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Australian tropical cyclone activity lower than at any
time over the past 550-1,500 years

Jordahna Haig', Jonathan Nott' & Gert-Jan Reichart>>

The assessment of changes in tropical cyclone activity within the con-
text of anthropogenically influenced climate change has been limited
by the short temporal resolution of the instrumental tropical cyclone
record"? (less than 50 years). Furthermore, controversy exists regarding
the robustness of the observational record, especially before 1990°-.
Here we show, on the basis of a new tropical cyclone activity index
(CALI), that the present low levels of storm activity on the mid west and
northeast coasts of Australia are unprecedented over the past 550 to
1,500 years. The CAI allows for a direct comparison between the mod-
ern instrumental record and long-term palacotempest (prehistoric
tropical cyclone) records derived from the '30/'°O ratio of seasonally
accreting carbonate layers of actively growing stalagmites. Our results
reveal a repeated multicentennial cycle of tropical cyclone activity, the
most recent of which commenced around Ap 1700. The present cycle
includes a sharp decrease in activity after 1960 in Western Australia.
This is in contrast to the increasing frequency and destructiveness of
Northern Hemisphere tropical cyclones since 1970 in the Atlantic
Ocean®® and the western North Pacific Ocean®’. Other studies project
a decrease in the frequency of tropical cyclones towards the end of the
twenty-first century in the southwest Pacific’’, southern Indian®'° and
Australian'' regions. Our results, although based on a limited record,
suggest that this may be occurring much earlier than expected.

Trend analysis of the instrumental tropical cyclone record has proven
difficult owing to errors associated with changes in observational tech-
niques (leading to inaccurate intensity estimates and storm counts
in the recent past), detection issues, data homogeneity issues**'? and
inconsistent procedures between and within agencies'*™. As a result,
differentiating natural variability from anthropogenically induced change
is complicated; this may also explain to a certain extent the disparity
between current trend estimates®".

In an effort to remedy this we have developed a new technique, which
calibrates high-resolution, long-term palaeorecords of tropical cyclone
activity against the instrumental tropical cyclone record. This scale allows
for a direct comparison between the past and present, and enables an
examination of tropical cyclone climatology at higher temporal resolution
and on annual, decadal or millennial scales simultaneously, without the
need to interpolate or extrapolate to account for missing data. Our index,
CALl, isbased on tropical cyclone activity indices developed by the National
Oceanic and Atmospheric Administration and others, which describe the
severity of a season in terms of the number of storms, their intensity
(Vinaw)» their size (Ryax) and their longevity. These indices include the
accumulated cyclone energy index", the revised accumulated cyclone
energy index", the power dissipation index® and the hurricane intensity
index'® (Methods). CAl is the average accumulated energy expended over
the tropical cyclone season within range of the site, accounting for the
number of days since genesis and the intensity and size of the storm relative
to its distance from the site at each point along its track (Fig. 1):

1 N
CAl=— K

where K,,; = (K; + Ki— 1) Ki = V2 () Ruax(8)/d(D), N is the number of
storms within the season, # enumerates the individual storms, t denotes
time along the storm track (recorded at 6-h intervals), d(f) is the distance
from the site in kilometres at time ¢, V., (£) is the maximum 10-min-mean
wind speed in metres per second at time f, and R,,.«(f) is the radius of
maximum wind in kilometres at time ¢.

Tropical cyclones produce precipitation that is depleted in the heav-
ier oxygen isotope ('*0) by >6% relative to average monsoonal pre-
cipitation, owing to the recycling of water within the system, high
condensation efficiency and large size and longevity of such cyclones
as intense convective systems'”. The resulting 5'*O content (expressed
as 80 = [(180/16O)Sample/(180/16O)Stmdard — 1)] X 1,000%o) of trop-
ical cyclone precipitation at a site is influenced by a number of factors,
including the number of days since genesis (that is, rainout) and the
intensity of the storm, its source region'® and the distance of its centre
from the sampling path. Because tropical stalagmites are archives of
monsoonal §'%0, signatures of past tropical cyclones are also recorded
within the §'%0 of their carbonate layers, typically within 400 km of the
storm centre'*.

