details see Fig. S5).
The selected stands were natural old-growth forests without any evi-
dence of past anthropogenic impact (e.g., logging, burning, grazing) or
other disturbance agents (e.g., fire scars). Thus, they were considered
to represent natural disturbance regimes of the region, i.e., TCs (for de-
tails see Altman et al. (2018) and Janda et al. (2021)).

2.2. Tree-ring data

We collected 63 increment cores (one core per tree, parallel to the
slope to avoid reaction wood) from Quercus mongolica. For further analy-
ses, we selected only samples with unequivocal cross-dating (for details
see Supplementary Methods). We aimed to a constant replication of four
trees over time to achieve amulti-tree perspective as such data are crucial
for the development of reliable long-term proxy records, but currently
missing (Lewis et al., 2011). Finally, increment cores from 10 trees were
utilized for the development of our δ18O chronology (Figs. S1 and S2;
Table S1). Ring-porous wood anatomy of Q. mongolica enables clear
distinguishing of earlywood and latewood portions of individual tree
rings. We analysed only latewood as earlywood does not hold the poten-
tial for TC reconstruction for two reasons: 1) earlywood is partly formed
from the storage and thus the cellulose contains partly information from
previous season (Helle and Schleser, 2004) and 2) earlywood is formed
earlier in the season with only rare occasion of TCs. On the contrary, late-
wood cells grow during summer when the majority of the TCs occur.

2.3. Oxygen isotope analysis

We performed α-cellulose extraction according to Boettger et al.
(2007) and cellulose homogenization following Laumer et al.
(2009). Aliquots of 1 mg cellulose were packed into silver capsules
for oxygen isotope measurements using a pyrolysis method at
1420 °C in a thermal conversion analyzer (PYRO-cube, Elementar,
Hanau, Germany) connected to an Isotope Ratio Mass Spectrometer
(IRMS, Delta Plus XP) via a Conflo III interface (Thermo Fischer
Scientific, Bremen, Germany) (Weigt et al., 2015). Isotope ratios
18O/16O of the samples are given as per mil deviations from the in-
ternational standard VSMOW defined as δ18O. In general, the mea-
surement precision for δ18O was better than 0.2‰.

2.4. Tropical cyclone data

We used the instrumental record of frequency and intensity of past
TCs (Korea Meteorological Administration, 2011) to explore whether
3

there was an imprint of isotopically depleted TC precipitation on late-
wood δ18O values. Specifically, we noted all TC tracks passing within
300 km of the study area over the period with reliable TC data from
1950 to 2005 (last year of our tree-ring chronology). To consider a
year as a “TC year”, TC(s) had to occur between June and early Septem-
ber, which corresponds to the period of latewood formation (Delpierre
et al., 2016) and coincides with themain TC season in our area. Tropical
depressions were not considered as they generally bring low precipita-
tion amount with less depleted 18O compared to more intense, well-
organized TC categories (Good et al., 2014). Thus, such events have lim-
ited potential to affect δ18O of latewood cellulose.

In addition, we utilized records of total amount of TC precipitation
(Korea Meteorological Administration, 2011) for all TCs fulfilling the
above described criteria (for details see Supplementary Methods). The
TC precipitation has been proven as a good record of TC intensity
(Altman et al., 2013; Hall et al., 2020). On average, the amount of TC pre-
cipitation per TC year was 208.8 mm (minimal 16.6 mm and maximal
528.7 mm), which accounts for more than 19% of total annual rainfall
during TC years from 1950 to 2005.

Instrumental data of past TCs (KoreaMeteorological Administration,
2011) starts in 1904, however, the data before 1950 are less reliable
(Kim et al., 2006; Park et al., 2016). Hence, the period from 1904 to
1949 was not used for calibration of our δ18O chronology but still was
compared with our reconstruction. Furthermore, we compared our
reconstruction of TC frequency with chronicle Annals of the Joseon
Dynasty (for details see Supplementary Methods).

