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For the purpose of detecting the effects of human activities on
climate change, it is important to document natural change in
past climate'. In this context, it has proved particularly difficult
to study the variability in the occurrence of extreme climate
events, such as storms with exceptional rainfall'. Previous inves-
tigations have established storm chronologies using sediment
cores from single lakes>™®, but such studies can be susceptible to
local environmental bias. Here we date terrigenous inwash layers
in cores from 13 lakes, which show that the frequency of storm-
related floods in the northeastern United States has varied in
regular cycles during the past 13,000 years (13 kyr), with a
characteristic period of about 3 kyr. Our data show four peaks
in storminess during the past 14 kyr, approximately 2.6, 5.8, 9.1
and 11.9kyr ago. This pattern is consistent with long-term
changes in the average sign of the Arctic Oscillation’, suggesting
that modulation of this dominant atmospheric mode may
account for a significant fraction of Holocene climate variability
in North America and Europe.

Lakes in the hilly terrain of Vermont and eastern New York
contain sedimentary archives that consist of organic lake mud
(gyttja), punctuated by layers of terrestrially derived material®.
These terrigenous layers are commonly coarser, less organic, and
contain more macrofossils of terrestrial plants than the surrounding
gyttja; they are graded” and have distinctive stable isotopic signa-
tures’. Previous work has demonstrated that such terrigenous layers
are deposited by exceptional runoff events when rainfall of great
intensity and/or duration affects mountainous lake drainage
basins®™®. In New England, the heaviest rains occur during localized
convective storms, “nor’easters” or other mid-latitude cyclones, and
(more rarely) tropical storms, hurricanes, or their remnants. During
and immediately after these events, material stored in upland
streams and on steep basin hillslopes is eroded and transported to
lake basins—as indicated by our field observations during two major
storms, during which we documented increased fluvial transport of
woody forest debris, sand and gravel into lakes. Thus, stratigraphic
analysis and dating of lake sediment cores allows the determination
of palaeostorm chronologies®™®

Other mechanisms (earthquakes, fires, lake-level fluctuations,
and removal of vegetation by drought or disease) may also cause or
facilitate the deposition of terrigenous material in lakes, but the
effects of such other forcings have been shown to be minimal in New
England®’. The first European settlers in the area deforested most of
the landscape, but the significant effects of these and other human
activities are limited to the past ~250yr (ref. 3). Snowmelt floods
do not transport enough sediment to cause the deposition of
terrigenous layers™®. Analyses of cores from lakes with small, low-
relief drainage basins show that periods of low aquatic primary
productivity have not occurred in this region during the Holocene”.
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Analyses of nine alluvial fans near our coring sites show periods of
aggradation caused by increased storminess, runoff and hillslope
erosion™'? correlated in time with the lacustrine storm records we
present here. Most relevant to the argument that terrigenous layers
in lake sediment represent storms are findings in locations with long
documentary records, which reveal a strong correlation between
heavy rainfall and the occurrence and thickness of terrigenous layers
in lacustrine sediment*”.
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Figure 1 Inferred storminess in the northeastern United States and relevant climate
records. a, Individual terrigenous sedimentation event chronologies from study lakes.
Letters correspond to lakes in Supplementary Information map and table. Replicate cores
recovered in each of four basins contained similar stratigraphies. Two cores were
recovered from one lake, each in a distinct depocentre. These depocentres record
terrigenous sediment delivery from different stream basins. b, Histogram of terrigenous
sedimentation events (100-yr bins). Values above the superimposed linear regression are
shaded. Histogram values are weighted by the inverse of the number of chronologies that
cover each time interval. The trend in the data may reflect the slow progradation (growth)
of the stream deltas into the lakes, toward the coring locations. As these deltas approach,
smaller pulses of sediment are more readily transported to the coring locations. ¢, Other
relevant climate records. Coolings as follows. 1, GISP2 glaciochemical cold events®'.

2, Glacial expansions in the Alps®; 2B, the Younger-Dryas event'. 3, Glacial expansions
in Scandinavia®*?°. 4, Norwegian glacial expansions®. 5, Storm-related aggradational
events on alluvial fans in Vermont®'°. Storminess as follows. 6A, LIA historical evidence'®;
6B, high frequency of hurricane landfalls along the northern Gulf of Mexico coast'®;
6C, occurrence of storm surge deposits on the northwestern coast of England®. Floods as
follows. 7, Increased magnitude of 1.58-yr recurrence interval floods in the north-central
United States (NCUS)'". 8, Increased magnitude of the largest floods in the NCUS'”.

