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Complimenting modern records of tropical cyclone activity with longer historical and paleoclimatological
records would increase our understanding of natural tropical cyclone variability on decadal to centennial time
scales. Tropical cyclones produce large amounts of precipitation with significantly lower 6'80 values than
normal precipitation, and hence may be geochemically identifiable as negative 6'80 anomalies in marine
carbonate '80 records. This study investigates the usefulness of coral skeletal 6'®0 as a means of
Keywords: reconstructing past tropical cyclone events. Isotopic modeling of rainfall mixing with seawater shows that
Coral detecting an isotopic signal from a tropical cyclone in a coral requires a salinity of ~33 psu at the time of coral
growth, but this threshold is dependent on the isotopic composition of both fresh and saline end-members. A

Tropical cyclone

Hurricane comparison between coral $'0 and historical records of tropical cyclone activity, river discharge, and
Paleotempestology precipitation from multiple sites in Puerto Rico shows that tropical cyclones are not distinguishable in the
Puerto Rico

Oxygen isotope

coral record from normal rainfall using this approach at these sites.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Tropical cyclones can cause devastating damage, making an
understanding of the controls on their natural variability and
improvements in tropical cyclone prediction important. Accurate
hourly to seasonal-scale predictions have become commonplace,
enabling people to prepare for events and mitigate impacts. However,
modern anthropogenic climate change is expected to cause changes in
the patterns of tropical cyclone frequency, intensity and location (e.g.,
Bender et al., 2010; Bengtsson et al., 2006; Webster et al., 2005). Such
changes will occur over decades and centuries, highlighting the need
for tropical cyclone predictions based on an understanding of the
controls on tropical cyclone variability over such time scales.

Records of tropical cyclones were not originally designed for
climatological research and are fraught with issues regarding complete-
ness and changing observation methods (Landsea, 2007). Historical and
geologic archives (e.g., Donnelly et al.,, 2001; Partagas and Diaz, 1996) can
supplement existing tropical cyclone data, which currently extend back to
only the mid 20th century in the Pacific and to 1851 in the Atlantic.
Information from historical archives can increase the accuracy of existing
storm records by documenting previously un-recorded events or by
providing new information about known events. Donnelly and Woodruff
(2007) demonstrated the value of sedimentary overwash deposits,
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geologic features that have been studied in the geological literature for
many years (e.g., Hayes, 1967), for addressing questions about tropical
cyclone activity on millennial time scales. Dating constraints and
sedimentation rates limit the utility of such features to address decadal-
to centennial-scale variability. The development of higher resolution
proxies to address the causes of variability over decades to centuries
would help to refine current predictive models.

Frappier et al. (2007a) suggested that coral skeletal records were
potential archives of tropical cyclone activity, which, along with
speleothems, could help fill the temporal gap described above. Corals
live in shallow tropical oceans and therefore have an ideal distribution
for recording tropical cyclone activity. Paleoclimate reconstructions
based on corals can have sub-annual resolution, extend for multiple
centuries, and are useful for addressing decadal- to centennial-scale
climate variability (e.g., Druffel, 1997). Published coral-based tropical
cyclone activity reconstructions (Greer and Swart, 2006; Nyberg et al.,
2007) link tropical cyclone activity to runoff recorded in the corals and
assume stationarity in the relationship between local runoff and
tropical cyclones or another derived parameter (e.g., wind shear). One
flaw in this approach is that the coral does not record individual
events uniquely. For example, a season with more than normal
afternoon thundershowers could impart the same signal as a season
with several tropical cyclones. Analyzing potential changes in the
relationships between climate variables and tropical cyclones is a
major goal for long-term tropical cyclone reconstructions; assuming
stationarity in the relationships creates circular reasoning in this line
of investigation.
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Tropical cyclone-related precipitation has lower 6'80 values than
everyday convective precipitation (Lawrence, 1998; Lawrence and
Gedzelman, 1996; Lawrence et al., 2002; Lawrence et al., 1998), so
that individual tropical cyclones may be identified through their
unique 6'80 signature. This method avoids the assumption of
stationarity in the relationship between runoff and tropical cyclones.
Such a record would permit the study of the relationships between
climate variables and tropical cyclones without circular reasoning.

The current work stems from an observation published by Kilbourne
et al. (2008) that coral §'80 from a site in southwestern Puerto Rico did
not contain a seawater 6'80 signal expected during the passing of
hurricane Hortense. The lack of a 580 response to a tropical cyclone was
surprising and has lead us to quantitatively explore the seawater §'%0
signals from tropical cyclones and to test if corals from other locations
provide similar results.