Two cylindrical stalagmites were collected from regions in Queensland
and Western Australia prone to tropical cyclones (Chillagoe in Qu-
eensland, stalagmite CH-1; Cape Range in Western Australia, stalagmite
CR-1). Both show a continuous, uninterrupted record of distinct seasonal
growth banding composed of alternating layers of dark and light calcite
corresponding to wet- and dry-season deposition. No visible hiatuses
were present. The first 1,500 wet-season (dark-calcite) layers were ana-
lysed for their carbonate §'®0. Observed differences between maxima
and minima in "0 over the time period are 4.38%o (CH-1) and 5.81%o
(CR-1). In both locations, 8'%0 is highly variable between wet seasons:
yearly differences range from —1.6%o to 2.08%o in CH-1 and from —2.5%o
t02.2%o in CR-1, which are too large to be explained by a cave temperature
effect because this would imply a shift in annual temperatures of 6-8 °C
(ref. 21). Neither CR-1 nor CH-1 exhibits a significant relationship
between 5'°0 and the seasonal rainfall total, the annual rainfall total or
the number of rain days at the corresponding site (p << 0.07 (Spearman’s
rho), P> 0.5 for CR-1; p < —0.08, P> 0.2 for CH-1). In the absence of
cave temperature or rainfall ‘amount effects’ we conclude that rainfall
composition rather than cave temperature and rainfall amount or
frequency, or both, influences the resulting 5'*0. However, periods of non-
tropical cyclone rainfall and changes in the strength of the Australian-
Indonesian monsoon are expected to dilute the cave reservoir. Stalagmite
monsoon records from latitudes below 8°S (which are therefore less
influenced by tropical cyclone activity) show variations of up to 0.7%o-
1.2%o (ref. 22) over a 1,500-year period. These values are considerably less
than the 4%0-6%o variation between the maxima and minima and the
1.6%0-2.5%o seasonal variation within the stalagmite §'0 presented here.
Nevertheless, we account for the monsoonal contribution to 0 using
empirical methods for determining the average value of precipitation
5180 VSMOW (that is, 880 where the standard is Vienna standard mean
ocean water) at both sites, and we account for centennial scale changes
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Figure 1 | Site map showing the four-stage calculation of CAI. Chillagoeand
Cape Range (black points) are shown with the 400-km radius around each
study site. Tropical cyclones whose tracks did not lie within the study area
during the training period in Queensland and Western Australia are shown in
black. Red shading indicates the coastlines most prone to tropical cyclones in

in monsoonal activity using published Australian-Indonesian monsoon
records® (Methods).

Figure 2 shows the relationship between CAl, calculated from ‘best
tracks’ in the recently updated tropical cyclone database for the region®,
and the de-trended §'°0 (that is, §'%0,) for the corresponding period
1990-2010. The model predicts CAI well in 63% of cases (P < 0.001)
within the §'®0, range of —6.37%o to —1.03%o. That being the case,
larger negative excursions in §'°0 correlate with higher CAI values.
Although this range is representative of the data obtained from the whole
series (2,276 measurements in total), 8'%0, values that fall outside the
model range may not be calculated effectively. However, 5'%0, values
exceeded or fell below the range in only 28 or 88 cases, respectively. Of
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Figure 2 | Calculated CAI versus the de-trended carbonate values from CR-
1 and CH-1 (3'%0,). Grey region indicates the root mean squared error
(r.m.s.e.) of the model (difference between actual and modelled CAI values for
1970-2010). r = 0.63, P=0.01, n = 25.
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both states. a, Tropical cyclones from the 1990-2010 training period and their
corresponding K; value (point size), showing the influence of Va5, Rinax and
distance; cumulative K,, ; values are shown in colour. b, Point size indicates K,
(individual storm averages) calculated from a and subsequent seasonal CAI
values (gradated colour).

these, only four were more than 1 s.d. outside the range. Each series was
standardized before statistical analysis. No patterns are discernable within
the residuals and an even spread of error is indicated. The relationship is
expressed as follows (where the per mille value of §'®0, is meant):

CAI=(—40.276"80, +43.12)*

Because our CAI-3'%0, relationship was developed using best-track
records for 1990-2010, our model is not likely to be subject to the degree
of intensity bias generated by changes in observational techniques. None-
theless, when the period of investigation is extended to include 1970-
2010, the relationship between CAI and 8'%0, still holds (r= —0.5
(Pearson’s correlation coefficient), P = 0.0001, n = 60) and the average
difference in model estimates of CAT is 10° that is, less than halfthe r.m.s.e.
of the model. In addition, CAI after 1990 is modelled from 5'*0 and is
therefore not subject to the same errors noted previously in the pre-1990
instrumental and historical data sets.