9, Highest frequency of megafloods on the Mississippi River'®. d, GISP2 sea-salt (s.s.) Na
and e, GISP2 non-sea-salt (n.s.s.) K concentrations, with values above the superimposed
linear regressions shaded?®'. Other GISP2 aerosol deposition time series®' exhibit
variability similar to s.s. Na and n.s.s. K
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We cored 13 small lakes with steep surrounding hillslopes, deep
water, steep perimeter bathymetry, and inflowing streams with
sandy deltas. The lakes were geographically distributed across a
20,000-km? region in Vermont and eastern New York (Supplemen-
tary Information). We used a percussion corer fitted with a piston to
recover sediment cores from locations in deep water, adjacent to the
stream delta foreslopes. The cores vary in length from 3.5 to 6 m,
spanning 2.1 to 13.2 kyr (Fig. la).

We documented core stratigraphy with visual logging, magnetic
susceptibility measurements, high-resolution X-radiography and
loss-on-ignition®. We created a composite record for each core from
the results of these four primary analyses. The composite record
overcomes the limitations of the individual analyses, and most
accurately represents the locations and thickness of terrigenous
layers. Comparison of our composite record with the results from
high-resolution, whole-core grain size analysis'"'?, a more sensitive
analysis for determining the locations of terrigenous deposits,
shows good agreement, and indicates that the composite record
emphasizes the most extreme sediment delivery events (Fig. 2, and
Supplementary Information).

We dated the cores with 80 accelerator mass spectrometer (AMS)
1C ages of single terrestrial plant macrofossils and calibrated these
dates using CALIB v4.2 (ref. 13; see also Supplementary Infor-
mation). To account for the difference in sedimentation rates
between the rapidly deposited terrigenous layers’ and the slow
accumulation of gyttja, we excluded the terrigenous layers from
each record before creating age models, and assumed constant
sedimentation rates between successive radiocarbon ages®. Com-
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Figure 2 Results of high-resolution, whole-core grain size (GS) analysis and composite
sediment record (COMP) for two Lake Morey cores. MO-1 is the distal core and MO-2 is
the proximal core . Peaks in GS reflect high-energy fluvial transport events and thus the
location of terrigenous layers (indicated in composite sediment record with white bands).
Calibrated C dates (with 1o uncertainties) shown for each core.
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bining the age models with the composite sediment records yields a
dated event record for each lake (Fig. la, and Supplementary
Information). Using the 14 event chronologies, we created a single
histogram indicating the frequency of depositional events and by
inference, the most severe storms during the Holocene (Fig. 1b).

The results presented here emphasize the importance of using the
sediment from multiple lakes for this type of palaeoclimate recon-
struction. Storm records derived from individual lake basins® vary
owing to several factors, including the geologic character of the
drainage basin, local differences in antecedent soil moisture or other
factors of landscape conditioning’, and core location. Such records
may not reveal clear relationships between local events and wider
climate patterns. Aggregate data derived from multiple sources are
less susceptible to local environmental variability, and reveal
regional landscape response to large-scale climate variability on
long timescales.

The delivery of terrigenous sediment to the 13 lakes reached
broad and variable maxima lasting ~1,500yr, with the highest
peaks centred at approximately 2.6, 5.8, 9.1 and 11.9kyr before
present (BP). Before European settlement of the area at ~250yr BP,
when deforestation and livestock grazing accelerated rates of hill-
slope erosion (which overprints our record?), sediment delivery
appears to have been increasing toward another peak. This most
recent period of increased delivery began at about 600yr Bp,
coincident with the beginning of the Little Ice Age (LIA)"; the
earliest such period peaked during the Younger Dryas climate
interval .

Other, independent records of storminess and flooding from
around the North Atlantic show maxima that correspond to those
that characterize our lake records'®?® (Fig. 1c). For example,
oscillations in Holocene glaciochemical records from central Green-
land ice cores are similar to storminess records in New England
lakes. In particular, the time series of sea-salt sodium (s.s. Na) in the
Greenland Ice Sheet Project Two (GISP2) core, believed to be an
indicator of storminess and sea spray in the atmosphere of the high-
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Figure 3 Multitaper spectral analysis (three tapers) of storminess and GISP2 non-sea-salt
(n.s.s) K time series, interpolated with a 100-yr interval and with linear trend removed.
Spectral analysis of other GISP2 aerosol deposition time series®' reveal power spectra
similar to that of n.s.s. K. The harmonic spectrum represents the estimated significant
periodic component of the raw spectrum, as measured by the Thomson variance ratio test
for periodic signals (Ftest). Cl, confidence interval. Confidence levels are relative to red
noise estimated from lag-1 autocorrelation with a median averaging filter®. The n.s.s. K
raw spectrum has been rescaled such that the confidence intervals apply to both power
spectra.
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latitude North Atlantic region*"**, exhibits peaks at times similar to

the maxima identified here (Fig. 1d). Other GISP2 aerosol depo-
sition time series (notably non-sea-salt potassium, n.s.s. K) show a
similar pattern (Fig. le). Thus, the frequency of storm-related
floods in the northeastern United States appears to be related to
widespread North Atlantic climate variability on millennial time-
scales. Lacustrine data thus support the interpretation of the GISP2
glaciochemical record in terms of large-scale atmospheric circula-
tion changes'.

