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Abstract Extreme precipitation associated with tropical cyclones (TCs) poses a growing threat to coastal
communities, yet short instrumental records hamper the assessment of long‐term variability. Here, we address
this gap by developing a quantitative proxy for TC precipitation using a previously published, monthly resolved
coral oxygen isotope (δ18O) record. This record was derived from a single Porites coral specimen collected
offshore southern Taiwan, a region within the most active TC zone of the Northwest Pacific. Because coral δ18O
reflects both sea surface temperature and seawater δ18O, we infer TC precipitation from the hydrological and
isotopic imprint of isotopically depleted freshwater input recorded by the coral. Calibrated against modern data
(1998–2012 CE), the proxy identified extreme TC events with a detection rate of ∼78%. We reconstructed a
coral‐based index of TC precipitation variability for 1906–2012 CE. We then characterized the low‐frequency
variability of the reconstructed index using spectral analysis and evaluated its associations with major climate
drivers using correlation analyses. The 106‐year record revealed pronounced interdecadal variability primarily
modulated by the Atlantic Multidecadal Oscillation and solar forcing, while the influences of El Niño–Southern
Oscillation and Pacific Decadal Oscillation were non‐stationary, becoming more coherent after the 1950s. Our
reconstruction constrains pre‐instrumental TC hydroclimate variability and its drivers, informing future
projections and coastal risk assessment under continued warming.

Plain Language Summary Extreme rainfall from tropical cyclones poses a growing threat to coastal
communities, but short weather records make it difficult to know how tropical cyclone (TC) activity has varied
over long timescales. In this study, we developed a new way to detect past TC rainfall using a previously
published oxygen isotope record from a single coral specimen collected offshore southern Taiwan, a region
located in the Northwest Pacific's most active TC zone. By comparing the modern portion of this coral record
with instrumental observations from 1998 to 2012 CE, we found that our coral‐based method correctly identifies
about 78% of extreme TC rainfall events. We then applied this method to reconstruct a coral‐based index of TC
precipitation variability from 1906 to 2012 CE. The century‐long record shows that TC rainfall activity varied
naturally over decades, primarily driven by the Atlantic Multidecadal Oscillation and changes in solar output.
Interestingly, the influences of El Niño–Southern Oscillation and Pacific Decadal Oscillation were weak before
the 1950s but became stronger afterward. By extending the observational baseline back more than a century, our
reconstruction helps scientists better understand the natural drivers of TC rainfall and improves our ability to
assess future coastal risks under continued warming.

1. Introduction
In a warming climate, the frequency and intensity of extreme weather events have increased markedly (Shan
et al., 2023; X. M. Shi et al., 2024). TCs are among the most destructive of these phenomena, bringing hazardous
winds, intense precipitation, and storm surges that pose severe threats to coastal communities and ecosystems
(Gori et al., 2022; Hu et al., 2023; Kropf et al., 2025). Recent studies have reported a significant increase in the
intensity of extreme precipitation events during TC seasons (Chu et al., 2018; Henny et al., 2021). Compared with
historical levels, TC‐associated extreme precipitation has become substantially more destructive (Qi et al., 2025;
Qin et al., 2024). Observations further indicate a significant rise in the occurrence of rapidly intensifying TCs over
the past four decades (Bhatia et al., 2022). Whether these changes reflect a direct response to anthropogenic
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warming or arise from natural multidecadal variability remains a central scientific question (Lin et al., 2025;
S. Wang et al., 2023; W. Zhou et al., 2025). Resolving this uncertainty is critical for projecting future TC risks and
for guiding climate adaptation in vulnerable regions (Jullien et al., 2024; Kropf et al., 2025).

The understanding of TC variability, based on the observational data in the Northwest Pacific—the most active
TC basin on Earth, emphasizes its modulation by major climate modes operating across different timescales.
Trans‐basin teleconnections from the Atlantic Multidecadal Oscillation (AMO) are recognized as a key driver of
low‐frequency changes in Northwest Pacific TC activity, primarily through modifications of regional sea surface
temperatures and atmospheric circulation (Cao et al., 2025; H. P. Huang et al., 2023; K. X. Song et al., 2024;
C. Sun et al., 2020; J. W. Zhao et al., 2024). External forcing from solar variability has also been implicated in TC
variability, potentially through impacts on radiative balance and atmospheric structure (Huo et al., 2021; Huo
et al., 2023; S. Li, Li, & Ling, 2023). In addition, the El Niño–Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO) are established dominant controls on interannual‐to‐decadal variations in TC tracks,
intensity, and genesis frequency across the basin (C. Huang et al., 2022; Mueller et al., 2024; Scoccimarro
et al., 2021; Shi et al., 2025; H. K. Zhao &Wang, 2019; C. Zhou et al., 2024). However, their contributions to the
long‐term, low‐frequency variability of TC precipitation remain poorly quantified, especially during the pre‐
instrumental period. Resolving the relative contributions of these internal and external forcings to decadal‐
scale TC precipitation variability is therefore critical for advancing attribution of recent trends and for refining
future projections in a warming climate.