The study presents a two end-member mixing model used to
calculate the expected seawater isotopic signal a coral might expe-
rience during tropical-cyclone-related precipitation. The model
provides information about the conditions required for tropical
cyclone signal detection in the coral skeletal '80 record. These
expectations are tested against the Kilbourne et al. (2008) data and
against two new coral 6'80 data sets from two other sites in Puerto
Rico, which the modeling effort indicates are ideal for capturing
tropical cyclone-related 6'20 signals. The resulting tropical cyclone
reconstructions are statistically compared to predictions based on
the local tropical cyclone return period to test for significant
reconstruction skill. Finally, we discuss the implications of our
results for future attempts to reconstruct tropical cyclones using
rainfall 580 anomalies. Studies such as this one can serve as a model
for understanding the storm-related isotopic signals found in tree
rings and cave deposits.

2. Methods
2.1. Modeling seawater 630 responses to rainfall

A two end-member mixing model served to estimate oxygen
isotopic ratios in the surface ocean when tropical-cyclone-derived
rain mixes with seawater. Gradually increasing amounts of fresh
water, mixed into either a 5m or 10 m water column within the
model, drove changes in salinity and oxygen isotopic values. Mixing
during tropical cyclones is often much deeper than 10 m (e.g., Black
and Dickey, 2008), but the coral samples grew at about 5 m depth and
most coral cores are recovered from <10 m, so the model assumed full
water column mixing of the tropical storm precipitation in shallow
water. The seawater end-member represents local summer conditions
determined by measurements of salinity and oxygen isotopic
composition made over several years in southwestern Puerto Rico
(Watanabe et al,, 2002) with an oxygen isotopic composition and
salinity of 0.5%. SMOW and 35 psu respectively.

The model used three different freshwater end-members. One
end-member represented average rainfall in the area with an oxygen
isotopic value of —6.5% SMOW, and was derived from the zero
salinity intercept of the local salinity and seawater 6'%0 regression
line (data from Watanabe et al. (2002)). Two tropical cyclone rainfall
end-members with oxygen isotopic compositions of —10 and —15%.
SMOW, were based on the composition of rainfall from past tropical
cyclones that made landfall along the southern United States
(Lawrence, 1998). Lawrence et al. (1998) measured stable isotope
ratios in rainfall associated with Hurricane Luis, which passed by
Puerto Rico in 1995. The hurricane was 190 km northeast of the island
at its closest point, so they were able to obtain precipitation samples
from only the outer edge of the storm, which were slightly more
depleted with respect to '80 (—8.8% SMOW) than the long-term
average precipitation (—6.5%. SMOW).

2.2. Testing the coral records

2.2.1. Study sites

The coral records used to test our tropical cyclone reconstruction
came from study sites representing three different environmental
settings around the island of Puerto Rico (Fig. 1, Table 1). Turrumote
reef, off shore from the village of La Parguera, is the site in this study
with the least amount of influence from terrestrial run off. The reef lies
3 km from shore, near the outer edge of the wide continental shelf
(Fig. 1C). A coastal ridge forms a barrier to water flowing off the
Cordillera Central, creating a minuscule watershed that drains only
the immediate coastal zone. The coastal zone around La Parguera lies
within the driest region of Puerto Rico, on the leeward southwest
corner of the island (Carter and Elsner, 1996), keeping runoff from the
small watershed to a minimum.

The second study site was also located in the southwest region of
Puerto Rico and was at the mouth of Guanica Bay, about 1.8 km from
the mouth of the nearest river (Rio Loco; Fig. 1C). The Guanica site is
immediately east of the Turrumote site (Fig. 1C), and also lies within
the driest region of the island. The coastal ridge along the southwest
coast that protects the Turrumote site from runoff forms an inland
valley and diverts runoff from the Cordillera Central into the Rio Loco
and its associated irrigation canals. The Rio Loco watershed drains the
southern slopes of the Cordillera Central and the southern coastal
plain, which is the largest active agricultural area in present-day
Puerto Rico.

The third study site was located in the northeast corner of the
island, 1.2 km from the mouth of the Fajardo River (Fig. 1D). Several
smaller streams originating in the Luquillo Mountains feed the
Fajardo River, which flows eastward, and drains into Vieques Sound.
The Fajardo region lies on the windward side of Puerto Rico near the
El Yunque sub-tropical rain forest, and receives an average of
1592 mmyr~—"' in rainfall (Lugo and Garcia-Martino, 1996). This
study region receives nearly double the annual rainfall compared to
the southwest region of Puerto Rico (Lugo and Garcia-Martino, 1996),
where the other two study sties were located.