2.5. Detection of past tropical cyclones

To highlight anomalies in the individual δ18O time series induced by
TCs,we followed themethodology ofMiller et al. (2006). Specifically,we
applied the first-order autoregressive model (Box et al., 2015), a com-
mon method in time-series analysis, to remove autocorrelation (Lewis
et al., 2011; Miller et al., 2006). Consequently, the latewood δ18O resid-
uals were used for all further analyses, i.e. for comparison with the in-
strumental record of past TCs (Korea Meteorological Administration,
2011).

2.6. Large volcanic eruptions

We extracted past large volcanic eruptions occurring during the
period covered by our δ18O chronology from National Geophysical
Data Center/World Data Service (NGDC/WDS): NCEI/WDS Global
Significant Volcanic Eruptions Database. NOAA National Centers for
Environmental Information. doi:https://doi.org/10.7289/V5JW8BSH
[access date 22. 7. 2020]. We considered volcanic eruption as large
if the Volcanic Explosivity Index (VEI) (Newhall and Self, 1982)
was ≥5. Altogether there were 18 years with at least one large volca-
nic eruption since 1652 (Fig. 3A).

2.7. Statistical analyses

We used Pearson's correlation analysis to assess the statistical rela-
tionship between precipitation (for details see Supplementary Methods)
andour latewood δ18O chronology in individual years.We also performed
spatial correlation between the latewood cellulose δ18O chronology and
June–September soil moisture (FLDSA, 0–40 cm, McNally et al. (2017))
over the period 1982–2005. Superposed epoch analysis (SEA) was ap-
plied to determine if latewood δ18O values during TC years (event
years) significantly differed from randomly selected sets of other years.
Bootstrap resampling (n = 1000) was used to calculate the significance
of the deviation from the mean for a given set of TC years within 11-
year window (five years before the event year, five years following the
event year, and the event year, i.e. year 0). SEAwas also used to determine
the effect of past large volcanic eruptions (see Supplementary Methods)
on latewood δ18O and hence TC activity. Lastly, we reconstructed June–

https://doi.org/10.7289/V5JW8BSH
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September TC precipitation by full and split period calibration/verification
analyses (see SupplementaryMethods). All analyseswere performed and
figures prepared using R version 4.0.2 (R Core Team, 2020) with the
“dplR” (Bunn, 2008), “forecast” (Hyndman and Khandakar, 2008),
“treeclim” (Zang andBiondi, 2015) and “ggplot2” (Wickham, 2009) pack-
ages. The spatial correlation and resulting map were created with the
Climate Explorer (climexp.knmi.nl; Trouet and Van Oldenborgh (2013)).

3. Results and discussion

3.1. TC activity and the tree-ring δ18O chronology

Our latewood cellulose δ18O chronology covers the period from1652
to 2005 (Supplementary Methods and Fig. S2). We identified a strong
negative correlation (R=−0.65; P< 0.001) between the δ18O chronol-
ogy and the amount of TC precipitation (1950–2005) during the main
TC season from June to September (Fig. 1B). No relationship was, how-
ever, found between the δ18O chronology and the amount of non-TC
June–September precipitation. The δ18O chronology correlated nega-
tively with the percentual contribution of TC precipitation to total
June–September rainfall (R=−0.67; P<0.001), while a positive corre-
lation was found for the non-TC proportion of June–September rainfall
(R=0.59; P<0.001). Such opposed signals of TC and non-TC precipita-
tion confirm the strong isotopic depletion of TC precipitation (Lawrence
and Gedzelman, 1996; Xu et al., 2019). In addition, spatial correlation
analysis showed a negative relationship between the δ18O chronology
and June–September soilmoisture, i.e. the seasonwhen TC precipitation
contributes significantly to overall rainfall (Fig. 1A). These findings indi-
cate that 18O-depleted TC precipitation persists in soil water for several
weeks (Tang and Feng, 2001), and is imprinted in latewood cellulose
enabling TC reconstruction.