Figure 3a and Fig. 3¢ give the calculated CAI values over the past 1,500
and 700 years at Cape Range and Chillagoe, respectively. Although it is
clear from the analysis of instrumental records that the west coast of
Australia is more prone to tropical cyclones than the east coast*?, our
data indicate that this is not a recent phenomenon. Tropical cyclone
activity on the mid west coast of Australia is on average three times
higher than on the northeast coast, with CAI values ranging from 10*
to 1.3 X 10° at Cape Range compared with CAI values of 0.25 X 10* to
1.2 X 10 at Chillagoe. Analysis of CAI indicates that tropical cyclone
activity has been highly variable over the past 1,500 years and that
tropical cyclone activity in the past was higher than it is today. There
has been significantly less tropical cyclone activity at Chillagoe in the
past century than in the previous 550 years (Z = 24.73 (Z-test statistic),
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Figure 3 | CAI over the last 1,500 and 700 years. a, ¢, Cape Range (a) and
Chillagoe (c); black line indicates smoothing of the series using ref. 31
(smoothed data were not used in the statistical analysis). Grey shading indicates
the r.m.s.e. of the model. Four values, which were more than 1 s.d. outside the
380, range specified in Fig. 1, were removed from the series. b, d, Wavelet
power spectra (Morlet wavelet) of Cape Range (b) and Chillagoe (d). Power

P <0.001). At Cape Range, tropical cyclone activity since 1970 has been
significantly lower than it was during the 1,460 years prior (Z = 22.42,
P<0.001). Wavelet analysis of the time series (Fig. 3b) indicates a
reduction in the variance of CAI between the mid 1800s and today at
Cape Range within the 16-128-year band. It also highlights an increase
in variability within the 4-8-year band before 1960 (although at rela-
tively low power). Significance testing indicates that the majority of the
oscillations occur within the 4-32-year frequency band, although the
emergence of a 128-year oscillation is indicated between ~AD 1100 and
~1200 and again between ~1400 and ~1600 (however, there is less
than 95% confidence in the evidence for the latter). Figure 3c indicates
that, relative to the rest of the time series, the variability at Chillagoe was
limited during the period before 1400 and after 1900. Significant varia-
tions in power are evident between 1700 and 1800 within the 16-64-year
band, during which time CAI at Chillagoe was highest (Fig. 3d).

We assessed the rate of the decline in activity over the past few cen-
turies at both sites by conducting a Mann-Kendall test in conjunction

increases from blue to red, black contours indicate regions above the 95%
confidence level, and the white areas are regions subject to edge effects. The
spectra have lag-1 autocorrelation coefficients of 0.75 (Cape Range) and 0.78
(Chillagoe). Software provided by C. Torrence and G. Compo (http://
atoc.colorado.edu/research/wavelets/).

with a Theil-Sen estimator. Serial correlation was accounted for by remov-
ing the lag-1 autoregressive process after computing the lag-1 serial cor-
relation coefficients for both data sets. Chillagoe shows a significant decline
in activity towards the present day since AD 1743 (1 = —0.4 (Kendall’'s
tau), P < 0.001, n = 262); similarly, an overall decline in activity is seen
at Cape Range since 1650 (t = —0.4, P < 0.001, # = 360). A more abrupt
decline at Cape Range since 1960 is evident in Fig. 3. We assessed this
period in relation to the rest of the Cape Range record using a sliding
window of 50 years with a 1-year step. The significant downward trend
since 1960 is unprecedented in the Cape Range record (= —0.5,
P <0.001, n = 50). These factors in conjunction suggest that the mod-
ern instrumental era (1970-2010) provides a poor reflection of the true
natural variability of tropical cyclone activity in both regions.