Owing to the limited temporal coverage of instrumental records, the detection and attribution of decadal‐scale
variability in TC activity remain challenging (Emanuel, 2021; Minamidate & Goto, 2024). This gap has
driven the emergence of paleotempestology, which seeks to reconstruct long‐term TC histories using geological
and biological proxy archives (Monica et al., 2024; Thoppil, 2025; Yang et al., 2024; N. Y. Zhao et al., 2025).
Despite their widespread application in paleotempestology, sedimentary archives, tree‐ring records, and spe-
leothems are often constrained by insufficient temporal resolution and chronological uncertainty, limiting their
capacity to resolve short‐duration TC events (Altman et al., 2021; L. Chen et al., 2024; Donnelly, 2025; Frap-
pier, 2013; Wallace et al., 2024; Y. S. Wu et al., 2019). By comparison, massive corals such as Porites grow
continuously in nearshore environments, providing well‐dated, monthly resolved geochemical records of ambient
seawater conditions (Han et al., 2024; Kench et al., 2025; Tao et al., 2024). Critically, the oxygen isotope
composition (δ18O) of coral skeletons is sensitive to the meteoric freshwater input from heavy TC precipitation
which is characterized bymarkedly lower δ18O values than those associated with monsoonal or typical convective
precipitation, owing to intensified isotopic fractionation during TC systems (F. J. Chen et al., 2021; Jackisch
et al., 2022; C. J. Sun et al., 2022). This isotopic depletion provides a mechanistic basis for using the coral δ18O
record to identify TC precipitation signals at high temporal resolution.

This study uses a previously published, high‐resolution coral δ18O record derived from a single Porites specimen
collected offshore southern Taiwan to examine TC precipitation in the region (Ramos et al., 2020). The study area
is located within one of the most active TC zones of the Northwest Pacific, where instrumental observations
indicate that TC precipitation has increased dramatically since the late 1990s. Extreme precipitation associated
with TCs generally has lower δ18O than ordinary precipitation. Based on this mechanism, we established
objective criteria to identify coral‐based TC precipitation signals and reconstructed an index of TC precipitation
for 1906–2012 CE. We then evaluated associations between this index and major climate drivers, including the
AMO, solar variability, ENSO, and the PDO. These results provide new constraints on the decadal variability of
TC activity and modulation by large‐scale climate factors.

2. Materials and Methods
2.1. Study Area and Coral δ18O Record

The study site is situated within the transitional zone between the western margin of the Northwest Pacific and the
northern South China Sea, a region profoundly influenced by TC activity from summer to autumn (Z. Q. Chen
et al., 2025;W. N. Huang &Dong, 2019) (Figure 1a). ChinaMeteorological Administration (CMA) observational
data from 1906 to 2012 indicate that approximately 27.4% of TC tracks passed within a 500 km radius of the study
area. Adjacent to the Luzon Strait—a primary conduit for Pacific TCs entering the South China Sea between June
and November—the site is ideally positioned to capture oceanic and precipitation signals associated with land-
falling TCs along the southern Chinese coast (J. R. Sun et al., 2019). TC occurrence is also concentrated from June
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to November (Figure 1b). Climatologically, the region exhibits a strongly seasonal precipitation regime.
Instrumental records indicate that monthly mean precipitation remains relatively stable from January to April
(approx. 46–49 mm). In contrast, precipitation during the TC season is highly concentrated, peaking in August
with an average of ∼427 mm, significantly exceeding totals in other months (Figure 1c). During the autumn
transition, TC precipitation often interacts with the northeast monsoon and intraseasonal variability, leading to
more episodic and spatially heterogeneous precipitation patterns (Zheng & Wang, 2023). This distinct hydro-
climatic seasonality and direct exposure to TC pathways make the location particularly suitable for investigating
TC precipitation signatures in the coral geochemical record.

This study utilizes a previously published, monthly resolved coral δ18O record derived from a Porites specimen
collected offshore from Houbihu (21.9°N, 120.7°E; Figure 1a). The δ18O data were obtained from the publicly
accessible NOAA World Data Service for Paleoclimatology. Comprehensive descriptions of the coral core

Figure 1. Seasonal and spatial characteristics of TCs affecting the coral sampling site. (a) Study area and the sampling
location of the Porites coral core (red star), showing the tracks of TCs that affected the site during 1998–2012 CE. Distances
between TCs and the sampling site are calculated using the Haversine formula. All TCs entered the 500 km radius of the
sampling site at some point during their lifetimes. The red circle indicates the 500 km radius used to identify TCs influencing
the site. (b) Monthly distribution of TCs affecting the coral site during 1998–2012 CE. Each TC is counted once based on the
month of its closest approach to the site. (c) Climatological monthly sea surface temperature (red line) and precipitation
(bars) at the Houbihu coral site.
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collection, sample preparation, and stable isotope measurement methodologies are detailed in the original pub-
lished study associated with this data set (Ramos et al., 2020). The sampling site is distant from major riverine
inputs, ensuring relatively stable background seawater salinity and minimizing confounding geochemical in-
fluences from terrestrial freshwater runoff on the coral archive. This coral geochemical data set was originally
interpreted mainly in terms of SST, SSS, and precipitation variability (Ramos et al., 2020). Here, we use this data
set to identify extreme hydrological anomalies associated with TC precipitation. Text S1 in Supporting Infor-
mation S1 describes how the present analysis differs from the original study in research aim and methodological
use of the coral δ18O record.