The pacing of storminess maxima derived from the various North
Atlantic palaeoclimate records suggest a quasi-periodic cycle of
~3,000yr (refs 16-21). Spectral analysis of our New England
storminess time series (Fig. 3) reveals significant spectral power in
a broad, double peak centred at a period of ~3,070yr. A similar
double peak exists in the power spectrum of the GISP2 time series of
aerosol deposition®' (Figs 1d, e and 3). Monte Carlo simulations
(n=1,000) show that the likelihood of obtaining comparable
results from a composite of arbitrary lake sediment records (pro-
duced by randomly rearranging the events identified in each
individual time series) is less than 1%.

The pacing of maxima and the power spectra of the New England
lake-core and Greenland ice-core time series are remarkably similar,
suggesting control of both by large-scale atmospheric circulation
patterns. Annually resolved Na concentrations in ice cores from
North Greenland® show a significant correlation with the charac-
teristic patterns of sea level pressure associated with the Arctic
Oscillation (AO)’ during the past four decades. If, as argued by
O’Brien and others*', enhanced aerosol deposition to the Greenland
ice sheet on longer timescales similarly reflects an increase in the
relative strength of meridional versus zonal circulation, then
increased New England storminess would coincide with a mode
of atmospheric circulation most similar to the low phase of the
contemporary AO, when high-latitude westerlies are weakened’.
Conversely, times when New England storm frequency was low
would coincide with the enhanced zonal flow of the high-phase AO.

Indeed, such a relationship between New England storminess and
the AO has recently been confirmed for modern climate conditions
by Thompson and Wallace’, who show that nor’easters are four
times as likely to occur during low-phase than during high-phase
AOQ. Thus, millennial-scale variability in New England storminess
may reflect modulation of the preferred phase of the AO on
millennial timescales. This explanation is appealing, because it
makes a specific prediction that New England storminess should
be at its greatest when Europe is cold (characteristic of the low-
phase AO). Comparison of our results with the other climate
records (Fig. 1), including European glacier fluctuations, suggests
that, as predicted, intense storms in New England tend to occur
more frequently during periods that are cooler than average in
Europels,21,23726.

Atmospheric modes, such as the AO and El Nifno/Southern
Oscillation (ENSO), account for significant fractions of modern
climate variability on interannual timescales"’. In contrast to other
researchers’ conclusions”, our results suggest that such dominant
atmospheric modes may be modulated on longer timescales, and
may therefore account for much of the variability in the palaeocli-
mate record. Changes in the AO, perhaps modulated by solar
forcing®®, may explain a significant portion of Holocene climate
variability in the North Atlantic region.

Climate models suggest that human activities, specifically the
emission of atmospheric greenhouse gases, may lead to increases in
the frequency of severe storms in certain regions of the Northern
Hemisphere'. However, the existence of natural variability in
storminess confounds reliable detection of anthropogenic effects.
During the past ~600 yr, New England storminess appears to have
been increasing naturally (Fig. 1b). This rhythm in storm frequency
may explain some of the recently observed increases in extreme
precipitation events'. If the pattern of millennial-scale variability
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that we documented through the Holocene persists into the future,
New England storminess would continue to increase for the next
~900yr. Because climate synopses compiled from instrumental
records cannot distinguish underlying natural increases in stormi-
ness from anthropogenic effects, detected increases in contempor-
ary storminess may not be a reliable indicator of human-induced
climate change. U

Methods

Layer identification

We identified significant terrigenous layers in time series by comparing peaks to the
background signal. To establish appropriate background estimates, we used singular
spectrum analysis (lags = 20) to identify the first principal component in each series, after
setting all data points greater than 1o from the median to equal the median. Any shifts in
the original data series that were more than 1o from the first principal component were
considered to be significant. Hence, significance is conservatively measured relative to the
local background, rather than the entire data series.

In the composite sediment record, most terrigenous layers were identified when two or
more of the individual analytical techniques detected such layers. In some cases, layers
were identified from the results of a single analysis. The composite record is similar to
records produced by the individual laboratory analyses, and all resulting storminess
histograms produced from these individual analyses show similar millennial-scale pacing
and yield similar power spectra. We find no correlation between sediment accumulation
rates and the frequency of inferred storm events (r* = 0.05).

Obtaining layer data

Our laboratory 1-cm core sampling interval produced median temporal core sampling
intervals ranging from 2 yr in lakes with the highest sedimentation rates, to 27 yr in lakes
with the lowest sedimentation rates, and the interval varied throughout each core owing to
the effects of autocompaction and changing sedimentation rates. We used several different
interpolation intervals (varying from 10 to 200 yr) to obtain evenly spaced data for spectral
analysis, all of which produced similar results. The results are robust to varying resolutions
and tapers, and comparable results were obtained with the multitaper, Blackman—Tukey,
and maximum entropy methods, as well as periodogram analysis using the Lomb—Scargle
method (which avoids the need to interpolate the data).

