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Determining the hazard risk of coastal communities owing 
to climate change requires an understanding of the influ-
ence of climate variability on tropical cyclone (TC) activ-

ity. From 2010 to 2030, global population growth is estimated to 
increase the number of people exposed annually to TCs from 133.7 
million to 149.3 million, 90% of whom live along the Asian Pacific 
coastline1. Simultaneously, anthropogenic forcing is expected to 
alter global climate, affecting the frequency, geographic distribution  
and intensity of TCs2,3. However, the influence of global climate is 
mediated by regional climate characteristics, which vary on sea-
sonal to centennial timescales4–8. Understanding the mechanisms 
by which TCs have varied in response to past forcing will help us 
understand how TC risk might change with continued anthropo-
genic radiative forcing.

Our understanding of climate controls on TCs is limited by the 
observational record. The western North Pacific (WNP) is the most 
active basin for TCs globally; however, few pre-modern reconstruc-
tions with annual to decadal resolution have been developed for this 
region9–11 relative to the western North Atlantic6,12–16. This dearth of 
WNP TC reconstructions hinders identification of the internal and 
external processes that drive low-frequency variability in TC statis-
tics. As TCs travel, they are influenced by variable environmental 
conditions along their tracks2. Separating the effects of different 
aggregate TC characteristics (that is, genesis frequency, genesis 
location, storm track and landfall intensity) on the reconstructed 
variability is difficult when a reconstruction is located far from the 
genesis locations. In the western North Atlantic, recent research has 
overcome this difficulty by contrasting records at many sites across 
the basin, revealing that regional ocean circulation likely altered 
the dominant storm track, in turn driving a cross-basin shift in 

TC landfall frequency from the Gulf of Mexico to the northeast-
ern United States around 550 cal yr bp6,12. In the WNP, however, the 
few TC reconstructions that exist are located far from the primary 
cyclogenesis regions. Thus, attempts to contrast records on the 
western basin margin have failed to identify the TC characteristics 
and drivers responsible for a clear southward shift in landfall fre-
quency 500 cal yr bp9,17, for example.

Here, we introduce a sediment proxy reconstruction of TC land-
fall frequency that captures genesis variability in the deep tropi-
cal central Pacific—a hotspot of tropical cyclogenesis that feeds 
the WNP basin. Tropical cyclogenesis potential in the WNP is 
expected to increase with the rise in sea surface temperatures (SSTs) 
and weakening of vertical wind shear (VWS) projected over the 
twenty-first century18. The proximity between the genesis location 
and the proxy site mitigates the influence of the storm track and 
post-genesis intensification on our reconstruction. By focusing on 
TC genesis and using a multi-model ensemble of general circulation 
models (GCMs), we can identify the climate patterns influencing 
cyclogenesis variability near our site.

Tropical cyclone genesis over the past 3,000 years
We developed a grain-size proxy of cross-reef sediment trans-
port intensity from a sediment core retrieved from a blue hole, 
a 30-m-deep karst basin, on Jaluit Atoll (6.256° N, 169.411° E, 
Extended Data Fig. 1). Coastal basins preserve evidence of the close 
passage of intense TCs as anomalously coarse layers of sediment13,15. 
We sieved the core sediment and identified TC deposits as peaks 
in the sediment coarse fraction (250–2,000 μm sieve diameter) that 
exceeded a statistical threshold (see Methods). A post-bomb radio-
carbon date indicates that the youngest coarse layer was deposited  
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in the late 1950s and probably by Typhoon Ophelia in 1958, which 
passed directly over Jaluit with estimated sustained winds of over 
64 m s−1 (nearly a super typhoon, or Category 4 on the Saffir–
Simpson scale), causing widespread destruction19. The coarse frac-
tion anomalies of all identified event beds are close to or exceed that 
of Ophelia, suggesting that the frequency of coarse deposits in our 
core corresponds to the frequency of intense TC passage near Jaluit 
over the past 3,000 years. Owing to the position of the site south-
east of the WNP basin, near the geographical limits of the observed 
tropical cyclogenesis, we interpret temporal variability in our record 
as directly corresponding to temporal variability in nearby cyclo-
genesis (see Supplementary Discussion).