2.2. Instrumental Data and Climate Indices

To assess environmental influences on the coral δ18O record, monthly SST data were sourced from the HadISST
data set (1° × 1° resolution; 1870–present) to correct for the temperature effect on coral δ18O. Monthly SSS data
for evaluating regional hydrological variability were obtained from the UK Met Office EN4 (UKMO EN4) data
set (1° × 1° resolution). Local monthly SST and SSS values for 1998–2012 were extracted from the KNMI
Climate Explorer platform (https://climexp.knmi.nl; accessed 11 March 2025). Daily precipitation data
(1998–2012 CE), which provide the mechanistic link between TC precipitation and the coral proxy, were ob-
tained from the Hengchun County Meteorological Bureau (22.0°N, 120.7°E).

TC events affecting the study site were identified and validated using multiple observational sources. TC track
and timing data were acquired from the CMA Tropical Cyclone Data Center. The distance between each TC
center and the coral site was calculated using the Haversine formula to select TCs within a defined impact radius
during 1998–2012 (Ying et al., 2014). An independent validation of TC activity was performed using the his-
torical TC warning records issued by the Central Weather Administration (CWA) of Taiwan (1958–2012 CE)
(https://rdc28.cwa.gov.tw).

To analyze the climatic drivers of TC precipitation variability, several key indices were employed. Monthly
ENSO, PDO, and AMO time series were derived from HadISST data to ensure internal consistency. Monthly
mean 200 hPa zonal wind (100°E− 180°E, 0°N–25°N) and 500 hPa geopotential height (120°E− 150°E,
10°N–40°N) from NOAA Twentieth Century Reanalysis V3 (20CR V3) were analyzed as proxies for Walker‐
circulation‐related upper‐level zonal flow and the intensity of the western North Pacific subtropical high
(WNPSH), respectively. These data sets were obtained through the KNMI Climate Explorer (https://climexp.
knmi.nl; accessed 14 August 2025). Solar activity was represented by the annual sunspot number series
(1906–2012 CE) released by the Solar Influences Data Analysis Center (SIDC) at the Royal Observatory of
Belgium (Clette & Lefèvre, 2015).

2.3. Derivation of Coral Δδ18O and Gradient Metrics

The coral δ18O is a function of both SST and the oxygen isotope composition of seawater (δ18Osw) (Thompson
et al., 2022; Walter et al., 2023). To isolate the hydrological component, the seawater δ18O anomaly (Δδ18O) was
calculated. This parameter is derived by removing the temperature‐dependent fractionation from the measured
coral δ18O, based on the established paleotemperature equation for Porites corals rearranged as follows
(Grossman & Ku, 1986):

Δδ18O = δ18O – (a × SST + b)

Where a and b are the empirically determined slope and intercept of the local δ18O–SST calibration, respectively.

In tropical marine settings, Δδ18O primarily reflects freshwater input. While common convective precipitation
can lower seawater δ18Osw, the intense precipitation associated with TCs produces a more pronounced negative
Δδ18O anomaly (Sánchez‐Murillo et al., 2019; C. J. Sun et al., 2022). To optimally capture these signals, both the
absolute Δδ18O value and its monthly rate of change (temporal gradient) were utilized as complementary in-
dicators (Han et al., 2024). The cumulative Δδ18O record integrates the net freshening effect over time, whereas
its gradient is particularly sensitive to abrupt, short‐lived excursions driven by individual, high‐intensity TC
precipitation events (Kilbourne et al., 2011; C. J. Sun et al., 2022; Thoppil, 2025). This dual‐parameter approach
enhances the detection and attribution of TC‐related hydrographic anomalies within the coral record.
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2.4. Identification of TC Precipitation

TC precipitation was quantified as the cumulative precipitation recorded during periods when a TC influenced the
study site. Based on TC best‐track data from the CMA, events whose centers passed within a 500 km radius of the
coral site were identified. Daily precipitation occurring within the corresponding impact window for each
identified TC was aggregated to calculate the event‐total TC precipitation. This 500 km operational threshold was
chosen to encompass the broad spatial extent of precipitation fields associated with TCs, which often extend
significantly beyond the cyclone's core (Kumar et al., 2025; Qin et al., 2024). To ensure robustness and con-
sistency, TC records from the CWA of Taiwan were used as an independent reference data set for validation. For
the final analysis, only TC events that were consistently identified in both the CMA and CWA records and that
produced a total precipitation exceeding 150 mm were retained. This combined criterion enhances the reliability
of the event catalog used for calibrating and validating the coral proxy.

2.5. Detection Method

Han et al. (2024) developed a coral‐based method for identifying and reconstructing a TC index using Δδ18O and
the gradient of Δδ18O. Following this framework, we applied modifications for the Houbihu record: TC iden-
tification was restricted to the regional TC season, spanning June to November. Correspondingly, in each year, the
coral Δδ18O and the gradient of Δδ18O used were also limited to the same June–November interval. The rationale
for selecting this seasonal window is provided in Text S3 and Figure S2 in Supporting Information S1.

Specifically, when either monthly Δδ18O or the gradient of Δδ18O during the TC season fell below the corre-
sponding mean—1 SD threshold, the coral proxy anomaly was counted as one coral‐based TC signal. If both
indicators crossed their thresholds within the same month, only one signal was counted. The TC index was
calculated by summing the number of below‐threshold occurrences within each year. The interannual calibration
skill of the threshold method using two indicators was evaluated by correlating the annual TC index derived from
the coral record with the corresponding instrumental TC series.