Trend analysis of instrumental data globally has shown a reduction in
frequency in all basins® (excluding the Atlantic®*’) but in many cases an
increase in the number and proportion of severe tropical cyclones™.
Within the Australian region, the downward trend in tropical cyclone

30 JANUARY 2014 | VOL 505 | NATURE | 669

©2014 Macmillan Publishers Limited. All rights reserved


http://atoc.colorado.edu/research/wavelets
http://atoc.colorado.edu/research/wavelets

LETTER

activity over the past 30 years on the east*® and west coasts™ is in contrast
to reports of no trend*. It has been suggested that the downward trend
noted in the former studies is probably due to an improvement in the
ability to differentiate tropical cyclones from severe tropical lows and to
the greater number of El Nifio events since 1970%.

We performed a Mann-Kendall trend test within both the Chillagoe
and the Cape Range data sets on the timescales used in the studies referred
to above. Our results agree with those of ref. 4 in that no significant trends
in tropical cyclone activity in central Western Australia are indicated
within the period 1980-2007 (t = —0.2, P = 0.103); however, a signi-
ficant decrease in activity is evident when the period of investigation is
extended beyond the past 30 years (as previously noted). Similarly, our
results are also in agreement with those of an analysis of the Eastern
Australian region from 1870-2010, showing a distinct downward trend
in tropical cyclone activity in northeast Queensland® (t = —0.4, P < 0.001).

The Australian region seems to be experiencing the most pronounced
phase of tropical cyclone inactivity for the past 550-1,500 years. The
dramatic reductions in activity since the industrial revolution suggest
that climate change cannot be ruled out as a causative factor. This
reduction is also in line with present projections for the late twenty-
first century from global climate models, yet our results suggest that
this is occurring much sooner than expected. However, we cannot say
whether this downward trend in activity will be sustained.

We anticipate that CAI will be a starting point for more sophist-
icated analysis of other palaeotempest records from around the globe
as potential inputs for regional or global climate models and long-
range statistical or dynamical forecast models. Deriving a scale of
tropical cyclone activity from established high-resolution climate
palaeorecords such as stalagmites makes it possible to examine tropical
cyclone activity on multiple temporal scales in conjunction with other
climate indices, such as temperature, atmospheric CO, concentra-
tions, El Nifo/Southern Oscillation, the Madden-Julian Oscillation
and the Dipole Mode Index. Therefore, CAI provides one seamless
index allowing for the incorporation of much longer tropical cyclone
records into climate or forecasting models. CAI could be calculated
from other stalagmite records and potentially other palaeotempest
records from other basins when verified against the local instrumental
tropical cyclone record using the method presented here. This pro-
vides the means to examine not only how tropical cyclone activity has
varied as a result of industrialization but also potentially to forecast
future trends in tropical cyclone activity under changing climate con-
ditions, given that it is now possible to discern natural variability from
anthropogenically induced change.

t28

METHODS SUMMARY

The most recent 1,500 dark-calcite layers representing wet-season deposition were
subsampled using a video-controlled micromill. Oxygen and carbon isotope ana-
lyses were performed using a Kiel III carbonate device coupled to a Finnigan MAT
253 IRMS. Each calcite sample was reacted with three drops of H;PO, at 70 °C.
Replicate analysis of the standard NBS-19 resulted in a standard deviation of
0.04%o for 8"C and 0.06%o for §'0. All measurements are reported relative to
Vienna PeeDee Belemnite (VPDB). To ensure that the isotopes within the calcite
had been deposited in equilibrium with the cave drip water, we conducted a Hendy
test for equilibrium deposition at 4.09 and 16.2 cm from the apices of CH-1 and
CR-1, respectively. Four or five subsamples were milled for each test at 2-5-mm
intervals along the growth horizon from the centre of the layer toward the flanks.
Both stalagmites pass Hendy’s first test for equilibrium® because the maximum
variation in 8'%0 across the layer is less than 0.8%o (specifically 0.27%, for CH-1
and 0.61%o for CR-1) and neither stalagmite exhibits progressive enrichment in
either §'%0 or "°C towards the flanks.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Analytical procedures. The most recent 1,500 dark-calcite layers representing wet-
season deposition were subsampled using a video-controlled micromill. Oxygen
and carbon isotope analyses were performed using a Kiel III carbonate device
coupled to a Finnigan MAT 253 IRMS. Each calcite sample was reacted with three
drops of H3PO, at 70 °C. Replicate analysis of the standard NBS-19 resulted in a
standard deviation of 0.04% for §'*C and 0.06%o for §'*0. All measurements are
reported relative to Vienna PeeDee Belemnite (VPDB). To ensure that the isotopes
within the calcite had been deposited in equilibrium with the cave drip water, we
conducted a Hendy test for equilibrium deposition at 4.09 and 16.2 cm from the
apices of CH-1 and CR-1, respectively. Four or five subsamples were milled for
each testat 2-5-mm intervals along the growth horizon from the centre of the layer
toward the flanks. Both stalagmites pass Hendy’s first test for equilibrium* because
the maximum variation in 3'®0 across the layer is less than 0.8%o (specifically
0.27%o for CH-1 and 0.61%o for CR-1) and neither stalagmite exhibits progressive
enrichment in either 3'%0 or §'*C towards the flanks.