SEA revealed markedly depleted δ18O values (P < 0.01) for TC years
(Fig. 1C) andhighlights tree-ring δ18Oas a strongproxy for the reconstruc-
tion of TC occurrence in northeast Asia. Hence, for themost reliable part of
the instrumental period (1950–2005) all years with negative δ18O resid-
uals can be associated with TC events (Fig. 2A) fulfilling our criteria (see
Materials and methods) with only one exception in 1996. While no TC
passed within the defined 300 km region in 1996, two TCs (Eve and
Kirk) passed ~500 km from our study area with precipitation recorded
in southern South Korea. Both TCs have been strengthening their intensity
at the closest distance fromour study site beforehitting Japan. Remote TCs
can bring depleted precipitation for a range of several hundred kilometres
(Lawrence and Gedzelman, 1996) and they have the potential to be re-
corded in latewood cellulose (Miller et al., 2006), although their precipita-
tion is less depletedwith distance (Xu et al., 2019). Hence,we suggest that
although rainfall of rather distant TCs has not been assigned as TC origin
precipitation at climatic stations nearby our study site, our chronology
was nevertheless capable to record such events. Proxy records providing
information of all TCs bringing precipitation may help in recognition of
less intense cyclones (measured bywind speed) and their effects onnutri-
ent cycling and forest ecology as the most intense TCs are currently over-
represented in the literature (Lin et al., 2020).

In contrast to depleted δ18O values, enriched δ18O values correspond
to the years with no TC event (Fig. 2A) according to our defined criteria
(see Materials and methods) also with only one exception. In 2002, TC
Rusa caused locally heavy rainfall in the coastal area of eastern South
Korea, but this torrential rain did not pass the mountain range due to
specific synoptic features, such as low levels of lifting condensation
(Park and Lee, 2007). Hence, although TC Rusa fulfils our spatiotemporal
criteria of a TC event, it is not recorded in tree-ring δ18O, because of noor
very low precipitation amount at our study site (Lee and Choi, 2010).
Spatial correlation between our δ18O chronology and soil moisture
also indicates that the chronology mainly reflects the dominant air
mass trajectory from southwest (Fig. 1A), which differs due to the bar-
rier effect of the mountain range from the narrow coastal area at the
east. Overall, our δ18O chronology has 96.4% agreement with the TC
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record during our calibration period (1950–2005) and two recorded
disagreements can be rationalized (Table S2).

3.2. TC frequency and intensity over the past 350 years

Beyond the calibration period, we also identified significantly de-
pleted δ18O values (P < 0.01) for TC years of the period from 1904 to
1979 with less reliable TC data (see Materials and methods and
Fig. S3). The agreement between TC events detected by our δ18O chro-
nology and the instrumental TC record (1904–1949) preceding the pe-
riod with the most reliable data (since 1950) was still 76.1% (Fig. S4).
Hence, a high credibility of our proxy record of past TC activity enables
to significantly extend information about past TC activity back to the
second half of the 17th century (Fig. 2B). We found that 66.4% of de-
tected TC years during the period 1652–1903 concurred with the TC
events reported in the Annals of the Joseon Dynasty (AJD) (see Supple-
mentary Methods and Fig. S4). The main source of disagreement be-
tween our record and AJD is probably induced by subjective recording
focused on damaging weather events in AJD, while e.g. short-duration
high intensity events causing no damage have not been recorded (Kim
et al., 2007). In addition, although TCs usually affect a large area, they
are dynamic systems and their intensity and damaging impact vary sig-
nificantly in space and time (Bhatia et al., 2019). Hence, tree-ring δ18O
records of TCs can capture all stormswith distinct isotopic composition,
which varies during TC life and distance from the TC centre (Good et al.,
2014), regardless of the TC strength unlike AJD. Relatively high agree-
ment between our TC record and AJD confirmed the applicability of
such historical records for TC studies (Trouet et al., 2016). Consequently,
TCs can be assigned with high certainty as a climatic factor responsible
for extreme weather events recorded in AJD (see Supplementary
Methods) for the years matching our TC reconstruction, while the rest
of the reconstructed TC years can complement AJD.