3. Results and Discussion
3.1. Δδ18O as a Proxy for SSS and Precipitation: Implications for Hydrological Variability

The results of the δ18O–SST calibration are provided in Text S2 in Supporting Information S1. To evaluate the
applicability of the Δδ18O proxy in this study, we compared the Houbihu coral Δδ18O record with local
instrumental SSS and precipitation during 1998–2012 CE. The relevant time series were smoothed using a 1 year
running mean to reduce seasonal variability and short‐period local fluctuations. The smoothed coral Δδ18O record
is significantly positively correlated with SSS (r = 0.58, p < 0.0001; Figure 2b), indicating that this record
captures low‐frequency changes in SSS (Pfeiffer et al., 2019; Thompson et al., 2022; Todorović et al., 2024).
Instrumental precipitation and SSS show a significant negative correlation at the same smoothed timescale
(r= − 0.56, p< 0.0001; Figure 2c), consistent with surface freshening during wetter intervals. The smoothed coral
Δδ18O record is also significantly negatively correlated with precipitation (r= − 0.57, p < 0.0001; Figure 2d). As
a hydrological indicator of the surface freshwater balance, SSS can also integrate the effects of ocean advection,
mixing, and entrainment (Hochet et al., 2025; Laurindo et al., 2024). This complexity does not obscure the
significant correspondence between the Houbihu coral Δδ18O record and instrumental hydroclimatic variability
at the smoothed timescale, supporting the reliability of this proxy in the study area.

3.2. Modern Coral Record

Previous studies have demonstrated that coral‐based TC reconstructions are subject to two categories of
mismatch: omission errors, in which TCs meeting the instrumental screening criterion are not captured by the
coral proxy; and false positives, in which the coral proxy falls below the defined threshold without a corre-
sponding TC (Kilbourne et al., 2011). Furthermore, studies have shown that precipitation maxima, SSS varia-
tions, and negative coral Δδ18O anomalies may exhibit offsets of 0–2 months at monthly resolution (Chen, Deng,
et al., 2023, Chen, Guo et al., 2023; Deng et al., 2009, 2014; Garas et al., 2023). This uncertainty arises primarily
from precipitation input variability, freshwater dilution and mixing processes, coral skeletal recording processes,
and monthly age‐model and sampling‐averaging uncertainties, and cannot be eliminated in monthly resolved
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coral record (Cahyarini et al., 2008; Lawman et al., 2020; Todorović et al., 2024; Walter et al., 2023).
Accordingly, the blue bars in Figure 3 are assigned a temporal window of 0–2 months to account for this monthly‐
scale phase uncertainty.

Figure 2. Time‐series variations in sea surface salinity (SSS), precipitation, and Porites coral Δδ18O in Houbihu during
1998–2012 CE. (a) Raw monthly SSS and coral Δδ18O. (b) One year running means of SSS and coral Δδ18O. (c) One year
running means of SSS and precipitation. (d) One year running means of coral Δδ18O and precipitation. Correlations among
these variables are annotated in the panels. Brown, blue, and red lines represent SSS, precipitation, and coral Δδ18O,
respectively.
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Before applying the 150 mm criterion, we evaluated the sensitivity of the modern calibration to the choice of TC
precipitation threshold. Threshold‐sensitivity tests showed that the 150 mmTC precipitation threshold yielded the
strongest and only statistically significant correlation between the coral‐based and instrumental TC series
(r = 0.56, p < 0.05; Table S1 in Supporting Information S1). Following the methodology outlined in Section 2.5,
27 instrumental TCs during 1998–2012 CE exceeded the 150 mm precipitation threshold (Figure 3). A total of 24
coral anomalies—defined as instances where Δδ18O or its gradient fell below the mean—1 SD threshold—were
identified. Among these, 21 anomalies corresponded to instrumental TCs, yielding a detection rate of 77.8% (blue
bars in Figure 3); the remaining six instrumental TCs were not captured by either coral indicator (yellow bars in
Figure 3). Within the TC season, three below‐threshold coral anomalies lacked a corresponding instrumental TC
with precipitation exceeding 150 mm, resulting in a false‐positive rate of 12.5% (3/24) (2004 and 2008 CE). The
most pronounced mismatch occurred in 2008, when three TCs satisfied the precipitation criterion yet coral Δδ18O
remained persistently depressed below the threshold for five consecutive months, suggesting that prolonged
freshwater influence or overlapping TC signals may have obscured a clean one‐to‐one correspondence between
individual anomalies and discrete TCs in that year (TCs 18, 19, and 20 in Figure 3). Notably, Δδ18O and the