Our reconstruction of centennial TC frequency shows a mean of 
1 event per century and centennial variability similar to other recon-
structions from the western Pacific. The most prominent feature in 
our record is a peak in frequency c. 1350–1700 ce with a maximum 
of 3.75 events per century that encompasses the early Little Ice Age 
(LIA, 1400–1700 ce), which is higher than that during any other 
period (Fig. 1e) and is unlikely to be the product of unforced vari-
ability (Methods). Immediately preceding the LIA peak was a rela-
tively quiet interval encompassing the Medieval Climate Anomaly 

(MCA, 1000–1300 ce). The LIA peak in cyclogenesis at Jaluit is 
synchronous with a substantial increase in the frequency of coarse 
deposits at Yongshu Reef in a South China Sea (SCS) sediment core, 
indicating enhanced landfall frequency relative to the MCA11 and 
enhanced landfall frequency in Guangdong Province according to 
Chinese historical records10 (Fig. 1c,d). A sedimentary reconstruc-
tion of TC landfall on Taha’a, French Polynesia, recorded few storms 
over the past 1,000 years20, but reef-top storm deposits collected 
from across the central South Pacific basin suggest higher TC activ-
ity during the MCA than during the LIA21,22 (Fig. 1a,b).

Large-scale drivers of tropical cyclone variability
In the instrumental record, the El Niño Southern Oscillation 
(ENSO) dominates inter-annual variability in western Pacific cyclo-
genesis. During El Niño events, the mean TC genesis location in the 
WNP shifts to the southeast, and TCs tend to recurve north more 
than in non-event years23,24. Thus, El Niño events result in more 
frequent cyclogenesis near Jaluit but fewer storm tracks crossing 
the SCS near Yongshu Reef24. In the South Pacific, El Niño events 
tend to shift the mean genesis location eastward, resulting in fewer 
cyclone landfalls in Australia but more in the central South Pacific 
and French Polynesia21,25. These effects scale with the intensity of 
ENSO-associated SST anomalies and are more sensitive to central 
Pacific warming than eastern Pacific El Niño events24.

Given the dominant influence of ENSO on cyclogenesis in the 
WNP historically, variations in ENSO over the past few millennia 
could have contributed to the variability in our reconstruction.  
A synthesis of annually resolved SST proxies for the Niño 3.4 
region26 demonstrates that SST variability associated with ENSO 
was lower over much of the last millennium relative to the last cen-
tury (Fig. 2a). However, over this background signal, there were 
two century-long periods of elevated ENSO variability that cor-
respond with the beginning and end of the active interval in our 
record. Additionally, an annually resolved reconstruction of SSTs in 
the Niño 4 region from Taiwanese tree-ring δ18O reveals a peak in 
ENSO-associated variability c. 1350–1425 ce, during peak cyclo-
genesis in our reconstruction27. Coral-based SST proxies from the 
central Pacific detail similar but shorter-duration fluctuations in 
ENSO variability during the LIA28 (Fig. 2b). These transient peaks 
in ENSO-associated SST variability imply more frequent or more 
intense El Niño events, either of which would have increased the 
frequency of TC cyclogenesis near Jaluit and thus likely increased 
the frequency of TCs in our record.

However, the SST reconstructions also indicate that ENSO- 
associated variability was higher during the last century than during 
the LIA, contrary to cyclogenesis in our reconstruction. Additionally, 
the enhanced frequency or magnitude of El Niño events suggested 
by peaks in ENSO-associated variability cannot explain enhanced 
landfall frequency near Yongshu Reef and the absence of an increase 
in TC activity in the central South Pacific during the LIA. Thus, it 
is likely that other factors contributed substantially to cyclogenesis 
variability over the last millennium.

Hydroclimate proxies from the Indo-Pacific Warm Pool (IPWP) 
and the central and eastern Pacific demonstrate rapid, synchronous 
and spatially consistent change at the onset of the LIA. Around 1400 
ce, δ18O records from speleothems in northwestern Australia and 
southern China demonstrate a rapid transition to a drier climate 
that lasted until c. 1750 ce29 (Fig. 2e). Simultaneously, precipita-
tion proxies in the deep tropical IPWP and SCS indicate the rapid 
onset of a wetter climate30,31. These shifts have been attributed to 
a contraction of the Intertropical Convergence Zone (ITCZ)29,31  
(Fig. 2e) and a westward shift in the Pacific Walker circulation 
(PWC)30. Simultaneously, an algal lipid δD record indicates a rapid 
onset of dry conditions in the central North Pacific32 (Fig. 2c), and 
enhanced ice accumulation in Quelccaya ice cap, Peru33 (Fig. 2d) 
indicates wetter conditions in the eastern South Pacific. These 
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Fig. 1 | Western Pacific tropical cyclone reconstructions. a, Location of 
records in Figs. 1 and 2; symbol definitions can be found in Extended Data 
Fig. 1. b, Radiocarbon dates (±1 standard deviation) from South Pacific 
storm-deposited boulders21,22. c, Storm deposits in a back-barrier reef 
lagoon, Taha’a, French Polynesia20. d, TC landfalls in Guangdong Province 
and imperial Chinese historical records10. e, Coarse fraction (black line) and 
centennial frequency (blue line) of large wave deposits at Yongshu Reef11.  
f, Coarse fraction (250–2,000 µm) anomaly (black line) from Jaluit Atoll 
and centennial frequency (blue line) of identified storm deposits (red 
asterisks) (this study). The error in c, e and f is less than ±0.05%, which is 
too small for plotting. Uncertainty estimates were unavailable for d.
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meridional shifts in precipitation have been attributed to a south-
ward displacement of the ITCZ during the LIA. A radiocarbon 
date from 5 cm above the first event layer in the LIA active interval 
constrains its modelled age distribution to overlap with the onset of 
these changes in hydroclimate proxies in the Pacific (Fig. 2g). Thus, 
the start of the LIA active interval may have been concurrent with 
the basin-wide transitions between wet and dry conditions.