CAI formulation. We calculate K,, , for each tropical cyclone that passes within
400 km of either of the two sites, at each observation point along its path since
genesis. K, , is camulative, and so reflects not only the condition of the system at
time ¢ but also its history up until that point:

Kui=(K+Ki—1),

V3 ax(DRmax (1)
i)

Here n enumerates the individual storms, ¢ denotes time along the storm track
(recorded at 6-h intervals), d denotes the distance from the site in kilometres at
time t, Vipay is the maximum 10-min-mean wind speed in metres per second at
time t, and R, is the radius of maximum wind in kilometres at time ¢.

The resulting §'0 of the stalagmite carbonate is an average of the collective
precipitation events over a season, and we therefore average rather than sum the
resulting K,, , values. Thus, CAI is the average accumulated energy expended over
the tropical cyclone season within range of the site, accounting for the number of
days since genesis of the storm and the intensity and size of the storm relative to its
distance from the site at each point in time:

1 N
CAI=N;K,,

Here N is the number of storms within the season.

CAI differs from the accumulated cyclone energy index, the revised accumulated
cyclone energy index, the power dissipation index and the hurricane intensity index
in that it is tailored to reflect the effects of tropical cyclone activity on the resulting
380 of the carbonate layers. CAI is location specific (that is, it accounts for the
distance between the site and the centre of the storm track) and gives an average of
these tropical cyclone events rather than the sum of the total energy expelled within a
season. Because tropical cyclone §'*0 precipitation values are radially asymmetrical
within a storm (Extended Data Fig. 1), the inclusion of distance in the calculation of
K, has a dampening effect on the resulting K,, value of that storm with increasing
distance. As such, a tropical cyclone located 400 km from the study site at K, — y, is
weighted less than when located 200 km from the site at K, — ,, given the same V.
and Ry K,y does not, however, take into account the angle of approach (for
example, the parameter d does not take into account the orientation of the system
relative to the study site and does not distinguish between approach or retreat of the
system).

K, versus 8'®0 VSMOW. In the absence of tropical cyclone rainfall measurements
in Australia, to test how well K, is reflected in the 8'°O of tropical cyclone precip-
itation we calculated the corresponding K; values for Hurricane Olivia (a 1994
eastern North Pacific hurricane) using the NHC’s updated HURDAT Best Track
Database™. These were compared against 3'*0 VSMOW measurements* made at
30-min intervals between 24 and 26 September 1994. The results are plotted in
Extended Data Fig 1. We find that §'®0 depletion increases with increasing K,
(p=—0.5, P=0.02, n = 25), supporting our derivation of K, and, thus, CAL
Within the eyewall (the ring or belt of thunderstorms surrounding the central eye
within the radius of maximum wind), Ry, is statistically not significant, K, in
Extended Data Fig. 1b is therefore calculated as a function of V., and distance alone.
De-trending monsoon. Because tropical cyclone rainfall accounts for only
20.05% and, respectively, 17% of the total rainfall at Chillagoe and Cape Range,

K=

it is necessary to exclude the average monsoonal component of the stalagmite
carbonate (§'%0y). We estimated 5'®0y; at Chillagoe and Cape Range using.