Figure 3. Comparison of Houbihu coral geochemical record with TC precipitation records during June–November of 1998–2012 CE. (a) Δδ18O. (b) The gradient of
Δδ18O. (c) Precipitation associated with individual TCs. Numbers in panel (c) correspond to the TCs listed below the figure. (d) Monthly proportions of TCs recorded by
the instrumental and coral record. Red and blue dashed lines represent the mean—1 SD thresholds for Δδ18O and the gradient of Δδ18O, respectively. (e) Annual
comparison of TC activity between the coral and instrumental records. Light blue and light yellow shading indicate TCs identified and not identified by the coral‐based
criteria, respectively.
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gradient of Δδ18O exhibit clear complementarity in TC detection. During 2001–2006 CE, Δδ18O itself showed no
below‐threshold anomalies. This was likely related to the persistently positive Niño3.4 background during this
interval (Figure 2c in Supporting Information S1). In contrast, the gradient of Δδ18O fell below the threshold on
several occasions during the same interval and corresponded to multiple instrumental TCs, demonstrating that the
gradient indicator retains sensitivity to TC signals even when the absolute Δδ18O value is elevated or when
negative anomalies are insufficiently pronounced to exceed the threshold on their own (Figure 3b). Overall, the
majority of TCs produced detectable hydrological imprints in coral Δδ18O or the gradient of Δδ18O, consistent
with findings from previous studies (Han et al., 2024, 2026).

The monthly resolved coral record is inherently subject to calendar‐month assignment uncertainties, resulting in
apparent timing offsets of approximately 0–2 months in event matching. Our results are consistent with this
characteristic: coral anomalies and instrumental TC occurrences show imperfect alignment in their monthly
distributions (Figure 3d), with the coral‐based TC signals tending to occur slightly earlier. In a timing‐sensitivity
test, shifting the coral‐based TC signals forward by 1 month later substantially improved the agreement between
their monthly distribution and that of the instrumental TCs (r = 0.85, p < 0.05; Figure S3 in Supporting Infor-
mation S1). Nevertheless, uncertainties in monthly timing and phase remain. Another limitation of the monthly
resolved coral record is that it cannot distinguish multiple TC precipitation events occurring within the same
month; the only such case during the modern calibration interval occurred in September 2010, when three
instrumental TCs exceeded the 150 mm precipitation threshold but were recorded as a single combined hydro-
logical anomaly (TCs 22, 23, and 24 in Figure 3). These phase and resolution uncertainties render monthly coral
indicators unsuitable for strict month‐by‐month reconstruction of individual TCs. However, annual aggregation
reduces the influence of phase uncertainty on event detection (Pfeiffer et al., 2019). During 1998–2012 CE, TC
counts derived independently from the coral indicators and instrumental records are significantly correlated at the
annual scale (r = 0.56, p < 0.05; Figure 3e), confirming that this approach yields more stable and reliable
calibration skill at annual resolution (Han et al., 2026).

Considering that the June–November TC season substantially overlaps with the regional wet season, contribu-
tions from non‐TC precipitation to some coral Δδ18O anomalies cannot be entirely excluded (Shen et al., 2005).
However, previous isotope and coral studies have shown that TC precipitation is typically more depleted in δ18O
and is therefore more likely to generate pronounced negative anomalies in coral δ18O (Han et al., 2024, 2026;
Jackisch et al., 2022; Kilbourne et al., 2011). Modern observations further show that, after controlling for non‐TC
precipitation, TC precipitation remains strongly and negatively correlated with coral Δδ18O (partial r = − 0.48,
p = 0.07; Figure S4d and Text S4 in Supporting Information S1), whereas the annual non‐TC precipitation index
is essentially uncorrelated with the coral‐based TC index (r = − 0.03, p = 0.91; Figure S4f and Text S4 in
Supporting Information S1). These results indicate that, although the limited length of the modern calibration
interval and the monthly resolution constrain complete separation of different precipitation sources, non‐TC wet‐
season precipitation is insufficient to explain the interannual variability of the coral‐based TC index, supporting
its interpretation as primarily reflecting TC‐related hydrological signals.

3.3. Decadal‐Scale Reconstruction and Low‐Frequency Climate Controls

Based on the response of anomalously low values in coral Δδ18O and the gradient of Δδ18O to TC precipitation
during the modern calibration period, we used a threshold approach with two indicators to reconstruct a coral‐
based index of TC precipitation variability in the study region for 1906–2012 CE. For each year, anomalies in
either Δδ18O or the gradient of Δδ18O that fell below their corresponding mean—1 SD thresholds during
June–November were identified as TC precipitation signals recorded in the coral record. If both indicators crossed
the threshold in the same month, they were counted as a single signal, and the number of these signals was used as
the TC index for that year (Figures 4a–4c).

3.3.1. Decadal‐Scale Variability of TC Activity

To evaluate the low‐frequency variability of the TC index, we compared it with the TC anomalous count affecting
Taiwan compiled by Hung (2013) and the CWA record of TCs with event‐total precipitation >150 mm at
Hengchun Station during 1958–2012 CE (Figures 4d and 4e).

During 1906–2012 CE, the TC index shows pronounced decadal‐scale variability (Figure 4c). The index was
generally elevated during 1906–1949 CE, with a mean value of 2.70 years− 1. It reached high values in both the
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1920s and 1930s, with decadal means of 3.20 years− 1, and remained relatively high in the 1940s, with a mean
value of 2.60 years− 1. After 1950, the TC index decreased markedly on decadal timescales. The mean value
during the 1960s–1990s declined to 0.93 years− 1, with particularly low values in the 1960s and 1990s of
0.80 years− 1 and 0.70 years− 1, respectively. Since the early 21st century, the TC index has partially recovered,