The tropical atmospheric circulation patterns driving hydrocli-
mate variability during the LIA could have influenced cyclogenesis 
across the western Pacific. Contraction of the ITCZ would entail 
contraction in the Hadley circulation, which influences the charac-
teristics (latitude, width, intensity) of zonal mean precipitation in 
the tropics. Recent research suggests tropical cyclogenesis in the 
WNP shifted to the north over the past few decades as the Hadley 
cell expanded poleward owing to anthropogenic climate change34,35. 

Assuming Hadley cell contraction would have the opposite effect, 
the LIA contraction could have enhanced cyclogenesis in the deep 
tropics (0–10° N) near Jaluit. Alternatively, inter-annual variability 
in the Pacific Meridional Mode (PMM) has influenced PWC and 
correlated with zonal shifts in WNP cyclogenesis over the past few 
decades7,36. Thus, westward migration of the rising limb of the PWC 
could have shifted cyclogenesis westward during the LIA as well.

Detection of climatic drivers in a climate model ensemble
To explore the associations between tropical atmospheric circula-
tion and temporal variability in our reconstruction, we analysed 
the results of the Last Millennium experiment in an ensemble 
of Coupled Model Intercomparison Project Phase 5 (CMIP5) 
GCMs. By diagnosing the genesis potential index (GPI)37,38 from 
the monthly mean climate model output, we determined that the 
ensemble predicted cyclogenesis anomalies during the LIA rela-
tive to the MCA that were consistent with TC reconstructions 
across the tropical WNP (Fig. 3a). The ensemble indicated anoma-
lously high GPI in the vicinity of the Philippines. Assuming TCs  
entering the SCS are generated primarily to the east and south-
east, these results are consistent with the Yongshu Reef proxy  
reconstruction11 and historical records from Guangdong10, both  
of which recorded enhanced TC activity during the LIA rela-
tive to the MCA (Fig. 1d). In the near-equatorial central North 
Pacific, where most TCs recorded at Jaluit originate, the ensemble 
showed patchy positive GPI anomalies, while the GPI was reduced 
directly over Jaluit. However, wind shear (potential intensity) 
decreased (increased) near our site with a relatively unchanged 
mid-troposphere entropy gradient (Extended Data Fig. 6c–e), indi-
cating that TCs generated in the positive GPI anomalies would 
continue intensification over Jaluit, despite the lower GPI driven 
by anomalously low ambient vorticity. Additionally, El Niño events 
occurring in this centennial mean state would likely increase the vor-
ticity39 and decrease the moist entropy gradient24, further enhancing 
the GPI over Jaluit. However, the lack of inter-model agreement  
in the equatorial region for GPI and its individual components  
suggests that the anomalies there may not be a robust response to 
consistent forcing.

Spatially coherent shifts in environmental conditions generated 
most of the modelled GPI anomalies during the LIA. An anoma-
lously large mid-troposphere moist entropy deficit across most of 
the western Pacific suppressed potential cyclogenesis in the models 
(Extended Data Fig. 6e). However, the modelled VWS anomalies 
were negative (positive) in the western (eastern) half of the basin, 
promoting (reducing) TC intensification, forming a zonal dipole in 
the tropics, which produced positive GPI anomalies in the SCS and 
east of the Philippines (Fig. 3b). Indeed, at either end of the tropical 
WNP, the LIA VWS anomaly exceeded the 95% confidence inter-
val of anomalies from all 300-year periods in the Last Millennium 
experiment (Fig. 4a) and thus exceeded the model background vari-
ability. Background variability overwhelmed a similar zonal gradi-
ent formed by potential intensity anomalies (Fig. 4b).