380 (%0) = —0.005 X Longitude (°) — 0.034 X Latitude (°)
—0.003 X Altitude (m) — 4.753 1)

(adjusted R*>=0.79) and
5'%0 = (6.67 X 107%)P? — 0.009P + 0.015 X Eva + 0.007 X Rad — 9.670 (2)

(adjusted R* = 0.645), which are empirical equations for geographical (equation (1))
and local (equation (2)) meteorological controls on 3'%0 derived from an analysis of
Global Network of Isotopes in Precipitation (GNIP) and instrumental meteoro-
logical data®. Here P is total monthly precipitation, Eva is average monthly evap-
oration and Rad is average monthly radiation. Rainfall events 3 days on either side of
a tropical cyclone event within 400 km of our sites were excluded from our calcula-
tions. Itis important to note that Liu’s geographical model does not take into account
factors such as the source region, transport and condensation history of the air
masses. Precipitation at Chillagoe is derived from sources in the Coral Sea and the
Gulf of Carpentaria. These may have originally been part of a larger air mass, which
has travelled north from cooler waters or south from warmer waters. In contrast,
precipitation at Cape Range is largely derived from oceanic air masses from the
Indian Ocean. However, at this stage there are no other longitudinal, in-depth
analyses of 5'%0 in precipitation from the east or west coast of Australia excepting
the model used here from ref. 34. Using this relationship and local historical climate
data from the two sites, we calculated the average seasonal §'*0y; VSMOW from
1990 to 2010. 5'80y; was then normalized and used to de-trend the modern 5'%0 to
remove the modern monsoonal trend. §'®0y beyond the instrumental record was
de-trended from the §'®0 data using a spline-interpolated, normalized data set
generated from an established Australian-Indonesian monsoonal proxy record™.
This record has a resolution of ~10 years and extends from 7 years B to 12,000 years BP,
the region experiences a relatively low tropical cyclone frequency (on average, 0.24
tropical cyclones per year pass within 400km of the site*®), and the record is
comparable with other established monsoonal records from the region*.

CAI calculation from the Australian tropical cyclone database. From the period
1990-2010, CAI values for Chillagoe and Cape Range were calculated within
400 km of each site using the data available within the Australian Bureau of Me-
teorology’s tropical cyclone database®. Of the tropical cyclones recorded within
the database, 32 and 35 passed within 400km of Chillagoe and Cape Range,
respectively. Of the 2,114 observation points within the combined data sets, 225
do not contain wind speed measurements. Given the limited number of environ-
mental pressure measurements available, Vi,,,x was estimated using the Atkinson/
Holliday wind-pressure relationship™:

Vinae =0.514[6.7(1,010 — Po) 4] ®)

Here P, is the central pressure in millibars and V., is the maximum 10-min-mean
wind speed in metres per second. There was an average discrepancy of 3ms™"
between the value of V., estimated using equation (3) and the recorded V,ax
(Dvorak technique®) within the remaining 1,889 observations. Missing R,y esti-
mates from 1,702 observations were calculated using37

Rinax =46.4 exp (— 0.0155 V¢ +0.01690)

Anaverage discrepancy of 17.5 km was found between the measured and estimated
values.

32.  NOAA.HURDAT Best Track Data. NOAA Hurricane Research Division of AOML http://
www.aoml.noaa.gov/hrd/hurdat/tracks1949t02011_epa.html (13 March 2013).

33. Lawrence, J. R, Gedzelman, S. D., Gamache, J. & Black, M. Stable isotope ratios:
Hurricane Olivia. J. Atmos. Chem. 41, 67-82 (2002).

34. Liu,J. et al. Stable isotopic compositions in Australian precipitation. J. Geophys.
Res. 115, D23307 (2010).

35.  Atkinson, G. D. & Holliday, C. R. Tropical cyclone minimum sea level pressure/
maximum sustained wind relationship for the western North Pacific. Mon. Weath.
Rev. 105, 421-427 (1977).

36. Velden, C, et al. The Dvorak tropical cyclone intensity estimation technique: a
satellite-based method that has endured for over 30 years. Bull. Am. Meteorol.
Soc. 87,1195-1210 (2006).

37.  Willoughby, H. E. & Rahn, M. E. Parametric representation of the primary
hurricane vortex. Part I: Observations and evaluation of the Holland (1980)
model. Mon. Weath. Rev. 132, 3033-3048 (2004).
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Extended Data Figure 1|5'*0 VSMOW measured from Hurricane Olivia
(1995) versus the calculated K, values for the corresponding measurement
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rm.s.e. 7= —0.70, P=0.02, n = 15.

interval. a, 3'%0 versus K; for all rain types in Hurricane Olivia. r = —0.58,
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P =0.02,n = 25.b, 50 versus K, within the eye wall. Shaded area indicates the
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