Figure 4. Coral‐based reconstruction of the TC Index from 1906 to 2012 CE and comparison with Taiwan TC records.
(a) Δδ18O; (b) the gradient of Δδ18O; (c) TC index; (d) TC anomalous count affecting Taiwan compiled by Hung (2013);
(e) annual number of TCs with event‐total precipitation >150 mm recorded at Hengchun Station by the Central Weather
Administration during 1958–2012 CE. Horizontal solid lines indicate long‐term means; dashed lines in (a) and (b) indicate
the mean − 1 SD thresholds. Thick lines in (c), (d), and (e) indicate 5‐year running means.
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increasing to 1.46 years− 1 during 2000–2012 CE, although this remains lower than the high index interval of
1906–1949 CE. Overall, the record indicates three major phases in TC precipitation activity in the study region:
elevated activity in the early 20th century, reduced activity during the mid‐to‐late 20th century, and partial re-
covery in the early 21st century. Sensitivity tests further support the stability of this low‐frequency pattern (Figure
S5 and Text S5 in Supporting Information S1).

This low‐frequency pattern is partly supported by independent Taiwan TC records (Figures 4d and 4e). The TC
anomalous count was generally positive during 1906–1929 CE, with a mean value of 0.52, including a 1920s
mean of 0.62, supporting relatively active TC conditions around Taiwan during the early 20th century (Figure 4d).
For the instrumental period, the CWA record shows that the mean number of TCs was 1.10 events yr− 1 during
1970–1999 CE and increased to 1.77 events yr− 1 during 2000–2012 CE (Figure 4e). Correspondingly, TC index
increased from 0.97 years− 1 during 1970–1999 CE to 1.46 years− 1 during 2000–2012 CE, indicating that both
records capture an enhancement of TC precipitation activity in the early 21st century.

Some differences among the records remain. For example, the TC anomalous count became negative in the 1930s
(Figure 4d), whereas TC index remained high during this interval (Figure 4c). For the instrumental period, the
1983–1992 CE interval represents the main exception in the 10‐year mean comparison between the TC index and
the CWA record (Table 1), indicating that the two records are not fully synchronous across all decades. Overall,
these discrepancies do not obscure the major low‐frequency pattern captured by the TC index.

3.3.2. Spectral Characteristics of Reconstructed TC Activity

The variability of TC activity is unlikely to be explained solely by the random occurrence of individual TCs or
local precipitation variability; instead, it likely reflects decadal‐to‐multidecadal modulation of regional TC ac-
tivity by large‐scale ocean–atmosphere variability and external forcing. Spectral analysis of the reconstructed
series reveals enhanced power at periodicities of ∼2–6, ∼11, ∼36, and ∼64 years (Figure S6 in Supporting In-
formation S1). These features suggest that the reconstruction contains substantial low‐frequency variability in
addition to interannual fluctuations.

3.3.3. Decadal Covariability With Solar Activity

Spectral analysis of the reconstructed series reveals enhanced power at a periodicity of ∼11 years. Sunspot
number anomalies were used as a proxy for solar activity and compared with the reconstructed TC activity.
Results indicate a significant negative correlation at the decadal scale (r = − 0.41, p < 0.001; Figure 5a) over
1906–2012, whereas the interannual correlation is markedly weaker (r = − 0.26, p < 0.001). This contrast
suggests stronger low‐frequency covariation between solar activity and TC activity at the decadal scale. This
aligns with the “low solar activity–high TC activity” pattern reported in the literature and paleoclimate records
from the Taiwan region, providing independent support for the decadal‐scale relationship identified here
(Hung, 2013).

To explore the circulation pathway underlying this low‐frequency solar–TC relationship, we further examined the
200 hPa zonal wind, which serves as a proxy for Walker circulation related upper‐level flow and is relevant to
Northwest Pacific TC activity. A more detailed analysis shows that the correlation between solar activity and the
200 hPa zonal wind is weak at zero lag (r= 0.19, p< 0.01), indicating that the circulation response to solar forcing
is not synchronous. In contrast, lag‐correlation analysis shows that when solar activity leads by 3–5 years, its
relationship with both the 200 hPa zonal wind and TC index becomes substantially stronger, with correlation

Table 1
Decadal Comparison of TC Frequency From Coral Reconstruction and Central Weather Administration Records

Decade CWA TC Number (>150 mm) TC frequency index (coral‐based reconstruction)

1963–1972 0.8 0.9

1973–1982 1.4 1.4

1983–1992 1.3 0.8

1993–2002 1 0.9

2003–2012 1.9 1.5

Journal of Geophysical Research: Oceans 10.1029/2026JC024472

SHI ET AL. 10 of 19



coefficients of 0.35–0.44 for solar activity versus zonal wind and − 0.66 to − 0.74 for solar activity versus TC
index (Figure 6b). This suggests that solar activity is more likely to influence TC activity through delayed
modulation of the tropical Pacific background state and related circulation processes, rather than through direct
contemporaneous forcing (Elsner & Jagger, 2008; Huo et al., 2021; Meehl et al., 2009; Misios et al., 2019). This
interpretation is consistent with previous studies showing that approximately 11‐year solar variability can induce