Further analysis of the GCM ensemble revealed that the zonal 
dipole in anomalous VWS was generated by a westward shift in 
the rising arm of the PWC during the LIA (Fig. 4c,d). In the Last 
Millennium experiment, mean zonal winds converge at the surface 
and diverge at height within 130–180° E (Fig. 4c). At either end of the 
basin, mean zonal winds at the surface and top of the troposphere 
are opposed, generating high VWS. During the LIA and across the 
basin, zonal winds became more westerly at the surface and east-
erly at the top of the troposphere. These wind anomalies weak-
ened (strengthened) shear in the west (east), where they opposed  
(bolstered) mean wind direction, producing the dipole in VWS 
anomalies (Fig. 4a). These wind anomalies would also shift the rising  
limb of the PWC westward, consistent with the hypothesized mecha-
nism for a zonal concentration of precipitation in the IPWP30.
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Influence of climate modes on tropical cyclone variability
The tropical zonal wind and VWS anomalies during the LIA 
are associated with centennial variability in the PMM. In the  

instrumental record, the PMM is a climate mode second only to 
ENSO in accounting for interannual variability of east tropical 
Pacific SST and wind anomalies40. Its positive (negative) phase is 
characterized by strengthened (weakened) meridional SST gradi-
ents across the mean latitude of the eastern Pacific ITCZ, northward 
(southward) shifts in the eastern Pacific ITCZ and weaker (stronger) 
trade winds in the eastern North Pacific. Positive (negative) PMM 
also generates anomalous VWS in the WNP, which causes an east-
ward (westward) shift in cyclogenesis7,36. Positive PMM events often 
precede and may initiate El Niño events41, and the eastward shift 
in cyclogenesis previously associated with historical El Niño events 
may instead be a consequence of co-occurring positive PMM36. In 
our ensemble, the tropical VWS anomaly during the LIA is highly 
correlated (Fig. 5) with negative mean PMM during the LIA, in con-
trast to positive mean PMM during the MCA (Fig. 2f).

Proxy reconstructions of TC activity reveal that the transition 
from the end of the MCA through the early LIA was character-
ized by anomalously high TC activity in the deep tropical WNP. 
Although ENSO variability was lower over the last millennium 
relative to the instrumental period, transient increases in ENSO 
variability, when centennial mean climate conditions promoted 
cyclogenesis and intensification near reconstruction sites, could 
have generated this anomaly. The combination of periodic fluctua-
tions in ENSO variability with secular changes to centennial mean 
climate conditions could explain spatial variability in TC activity 
across the west Pacific, whereas ascription to just one of these fac-
tors appears insufficient.

The GPI anomalies in our model ensemble are small relative to 
the anomalies in TC proxy reconstructions. Some of this discrep-
ancy is likely explained by lower decadal to centennial variability 
in the Last Millennium experiment results relative to expectations 
based on paleoclimate proxy records42–44. For example, our model 
ensemble does produce anomalous meridional circulation during 
the LIA consistent with a contraction and southward shift of annual 
ITCZ movement (Extended Data Fig. 8). However, the magnitude 
of the modelled anomaly is only around 1% of the Last Millennium 
mean, which falls short of multi-degree latitude shifts interpreted 
from proxy records29,32. Even a one-degree southward shift in the 
ITCZ following a strong volcanic eruption in the tropical Northern 
Hemisphere can increase the GPI in the deep tropical North Pacific 
and decrease it poleward45. Thus, the model ensemble may have 
failed to capture additional LIA cyclogenesis variability associated 
with ITCZ shifts.

TC formation and intensification to typhoon strength in the 
Pacific near-equatorial region (0–5° N) are rare in the histori-
cal record, hindering analysis of trends and risk. Additionally, 
twenty-first century trends in TC genesis and track density for 
the Pacific deep tropics in the CMIP5 models are small, with low 
inter-model agreement on their direction18,46. CMIP5 GCMs may 
also not adequately resolve processes necessary for such perturba-
tions to develop. Our reconstruction circumvents the limitations of 
historical records and GCMs and demonstrates that cyclogenesis 
in the Pacific deep tropics has centennial variability similar to that 
of TC landfalls captured in higher latitude reconstructions. Thus, 
TC climatology in the deep tropics is non-stationary, and lack of 
adequate historical sampling or inter-model agreement in projec-
tions does not necessarily indicate that TC genesis there has a muted 
response to climatic forcing.

The coincidence of major hydroclimate/regional atmospheric 
circulation shifts during the LIA with enhanced deep tropical 
cyclogenesis at Jaluit and in the SCS provides a basis for extrapolat-
ing TC climatological response to similar shifts projected for the 
twenty-first century. The PWC is projected to weaken and shift 
east47,48, potentially reducing cyclogenesis in the SCS but promot-
ing it in the Central Pacific. Additionally, recent tropical expansion  
due to anthropogenic warming and natural variability49 has been 
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connected with reduced cyclogenesis in the deep tropics and 
enhanced cyclogenesis at higher latitudes35. Our analysis suggests 
that anthropogenic radiative forcing may cause trends in Pacific 
deep tropical cyclogenesis that mirror the MCA–LIA transition, 
with cyclogenesis decreasing in the western deep tropical Pacific.
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Methods
Study site and field methods. We developed a sediment proxy reconstruction of 
TC activity at Jaluit Atoll in the southern Marshall Islands. Jaluit is a mid-ocean 
atoll with a 250–1,000-m-wide intertidal reef flat encircling a shallow lagoon. The 
mildly stratified blue hole from which we extracted sediment cores LTD2 and 
LTD3 is located at the northwestern tip of Jaluit, where the atoll rim is the widest 
(Extended Data Fig. 1). The blue hole is flanked by three small, vegetated islands 
between which smooth channels connect it to the ocean-facing reef flat, which is 
covered in crustose coralline algae. The blue hole is backed by a deeper 400-m-wide 
reef flat with actively growing coral.