Instrumental data about the study sites came from multiple sources.
Local tropical cyclone histories were obtained for each site by
determining the named storms that came within 92.6 km (50 nautical
miles, nmi) from each study site using the Hurdat database (McAdie
et al,, 2009) and the National Oceanic and Atmospheric Administration
(NOAA) Coastal Cervices Center online storm-track mapping tool. The
cyclones were considered at any stage of their development from
tropical depressions (TD) to category 5 hurricanes (Saffir-Simpson Scale
(Saffir, 1977; Simpson and Riehl, 1981)). Discharge data for Rio Fajardo
(USGS Station #50071000) and Rio Loco (USGS Station #50128905)
were obtained from publicly available datasets collected and main-
tained by the U.S. Geological Survey (USGS). The precipitation data are
from station data available through the NOAA National Climatic Data
Center website at http://www.ncdc.noaa.gov/oa/ncdc.html.

2.2.2. Coral data

All three coral cores were collected from living Montastraea faveolata
colonies growing at depths between 4 and 6 m. The cores were cut into
slabs and x-radiographed at Nova Southeastern University. The
resulting images were used to determine the growth chronology of
each coral core by counting annual density-band couplets (Buddemeier
and Kinzie, 1976; Knutson et al., 1972) and assuming that the high-
density portion of each annual band formed in early summer (Watanabe
et al., 2002). Subsamples for isotopic analysis were obtained by
continuously drilling parallel to the primary growth axes, removing
powders at 0.6 mm intervals in the Turrumote core (1993-2004), and at
1 mm intervals in the Guanica (1951-2004) and Fajardo (1948-2004)
cores. Linear extension rates averaged 7.88+1.51 mmyr~ !, 6.06+
080 mmyr~ !, and 5.72+1.20 mmyr~ ! for the Turrumote, Guanica,
and Fajardo cores, respectively. Thus, each sample represents about
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Turrumote

Fig. 1. Map showing A) the location of Puerto Rico in the Western Atlantic Ocean. The box indicates the location of Puerto Rico; B) The location of the study areas within Puerto Rico.
Study areas are indicated by boxes; C) The locations of coral core collection for the Turrumote and Guanica coral cores; and D) The collection site of the Fajardo coral core. Base

images are Landsat 7 mosaics available from http://www.nasa.gov.

1 month in the Turrumote core and 2 months in the Guanica and Fajardo
cores.

We estimated that this sampling resolution would result in identifi-
able anomalies based on a simple calculation. A three day perturbation
to —10%. in a 60-day sample with an average 5'%0 value of —4.5%
the rest of the time will alter the mean value by 0.22%, well within
the analytical precision, and therefore likely identifiable. To test if the
monthly sampling in the coral records obscured any short-lived 680,
signals from a specific tropical cyclone event (Hurricane Georges, 1998),
the Turrumote coral was re-sampled over the 1998-1999 density bands
at a rate of 50 samples per year.

For each coral stable isotope sample, approximately 50-100 pg of
skeletal powder was acidified at 70 °C with 100% HsPO4 in a Kiel
carbonate auto-sampling device. The carbon and oxygen isotopic ratios
of the resulting CO, gas were measured with a Finnigan stable isotope
ratio mass spectrometer. Only 6'%0 values are presented here and are
reported as the per mil deviation of the ratio of '¥0/'0 relative to the
Vienna Pee Dee Belemnite (VPDB) calcite standard (Coplen, 1996).
Analyses of the Turrumote core were performed at the University of
South Florida College of Marine Science Paleoclimate, Paleoceanography
and Biogeochemistry Laboratory (PPB Lab). Analyses of the Fajardo and
Guanica cores took place at Grottoli's Stable Isotope Biogeochemistry
Laboratory. Precision (one standard deviation of the mean, o) for
replicates of standard material and duplicate samples was better
than =+ 0.08%. for 6'80 from both laboratories based on the long term
PPB Lab precision on 6 NBS-19 calcite standards run with every 40
samples for the Turrumote core and 95 NBS-19 analyses for the Guanica
and Fajardo cores.

Table 1
Coral core and collection site metadata.

Site name  Latitude Longitude Water depth Coral record time interval
Turrumote 1756.074'N  6700.074'W 5m 1993-2004
Guanica 1756.531'N  6653.568'W 4 m 1951-2004
Fajardo 1819.413'N 6537.084W 6m 1948-2004

Further description of the details regarding coral coring, laboratory
sampling, and geochemical analyses are given in Kilbourne (2006),
Kilbourne et al. (2008) and Moyer (2008).