Testing for variability

In addition to spectral analysis, we tested our storminess time series for statistically
significant variability using several other methods. First, we examined the effect of
removing individual time series from our aggregate record and again performing the
spectral analyses. We find that in all cases, removal of an individual record retains the
spectral peak at ~3,000 yr, though in some cases with confidence levels reduced to 95%
relative to red noise. Second, we created 13 new time series by rearranging the data from
each according to a random uniform distribution. In this way, we created time series with
the same number of events but with those events randomly distributed in time. In all cases,
we find that changing one time series maintains the spectral peak at ~3,000 yr, though
again in some cases with confidence levels reduced to <95% relative to red noise. If we
replace two or more of the original time series with the random time series, the identified
spectral peak is reduced in each case to significantly lower confidence (<90%). Third, our
Monte Carlo approach tested the likelihood of obtaining a significant (at 95%) spectral
peak between 2,600 and 3,400 yr using the multitaper method and 13 random time series
produced as described above. Using 1,000 attempts yields a <0.005 probability of
obtaining such a peak in this interval.
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The strength of Mg, oFe, 1Si0;
perovskite at high pressure and
temperature
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The Earth’s lower mantle consists mainly of (Mg,Fe)SiO; per-
ovskite and (Mg,Fe)O magnesiowiistite, with the perovskite
taking up at least 70 per cent of the total volume'. Although
the rheology of olivine, the dominant upper-mantle mineral, has
been extensively studied, knowledge about the rheological beha-
viour of perovskite is limited. Seismological studies indicate that
slabs of subducting oceanic lithosphere are often deflected
horizontally at the perovskite-forming depth, and changes in
the Earth’s shape and gravity field during glacial rebound
indicate that viscosity increases in the lower part of the mantle.
The rheological properties of the perovskite may be important in
governing these phenomena. But (Mg,Fe)SiO; perovskite is not
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stable at high temperatures under ambient pressure, and there-
fore mechanical tests on (Mg,Fe)SiO; perovskite are difficult.
Most rheological studies of perovskite have been performed on
analogous materials*”’, and the experimental data on
(Mg,Fe)SiO; perovskite are limited to strength measurements
at room temperature in a diamond-anvil cell® and microhardness
tests at ambient conditions’. Here we report results of strength
and stress relaxation measurements of (Mg, 9Fey ;)SiO; perovs-
kite at high pressure and temperature. Compared with the
transition-zone mineral ringwoodite'® at the same pressure and
temperature, we found that perovskite is weaker at room tem-
perature, which is consistent with a previous diamond-anvil-cell
experiment®, but that perovskite is stronger than ringwoodite at
high temperature.

The perovskite sample was synthesized at 26 GPa and 2,100 K
from a glass of composition (MggoFey1)SiO;. X-ray diffraction
confirmed the pure perovskite phase. In sifu stress measurements
were performed using a large-volume press (SAMS85) at the X17B
beamline of the National Synchrotron Light Source''. Stress in the
sample was measured by monitoring the broadening of diffraction
peaks from the sample at high pressure and temperature. The
experiment is described briefly below; details of the methodology,
along with previous studies on mantle-related materials, can be
found elsewhere'®'>",

The synthesized sample was powdered at liquid-nitrogen tem-
perature to prevent amorphization, and loaded into a high-pressure
cell together with a layer of NaCl as an internal pressure calibrant.
The experiment was conducted by first increasing the pressure to
20 GPa, and then increasing the temperature. At each temperature,
energy-dispersive X-ray diffraction patterns were collected as a
function of time to characterize the stress relaxation. The sample
pressure was monitored by comparing the compression of NaCl to
the Decker scale', and the sample temperature was measured by a
Wy,Re;—WysRe,s thermocouple. In all the X-ray diffraction pat-
terns from the sample at the pressures and temperatures reported
here, no back transformation was observed. When temperature was
later increased above 1,273 K, the diffraction pattern showed a back
transformation in the sample because the experiment was carried
out at a pressure lower than the perovskite stability field. Our stress
measurements are therefore limited to the data collected up to
1,073 K.

Heterogeneous deviatoric stress at each grain of the powdered
sample, together with very small grain sizes, gives rise to diffraction
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Figure 1 Differential stress supported by Mg oF€q.1Si03 perovskite and Mg»SiOy4 spinel
as a function of time at several constant temperatures under ~20-GPa confining
pressure. Filled diamonds, perovskite (this work); open triangles, spinel (from previous
study'®). Data in the shaded area correspond to stresses of the sample during loading.
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