The sediment cores were retrieved using a Rossfelder P-3 vibracoring 
system. For core LTD2, a separate surface drive of the upper 1–1.5 m of sediment 
was retrieved to preserve the sediment surface, because the primary drive 
over-penetrated. Coring sites were selected based on bathymetry and absence of 
hard substrate such as large coral heads. Bathymetry and seismic surveys were 
recorded using an EdgeTech 3100 Chirp sub-bottom sonar system with a 4–24 kHz 
fish towed behind a small outboard-motor craft. The cores were sectioned in the 
field before transportation to the lab.

Laboratory analysis. The cores were split and described in the lab (SI Core 
descriptions) and then sampled at 1-cm intervals. Samples were wet-sieved at  
63 μm and dry-sieved at 250 and 2,000 μm to obtain dry weight-normalized 
grain-size fractions at each sieve size.

We established age controls for each core with a series of accelerator mass 
spectrometer (AMS) radiocarbon dates (Extended Data Table 1) and assumed 
core-top dates. Where available, we sampled terrestrial organic macrofossils 
for dating, but they were rare, especially below the first few meters. Most of 
our core dates were measured from detrital inorganic carbonate and thus have 
reduced precision and greater uncertainty due to the marine reservoir effect. All 
radiocarbon dating was performed at the National Ocean Sciences Accelerator 
Mass Spectrometer (NOSAMS, Woods Hole, Massachusetts, United States) facility. 
Sediment at the top of each core was assumed deposited immediately prior to core 
extraction in November 2015. The top core section of the LTD2 primary drive did 
not capture the sediment–water interface; hence, the location of the core top was 
inferred from the separate surface drive using a near-surface tie point. Using tie 
points in this manner assumes that the deposition rate in the vicinity of the core 
top is equal between the primary and surface drive. For LTD2, we used the base of 
a large coarse event bed as a tie point (Extended Data Fig. 2). The base of a large 
storm event bed common to all LTD2 and LTD3 drives was used as an additional 
tie point for LTD3 age control (Supplementary Methods).

The LTD3 age model (Extended Data Fig. 2) was generated using the Bayesian 
age modelling software BACON51, with the IntCal13 curve for terrestrial organic 
carbon dates52, the Marine13 curve for inorganic carbon dates from detrital 
carbonate sediment grains52 and the Northern Hemisphere Zone 3 (ITCZ region) 
post-bomb curve for one post-bomb date53. BACON constructs an ensemble 
of accumulation histories through Markov chain Monte Carlo iteration on the 
provided dates and thus provides a distribution of likely ages for every centimetre 
of the core. Inorganic carbonate dates were corrected for a marine reservoir effect 
using ΔR = 41 ± 42 yr, determined for the past 2,500 years from branching coral 
samples retrieved from Ebon Atoll, Republic of the Marshall Islands, 200 km 
southwest of the Jaluit blue hole54.

Event bed selection. We performed a simple statistical analysis of sediment grain 
size to identify event beds in our cores (Extended Data Fig. 3). First, outliers were 
identified as samples of the coarse fraction that exceeded the mean coarse fraction 
by 2 standard deviations; both statistics were calculated within an 11-cm moving 
window, encompassing roughly 50 years according to the age model. Then, the 
moving average was recalculated, but this time, the outliers were excluded. Finally, 
event beds were identified as peaks in the moving-average-subtracted coarse 
fraction anomaly that exceeded the coarse fraction by 1.5 standard deviations, 
calculated for the entire core excluding the outliers. Removing outliers from 
the analysis prevented particularly large event beds from masking the presence 
of smaller peaks nearby, and using the moving window removed the influence 
of decadal variability in the background coarse fraction signal. We found that 
increasing the window size, increasing the threshold coarse anomaly and including 
outliers affected the absolute number of event beds identified but did not change 
the qualitative patterns in event bed frequency in core LTD3 (Extended Data Figs. 4  
and 5). For the statistical analysis, we used the coarse fraction with sieve diameter 
between 250 μm and 2 mm to account for the anomalous transport characteristics 
of very coarse bioclastic sediment (Supplementary Methods).