Going beyond previous studies (Lewis et al., 2011; Miller et al., 2006)
our results demonstrate for the first time that not only TC frequency but
even the intensity of TCs can be reconstructed from tree-ring δ18O
(Fig. 2C). TC-related rainfall has been identified as even stronger predictor
of forest disturbances than wind speed, with saturated soil water storage
increasing the disturbance impact of TC rainfall on forests (Altman et al.,
2013; Hall et al., 2020). Heavy precipitation triggering floods and/or land-
slides together with high wind speed are themain factors responsible for
socioeconomic damages caused by TCs (Collins andWalsh, 2019). Never-
theless, long-term records of TC precipitation are rare despite their critical
ecological and hydrometeorological importance (Knapp et al., 2016).
Thus, our reconstruction of June–September TC precipitation (Fig. 2C)
represents unique information, particularly in northeast Asia. Such long-
term proxy records of past TC precipitation are important in the context
of significant contribution of TC precipitation to globally increasing ex-
treme rainfall events (Khouakhi et al., 2017; Paerl et al., 2019).

We captured long-termvariability in the frequency of TC yeas over the
last 350 years (Figs. 2B and 3C). During the period with reliable TC data,
the longest period with TC occurrence was from 1993 to 1997 (Figs. 2A
and 3C). This coincides with the highest number of TC days in the WNP
during the mid-1990s (Webster et al., 2005). Overall, the period from
the 1990s to 2005 (the recent end of our chronology) exhibited high fre-
quency of TC years (Figs. 2B and 3C). These findings are consistent with
the increasing frequency of landfalling TCs over the Korean Peninsula
and Japanese archipelago (Park et al., 2011), although the overall TC fre-
quency in the WNP basin has decreased (Lin and Chan, 2015). Hence,
our results provide a robust benchmark for other paleotempestological
studies dealing with changes in past TC activity over several centuries
up to millennia and for climatological studies of TC forcing.

3.3. Large volcanic eruptions vs. TC activity

We investigated the effects of large volcanic eruptions on TC activity
(Fig. 3A). SEA revealed significantly (P < 0.05) enriched δ18O values

http://climexp.knmi.nl


Fig. 2. Instrumental and reconstructed tropical cyclone (TC) activity over the past 350 years. (A) Temporal comparison of an autoregressive model (AR-1) of the latewood (LW) δ18O
chronology with instrumental records of TC events (1950–2005), (B) reconstruction of TC frequency with a 25-year low-pass filter (green line), and (C) June–September (Jun-Sep) TC
precipitation over the past 350 years. Red dots indicate documented TC event(s) corresponding to negative LW cellulose δ18O residuals, green dot (1996) indicates documented TC
(s) passing outside defined 300 km range of the study area, black dot (2002) indicates false negative detections and violet dots mark probable TC events (latewood δ18O < 0 and >−0.1).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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associated with non-TC years (Fig. 3B) for two years after large volcanic
eruptions (VEI ≥ 5). These findings are consistent with studies
documenting a 3-year reduction in TC activity following large volcanic
eruptions (Guevara-Murua et al., 2015; Yan et al., 2018). It has been
suggested that large volcanic eruptions represent the dominant control
of extra-tropical summer temperature variability in the Northern
Hemisphere (Büntgen et al., 2020). Specifically, it has been documented
that large volcanic eruptions are followed by substantial summer
cooling (Duan et al., 2018; Sigl et al., 2015). This direct radiative effect
of large volcanic eruptions can last two to three years and the cooling ef-
fect can sustain even longer due to the subsequent ocean-atmosphere
heat exchange (Brönnimann et al., 2019). Thus, the length of the cooling
effect induced by volcanic radiative forcing corresponds to our findings
of reduced TC activity.

Interestingly, if a large amount of sulphate aerosol injecting into the
stratosphere (data from Sigl et al. (2015)) was considered instead of
VEI as the parameter for volcanic eruption intensity, SEA did not identify
any significant impact of such eruptions on our δ18O chronology (P> 0.1)
during the study period. These findings indicate that the importance of
volcanic ash on radiative forcing can be more pronounced than previ-
ously expected. Recently, Zhu et al. (2020) have suggested the re-
evaluation of the impact of volcanic ash on stratospheric chemistry and
5