Figure 5. Coral‐based reconstruction of TC Index (1906–2012 CE) and its relationship with climate indices. (a) Sunspot
number anomaly (11‐year running mean). (b) TC index (thin line), with the 11‐year running mean (thick line) and the long‐
term mean (horizontal line). (c) Annual‐mean Atlantic Multidecadal Oscillation index, with the 11‐year running mean (thick
line). (d) Niño3.4 index; blue shading indicates La Niña conditions (Niño3.4 < 0). (e) Annual‐mean Pacific Decadal
Oscillation (PDO) index, with the 11‐year running mean (thick line). Pale yellow shading indicates a strong negative
correlation between the PDO and TC since 1950.
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Figure 6. Relationships among solar activity, Walker circulation, and reconstructed TC Index. (a) Standardized time series of
the 11‐year running mean solar activity, annual 200 hPa zonal wind (used here as a proxy for the Walker circulation), and
reconstructed TC index. (b) Lagged correlations between solar activity and 200 hPa zonal wind, and between solar activity
and TC activity, for lags of 1–5 years. Positive lags indicate that solar activity leads 200 hPa zonal wind and TC index.
Asterisks denote statistical significance (p < 0.05, p < 0.01).
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delayed air–sea responses in the tropical Pacific and modulate the Walker circulation on decadal timescales
(D. L. Li et al., 2023; S. Li, Li, & Ling, 2023). In summary, our results support a mechanism in which solar
activity affects the TC activity in the Northwest Pacific primarily through low‐frequency, delayed
ocean–atmosphere coupling, rather than by directly controlling individual TCs.

3.3.4. Multidecadal Covariability With AMO

Spectral analysis reveals enhanced power at periodicities of ∼64 years, consistent with the characteristic mul-
tidecadal variability range of the AMO. To further evaluate this correspondence, we compared the annual‐mean
AMO index with the coral‐based reconstruction of TC activity. The results show a significant positive correlation
(r = 0.50, p < 0.001; Figure 5c) over 1906–2012 CE, indicating significant decadal‐to‐multidecadal covariability
between the two records.

Previous studies have shown that the AMO can influence large‐scale circulation in the tropical Pacific through an
atmospheric bridge mechanism (An et al., 2021; McGregor et al., 2014; J. W. Zhao et al., 2024). Specifically,
SSTA in the North Atlantic can modulate the tropical energy balance and convective distribution, thereby
affecting the Walker circulation and its associated wind field structure (Jiang & Li, 2021; C. Sun et al., 2020).
Such inter‐basin interactions can further alter moisture transport and convergence over the western Pacific,
influencing the environmental conditions associated with TC precipitation (J. W. Zhao et al., 2024). Based on this
metric, the results show a significant negative correlation between the AMO and zonal wind (r = − 0.50,
p < 0.001; Figure 7b), indicating that AMO variability is closely linked to changes in Walker circulation strength.
In addition, the zonal wind exhibits a strong negative correlation with the TC index (r = − 0.82, p < 0.001;
Figure 7c), suggesting that variations in Walker circulation play a key role in modulating TC precipitation. It
should be noted that the reconstruction spans only ∼1 century, which likely captures no more than a single phase
of multidecadal variability. The modulatory influence of the AMO should be evaluated using longer records and
replication across multiple sites.

3.3.5. Non‐Stationarity in the Impacts of ENSO and PDO on TC Activity

Spectral analysis reveals significant power peaks in TC index at the 2–6‐year and ∼36‐year timescales, corre-
sponding to the interannual variability of ENSO and the decadal variability of the PDO, respectively. However,
the influences of ENSO and the PDO on TC activity exhibit pronounced non‐stationarity over the study period.
The annual mean Niño3.4 index shows only a modest and statistically non‐significant inverse relationship with
TC activity (r= − 0.19, p= 0.055; Figure 5d), suggesting that this overall linear relationship may obscure distinct
phase‐dependent modulation across different periods. Specifically, during 1906–1949, the PDO is significantly
positively correlated with TC activity (r = 0.63, p < 0.001; Figure 5e), whereas this relationship reverses after
1950. During 1950–2012, the PDO becomes significantly negatively correlated with TC activity (r = − 0.55,
p < 0.001; Figure 5e). This non‐stationary relationship may be associated with interdecadal changes in the
background climate state and the evolution of ENSO characteristics.