We calculated centennial event frequency using a procedure that incorporates 
uncertainty in the age model. For every identified storm event bed, we randomly 
sampled 9,000 ages from the Bayesian age model ensemble, and from them, we 
constructed a probability distribution function (PDF) with annual resolution. We 
then summed the values of all PDFs within a 100-year moving window, resulting 
in a time series of continuous centennial event frequency estimates incorporating 
relative uncertainty and age model shape for each event (Extended Data Fig. 3). 
We modelled centennial event frequency in the record as a Poisson process and 
estimated a record-wide mean (95% confidence interval) event frequency of 

λ = 0.95 (0.64–1.36) events per century at Jaluit by counting all identified event 
beds and dividing by the length of time captured by the core. As an alternative 
measure of mean event frequency, we examined 25,500 TCs dynamically 
downscaled for NCEP reanalysis climatology for the years 1996–2010 (see ref. 18 for 
details). TCs with sustained wind speeds > 64 m s−1 (super typhoon/Category 4–5) 
passed within 75 km of the blue hole with a modern frequency of λ = 1.39 events 
per century.

Inactive intervals in the core were identified as periods of time with zero events 
whose duration exceeded the 95% confidence interval (3–388 years) of a gamma 
distribution governing the time intervals between single events, with occurrence 
rate defined by the proxy Poisson process above. Active intervals are more difficult 
to define statistically, as different numbers of events occurring over different 
interval lengths can have the same probability of random occurrence. Thus, 
active intervals were first identified as those intervals in the frequency time series 
where the event frequency exceeded the 95% confidence interval of the Poisson 
distribution mean frequency for at least one century (Extended Data Figs. 4 and 5). 
The probability that each active interval was generated randomly (unforced) was 
then estimated using the cumulative distribution function of a gamma distribution 
defined by the proxy Poisson process above and the number of events contributing 
to the active interval, evaluated for the time interval between the first and last 
events. For example, 10 events make up the active interval roughly concurrent 
with the LIA, and the first and last occur at 1345 and 1634 ce, respectively. The 
probability that this interval was the random result of a Poisson process is p < 0.001 
for λ = 0.95 events per century and p = 0.008 for the higher λ = 1.39 events per 
century. Under the simplifying assumption that our 3,609-year record represents 
3,609/289 = 12.5 independent draws from this gamma distribution, the chances 
that the LIA peak would be randomly generated in any similar-length record would 
be 1.2% for λ = 0.95 events per century and 9.6% for λ = 1.39 events per century.

Best track analysis. To illustrate modern TC genesis and tracks in the vicinity of 
our reconstruction site under modern climate conditions, we calculated simple 
statistics on six-hourly best track data from IBTrACS-WMO, v03r1055, for western 
Pacific and eastern Pacific basins for the period January 1848 to June 2017.

Climate model analysis. We used the results from seven GCMs to explore possible 
drivers of anomalous TC climatology during the LIA. We used every model 
involved in the fifth iteration of CMIP that provided results for the Last Millennium 
experiment (Extended Data Table 2), except for the Model for Interdisciplinary 
Research on Climate Earth System Model (MIROC-ESM), which was excluded 
because of its long-term drift56. Removal of FGOALS-g1 from the ensemble, leaving 
only one FGOALS member, did not qualitatively alter the results but reduced 
inter-model agreement. We used monthly mean values for all our analyses.

We quantified TC genesis potential using the genesis potential index (GPI)37,38:

GPI ¼ jηj3χ�4=3MAXðPI � 35ms�1; 0Þ2ð25ms�1 þ VWSÞ�4

where η is the absolute vorticity at 850 hPa, χ is a measure of the moist entropy deficit 
of the middle troposphere and represents an entropy gradient barrier to cyclone 
intensification57, PI is potential intensity, an estimate of maximum achievable wind 
speeds as a function of convectively available potential energy58 and VWS is absolute 
wind shear between 250 hPa and 850 hPa. As can be inferred from the sign of  
the exponent applied to each variable, vorticity and potential intensity tend to promote 
TC formation and intensification, respectively, while the moist entropy deficit and 
wind shear tend to depress or interrupt formation and intensification, respectively.

Here, we define vertical wind shear (VWS) as the difference between winds at 
850 hPa and 250 hPa to be consistent with previous research defining and applying 
the GPI18,38,59. However, some previous work has instead used the difference in 
winds at 850 hPa and 200 hPa to define VWS and alternative TC genesis indexes. 
We investigated vertical profiles of mean winds in the western North Pacific and 
found that the variability (with and without seasonality included) of 200 hPa and 
250 hPa winds is highly correlated in the Last Millennium experiment model 
results. Additionally, recalculating GPI and VWS using 200 hPa winds did not 
qualitatively affect our results. Additionally, ignoring the components of the GPI 
that have historically not correlated strongly with temporal trends in cyclogenesis 
did not affect our results qualitatively (see Supplementary Discussion).