radiation. Volcanic ash has been observed in the stratosphere for a year
after the Agung (1963) and El Chichón (1982) eruptions (Mossop,
1964; Shapiro et al., 1984), both large eruptions (VEI = 5) but not
injecting a large amount of sulphate aerosol into the stratosphere (Sigl
et al., 2015). In addition, volcanic ash plays a role in climate forcing
through the ocean iron-fertilisation effect which stimulates phytoplank-
ton growth and may have a considerable influence on the global carbon
cycle leading to an indirect cooling effect (Chen et al., 2020; Langmann,
2014; Langmann et al., 2010; Oeste et al., 2017). Specifically, it has been
observed that volcanic ash boosted a massive phytoplankton bloom by
iron fertilisation resulting in a reduction of atmospheric CO2 for several
months after the eruption (Hamme et al., 2010; Lindenthal et al., 2013;
Lockwood et al., 2012). Hence, our results imply that the amount of
volcanic ash released during the large volcanic eruptions (VEI ≥ 5) is a
relevant driver of landfalling TCs over northeast Asia (Fig. 3B and
C) compared to the amount of sulphate aerosol. These findings are of
broad relevance as recent studies have not yet identified consistent
effects of large volcanic eruptions over the WNP basin and/or globally
(Camargo and Polvani, 2019; Pausata and Camargo, 2019). We suggest
that the ability of volcanic ash to affect global climate, and consequently
TC activity, via its undervalued importance on radiative forcing and the
ocean iron-fertilisation, should be further studied.



Fig. 3. Impact of large volcanic eruptions on tropical cyclone (TC) activity. (A) List of large volcanic eruptions over the past 350 years (VEI=Volcanic Explosivity Index; see Supplementary
Methods) and (B) Superposed epoch analysis of the latewood δ18O chronologywith large volcanic eruptions. Red bar shows that yearswith a TC event have significantly different latewood
(LW) δ18O values compared to the surrounding 10 years. Confidence intervals forα=0.05 (solid line) andα=0.01 (dashed line) are shown. (C) The frequency of reconstructed TC years
(grey bars) together with large volcanic eruptions (dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

J. Altman, M. Saurer, J. Dolezal et al. Science of the Total Environment 775 (2021) 145899
Our results indicate that large volcanic eruptions seem to be an
important driver of TC activity as they control complex modes of
large-scale natural climate variability responsible for cyclogenesis
via oceanic heat content, mainly SST and El Niño-Southern Oscilla-
tion (ENSO) (Haig and Nott, 2016; Hodges and Elsner, 2011). Pre-
sented TC reconstruction indicates that if the projected increase
in TC frequency caused by climatic change occurs (Chand et al.,
2017), it will be exceptional on a long-term scale as only two pe-
riods with such pronounced TC occurrence have been identified
during the past 350 years (1784–1793 and 1990–2005; Figs. 2B
and 3C). Adaptation strategies to these TC changes will be re-
quired, especially when considering their increased destructive
potential (Kossin, 2018) and threat for new areas (Altman et al.,
2018). These findings are of high relevance as they can help to
shed light on TC frequency projections at the poorly understood
basin-specific level (Christensen et al., 2014).

4. Conclusions

In summary, our study provides the first long-term evidence for the
effect of volcanic radiative forcing on landfalling TC activity over north-
east Asia. Our results imply that large volcanic eruptions reduce
favourable conditions for cyclogenesis by modulation of atmospheric
and oceanic processes, such as ENSO dynamics or oceanic heat content.
Our reconstruction helps to place variability in TC activity in a historical,
6

preindustrial context and provides a benchmark for understanding TC
drivers onmulti-centennial scale. Long-term information of complex in-
teraction of TC activity with global climate systems, such as radiative
forcing, ENSO, SST or Hadley circulation, will help to project TC activity
under future climate conditions (Hu et al., 2018; Zhang et al., 2020).
Planning of adaptation strategies to shifts in TC activity and identifica-
tion of compound hazard (Matthews et al., 2019) is highly relevant
and can be accompanied by implementation of globally organized mit-
igation strategies. We finally emphasize the importance to develop
dense networks of similar studies in regions facing landfalling TCs to
further improve our understanding of regional as well as global spatio-
temporal variability in TC activity.
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