Previous studies have demonstrated that the teleconnection effects of climate drivers are strongly background‐
state dependent (Li, Xiao, & Zhao, 2023; Sena et al., 2025; L. Shi et al., 2024; C. Zhou et al., 2024). Our re-
sults indicate that during 1906–1949, the large‐scale circulation was relatively weak, characterized by weak
upper‐level zonal flow (with 200 hPa mean zonal wind speeds of only ∼0.22 m/s) and a very low occurrence
frequency of theWNPSH (∼6.8%) (Figures 8a and 8b). Under such a weak background state, PDO‐related signals
may be linked to TC activity through modulation of the WNPSH edge and associated regional circulation
anomalies (C. Huang et al., 2022; Tian et al., 2023). In contrast, the Walker circulation strengthened significantly
after 1950, with 200 hPa mean zonal wind speeds increasing to ∼1.04 m/s (p < 0.0001) (Figures 8a and 8b).
Meanwhile, the WNPSH entered a phase of accelerated intensification, as indicated by an increase in the 500 hPa
geopotential height trend from 0.18 m/yr to 0.28 m/yr (p < 0.0001), and a rise in the frequency of strongWNPSH
occurrences from 6.8% to 41.3%. Furthermore, the post‐1950 enhancement rate of the height field (0.28 m/yr) is
substantially higher than that during the earlier period (0.18 m/yr) (Figures 8a and 8b). This pronounced
strengthening and accelerated transition of the background circulation may have altered the efficiency of remote
forcing and local atmospheric responses, thereby contributing to the observed reversal in the PDO–TC rela-
tionship (Scoccimarro et al., 2021; C. Wang et al., 2023).
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Furthermore, the reversal in the influence of ENSO on TCs is likely associated with interdecadal changes in the
dominant types of El Niño events (Figure 8c) (X. Chen, Deng, et al., 2023, Chen, Guo et al., 2023; J. Song
et al., 2023; Tian et al., 2023).During 1906–1949, all seven identifiedElNiño events (Niño3.4> 0.5°C) correspond
to the central Pacific type, based on a simplified classification (Figure 8d) (Niño3.4>Niño3). The associatedmean
TC index is 2.57 years− 1, which is close to the climatological mean for the same period (2.70 years− 1), suggesting a
relatively weak suppression effect of CP‐type events on TC activity (Figure 8e) (X. Chen, Deng, et al., 2023, Chen,
Guo et al., 2023; Zhang et al., 2015). In contrast, El Niño events during 1950–2012 exhibit greater diversity, with
the proportion of eastern Pacific (EP) type events (Niño3>Niño3.4) increasing to 41.7% (Figure 8d). ThemeanTC
index during EP‐type events is only 0.60 years− 1, substantially lower than the climatological mean (1.11 years− 1)
(Figure 8e). Consistent with previous studies, EP‐type El Niño events tend to exert a stronger suppressing effect on

Figure 7. Atlantic Multidecadal Oscillation (AMO), Walker circulation, and reconstructed TC Index. (a) Standardized 11‐year running mean time series of the AMO
index, annual 200 hPa zonal wind, and reconstructed TC index during 1906–2012 CE. (b) Scatterplot of the 11‐year running mean AMO index against 200 hPa zonal
wind. (c) Scatterplot of the 11‐year running mean 200 hPa zonal wind against reconstructed TC index, showing a significant negative correlation. Solid lines represent
linear regressions, and shaded areas indicate the 95% confidence and prediction intervals.
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TCactivity by enhancing anomalous easterlywinds and strengthening theWNPSH,whereas CP‐type events have a
relatively weaker influence on this circulation system (M. Chen et al., 2019; L. Wu et al., 2018; Yu et al., 2021).
Therefore, these results indicate a clear interdecadal shift in the dominant type of El Niño events. CP‐type events
dominate in the early period, whereas both EP‐ and CP‐type events occur in the later period, with an increasing
proportion of EP events. Together with changes in the background circulation, this shift may provide a plausible
explanation for the observed transformation inENSO–TCmodulation.More broadly, the climate–TC relationships
identified above are also evident in two independent instrumental TC records from Taiwan, which show consistent
associations with the AMO, solar activity, and PDO, as well as lower TC activity during EP‐type than CP‐type El
Niño years (Text S6 and Figure S7 in Supporting Information S1).

4. Conclusions
This study identifies a modern‐calibrated association between pronounced negative excursions in coral Δδ18O
from the Northwest Pacific and TC (precipitation exceeding 150 mm). Applying this method, we reconstructed

Figure 8. Interdecadal variations in the relationship between ENSO and reconstructed TC index, the evolution of ENSO event types, and associated large‐scale
background circulation influencing Pacific Decadal Oscillation and ENSO during 1906–2012. Pale yellow shading denotes the 1950–2012 CE interval, highlighting the
period after the marked climatological transition around 1950. (a) Annual mean 500 hPa geopotential height over the western North Pacific (120°E− 150°E,
10°N–40°N), representing the intensity of the western North Pacific subtropical high. Linear trends for the two periods and the climatological threshold (dashed line) are
shown. (b) Annual mean 200 hPa zonal wind over the western Pacific (100°E− 180°E, 0°N–25°N), representing the upper‐level zonal circulation associated with the
Walker circulation. Linear trends for the two periods and the reference threshold (1 m/s) are indicated. (c) Standardized time series of the 5‐year moving averaged
Niño3.4 index, Niño3 index and TC index. (d) Interdecadal changes in El Niño event types. Stacked bars show the number and proportion of central Pacific and eastern
Pacific El Niño events in two periods (1906–1949 and 1950–2012 CE), based on a simplified classification criterion (Niño3.4>Niño3 for CP; Niño3 >Niño3.4 for EP;
Niño3.4 > 0.5°C). (e) Mean TC index associated with different types of El Niño events, illustrating distinct TC responses to different ENSO types.
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TC precipitation variability for 1906–2012 CE. The reconstruction reveals pronounced interdecadal variability,
characterized by distinct phases: high activity in the early 20th century, a decline in the mid‐century, and a partial
recovery in recent decades. Multidecadal analysis indicates that this low‐frequency variability significantly
covaries with solar activity and the phase of the AMO. In contrast, ENSO and PDO generally show weaker
correlations with annual‐scale TCs, but their correlations have notably strengthened since the mid‐20th century.
This shift highlights their non‐stationary influence on TC precipitation. This reconstruction offers a critical
baseline for contextualizing recent trends and emphasizes the importance of low‐frequency climate modes in
modulating TC extreme precipitation.
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