The GPI was calculated using the monthly mean climate model output. In 
reality, TCs would be expected to respond to variability in the input variables 
over daily or sub-daily timescales, and such variability is lost when calculating, 
for example, vertical shear from monthly mean wind velocity instead of taking 
the monthly mean of daily VWS. Previous research has found that trends in VWS 
change little regardless of whether they are calculated from daily mean or monthly 
mean wind velocity and then averaged over longer climatological timescales48,60. 
Here, we assume that calculating the GPI using higher temporal resolution model 
output would not alter our results qualitatively.

We calculated the GPI and all its components at the native spatial resolution 
of each model before interpolating linearly to a common 1° × 1° grid. Relative 
anomalies in each index between the LIA (1400–1700 ce) and the MCA  
(1000–1300 ce) were calculated according to (LIA − MCA)/MCA × 100% for each 
model. Multi-model ensemble averaging was performed using the median statistic 
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as the last step in any analysis where it is presented (for example, percent change 
between the MCA and the LIA was calculated for each model separately and the 
median was then taken for a multi-model ensemble value and displayed in Fig. 3). 
For all comparisons, time averages include only values from the primary storm 
season, that is, July–November (JASON) in the North Pacific.

To determine the magnitude of VWS (potential intensity) anomalies during 
the LIA relative to variability throughout the last millennium, we conducted a 
bootstrap analysis in which we calculated the ensemble median, meridional mean 
shear (potential intensity) anomaly, relative to the Last Millennium mean, for 
every 300-year period within the Last Millennium experiment results. From these 
populations, we calculated the 95% confidence intervals of the anomalies at each 
longitude.

The PMM indexes were calculated from the SST and meridional and zonal 
surface wind fields for 20° S–30° N, 150–265° E. First, the influence of ENSO 
variability on the fields was removed by subtracting a linear least-squares 
fit between the fields and the cold tongue index, as in Chiang and Vimont40. 
Maximum covariance analysis was then applied to the cross-covariance matrix 
between the SST and both wind fields (with land cells masked out). The PMM 
SST and wind indexes were identified with the second mode for the 1000–1850 ce 
period. We measured the correspondence between the mean annual storm season 
PMM and the VWS using Spearman’s rank correlation for the years 1000–1850 ce. 
The statistical significance was calculated using a two-tailed Student’s t-test after 
taking multiple testing into account with application of the false discovery rate 
procedure and setting q = 2.5%61.

Data availability
Grain-size data, median ages by depth, centennial event frequency and the dated 
material for core LTD3 are available from the National Oceanic and Atmospheric 
Administration National Centers for Environmental Information (NCEI) 
paleoclimatology database https://www.ncdc.noaa.gov/paleo/study/31132 and 
can also be found on the Woods Hole Open Access Server (WHOAS), https://
doi.org/10.26025/1912/26159. Much of the data from the existing literature 
plotted in Fig. 2 can be found on the NCEI paleoclimatology database (https://
www.ncdc.noaa.gov/paleo-search/) using the following data set ids: Fig. 2a 
[noaa-recon-13684], Fig. 2b [noaa-coral-13672], Fig. 2c [noaa-lake-29432], Fig. 2d 
[noaa-icecore-14174], Fig. 2e [noaa-cave-20530]. Data for Fig. 1b,c are available as 
tables at https://doi.org/10.1016/j.quascirev.2013.07.01921 and in the supplementary 
information at https://doi.org/10.1002/2015PA00287020.

Code availability
The MATLAB code used to analyse the GCM output and the code and data used 
to plot the figures are available on the Woods Hole Open Access Server (WHOAS), 
https://doi.org/10.26025/1912/26159.
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Extended Data Fig. 1 | Maps of the reconstruction site. Maps of the reconstruction site: a, Map of the tropical western Pacific, with the storm tracks  
of every tropical cyclone in the IBTrACS dataset to pass within 100 km of Jaluit Atoll; b, map of the site showing location of cores as green asterisks;  
c, bathymetric profile of the basin from which the sediment cores were extracted, with a salinity profile; d, map of the tropical Pacific with locations of  
the reconstructions referenced in this study.
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Extended Data Fig. 2 | Profiles of sediment cores collected from the Jaluit Atoll blue hole. Profiles of sediment cores collected from the Jaluit Atoll 
blue hole. a, BACON age model for LTD3 and b, coarse fraction profiles of LTD2 and LTD3. BACON-calibrated radiocarbon dates are displayed as green 
triangles. A tie point used in the age models and to establish core top depth by comparing drives are indicated with a blue dashed line. Storm beds were 
identified as those samples that exceeded 1.5 standard deviations above an 11-cm moving average, where both statistics were calculated while ignoring >2 
standard deviation outliers.
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Extended Data Fig. 3 | Illustration of the method used to calculate centennial event frequency from coarse fraction. Illustration of the method used 
to calculate centennial event frequency from coarse fraction. c, Coarse fraction anomaly is used to identify event deposits as in Methods. b, The 
annually-binned probability distribution function (PDF, blue shading) of each event deposit is extracted from the age model and summed for each year 
(black line). a, The sum of annual PDFs is summed over a 100-year moving window to construct a time series of centennial event frequency incorporating 
age model uncertainty.
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Extended Data Fig. 4 | Sensitivity analysis of the procedure used to identify event beds in Jaluit Atoll core LTD3 grain size data, using the 250–2000 μm  
coarse fraction. Sensitivity analysis of the procedure used to identify event beds in Jaluit Atoll core, LTD3 grain size data, using the 250–2000 μm coarse 
fraction. Coarse fraction variance over the entire core was calculated a, with a moving-average window-size of 11 cm and exclusion of outliers, b, with 
a moving average window size of 11 cm and inclusion of outliers, c, with a moving average window size of 31 cm and exclusion of outliers, and d, with a 
moving average window size of 31 cm and inclusion of outliers. For each of these four cases, event beds were flagged with 1.5 standard deviation and 
2 standard deviation cutoffs. The active interval thresholds for each of these cutoffs represents the 97.5 percentile frequency for a Poisson distribution 
with the core’s mean event frequency. Active intervals were identified as intervals lasting at least a century in which those thresholds were exceeded. 
Passive intervals were identified as intervals with zero events that were less than 2.5% likely to occur according to a gamma distribution. P-values are the 
cumulative frequency distribution values for a gamma distribution defined by a Poisson process defined by the cores centennial event frequency and the 
number of events contained in an active or passive interval, evaluated for the length of time between the first and last event in that interval.
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Extended Data Fig. 5 | Same as eD Fig. 4, but using the >250 μm coarse fraction. Same as Extended Data Fig. 4, but using the >250 μm coarse fraction.

NATURe GeoSCIeNCe | www.nature.com/naturegeoscience

http://www.nature.com/naturegeoscience


Articles NATurE GEosCIENCE

Extended Data Fig. 6 | ensemble median relative anomaly in tropical cyclone genesis indexes during the Little Ice Age (1400–1700 Ce). Ensemble 
median relative anomaly in tropical cyclone genesis indexes during the LIA (1400–1700 CE). Relative anomaly was calculated as Δ = (LIA - MCA) / MCA 
× 100%. The a, Genesis Potential Index41 is calculated from four variables: b, low level vorticity, η (s−1), c, vertical wind shear (ms−1), d, potential intensity 
(ms−1), and e, the mid-troposphere saturation deficit, χ (dimensionless)57. The colour palettes are aligned so red always indicates increasing cyclogenesis 
potential. The sign of relative vorticity in the southern hemisphere in b) was reversed so positive change indicates more cyclonic vorticity. Percent change 
values were calculated from storm season averages for the two time periods. In the northern hemisphere, the WNP storm season (JASON) was used. No 
data is shown for 1°S-1°N to indicate the different months used for averaging in each hemisphere. Black stippling indicates grid cells in which at least five of 
seven models agreed on the direction of change. The green symbols represent the locations of storm reconstructions (Extended Data Fig. 1).
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Extended Data Fig. 7 | Spearman rank correlation between mean storm season vertical wind shear and Pacific Meridional Mode for each of the 
CMIP5 models. Spearman rank correlation between mean storm season vertical wind shear and Pacific Meridional Mode for each of the CMIP5 models. 
Correlation coefficients were calculated for Last Millennium experiment results for the period 1000–1850 CE. Black stippling indicates statistical 
significance as determined by a two-tailed Student t-test after taking into account multiple hypothesis testing using the false discovery rate procedure and 
setting q = 2.5%61.
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Extended Data Fig. 8 | Hadley circulation anomalies during the Little Ice Age (1400–1700 Ce). Hadley circulation anomalies during the Little Ice 
Age (1400–1700 CE). Zonal (100–180°E) mean vertical pressure velocity associated with meridional overturning circulation (shading, vectors) and 
non-divergent meridional wind velocity (vectors) a,b, averaged over 1000–1850 CE and c,d, the LIA (1400–1700 CE) anomaly relative to 1000–1850 CE. 
The dashed vertical lines indicate the equator. Negative (positive) vertical pressure velocity values indicate ascending (descending) motion. Black stippling 
in c,d) indicates pressure/latitude coordinates where at least 5 of the 7 models agreed on the direction of change.
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Extended Data Fig. 9 | Sediment core radiocarbon dates.
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Extended Data Fig. 10 | Summary of CMIP5 models from which monthly mean data were used in the last millennium analysis.
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