2.2.3. Tropical cyclone event identification in coral skeletal records

Our approach was based on the premise that coral 5'80 is influenced
by the normal seasonal cycles in temperature and seawater 5'80 as well
as more sudden seawater 80 changes due to tropical cyclone events.
The high frequency seawater 6'80 (8'®0,y) signal due to added
precipitation was isolated by removing the seasonal signal, which is
dominated by temperature (Kilbourne et al., 2008), from the coral §'20
data in two ways. The Turrumote coral 6'80 record was used to
reconstruct 6'80s,, by removing the local seawater temperature record
(Winter et al., 1998) using the methods of Gagan et al. (1998) with the
Leder et al. (1996) calibration equation. Local temperature records were
not available for the Guanica and Fajardo sites, so the short-term
seawater 6'80 changes were isolated from these coral records by
removing the average seasonal cycle from the detrended coral 6'20
data.

This has been shown to be as good as removing the temperature
signal explicitly (Kilbourne et al.,, 2004) because the monthly
temperature anomalies from the seasonal cycle are relatively small
(standard deviation of 0.5°C, translating to 0.1%.) compared to
seawater 6'80 variability. In this location, temperature tends to
dominate the seasonal cycle, while interannual variability is domi-
nated by salinity-related seawater 6'80 variability (Kilbourne et al.,
2008). Using an independent temperature proxy such as Sr/Ca under
these climatic conditions would add unnecessary error to the results
(Kilbourne et al., 2004), especially since interpreting Sr/Ca from
M. faveolata can be problematic (Kilbourne et al. 2008). We confirmed
the frequency-based temperature correction was equivalent to
removing SST explicitly by applying both types of corrections to the
Turrumote §'80 data.

Four objective criteria were applied to each coral '80 anomaly
time series in order to identify large negative 6'0 perturbations that
potentially represented tropical cyclones. The resulting four event
chronologies for each coral 680 record were then compared to the
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local tropical cyclone histories, local precipitation, and river discharge
events to determine if the largest coral 6'®0 anomalies were
associated with tropical-cyclone-related rainfall and runoff. The
following criteria were used: 1) coral 60 anomaly values that
were 1.5 and 2 standard deviations below the mean of the entire coral
5180 record were identified as tropical cyclones, and 2) values of the
discrete first derivative of the coral 6'80 anomalies that were 1.5 and
2 standard deviations below the mean of the first derivative were
identified as tropical cyclones. The first derivative was determined by
subtracting the first value from the second value, then the second
value from the third value, etc. The derivative-based criteria were
used because tropical cyclone events should cause a rapid change in
the composition of the seawater, either due to direct rainfall, or via
large river discharge events. 1.5 and 2 standard deviation thresholds
were used for comparison because the 2 standard deviation threshold
would potentially identify large events but miss smaller events
whereas the 1.5 standard deviation threshold would be more likely to
accurately capture all tropical cyclone events but might also include
non-tropical cyclone events.

Does the 6'80-based reconstruction correctly identify more past
tropical events than expected from randomly assigning events to
years based merely on the historic local tropical cyclone frequency?
The chance of randomly choosing n years and having X tropical
cyclones occur in those years can be described by a binomial distri-
bution where the underlying probability p is equal to the likelihood
of a tropical cyclone occurring in any one year. The probability of a
tropical cyclone in any one year, p, was estimated based on the
number of tropical cyclones within 50 nmi of each study site over the
period during which we have coral 6'0 records: 18 storms in
56 years for Fajardo (p=0.32), and 10 storms in 52 years for Guanica
(p=0.19). The null hypothesis in this case is that the probability of
identifying a year when a tropical cyclone occurred is the same as the
probability of a tropical cyclone occurring in the area in any given
year. The alternative hypothesis is that the probability of identifying
years with a tropical cyclone is greater than random. If the null
hypothesis can be rejected (based on a 95% confidence level or <5%
probability that the null hypothesis is true), then the reconstruction
has skill beyond random guessing.

3. Results and discussion
3.1. Modeled seawater 6'%0 response to rainfall

Seawater oxygen isotope ratio (6'%0s,,) measurements from south-
western Puerto Rico indicated a normal range of variation between 0.2%o
and 1.0%. VSMOW (Fig. 2). Given a+0.6 (2 o) error in reconstructing
51804, from coral skeletal 6'®0 (Kilbourne et al., 2008), reconstructed
5180,y anomalies must be less than — 0.4%. (i.e., 0.2%0~0.6%0 = — 0.4%.)
or greater than 1.6%. (ie., 1.0%+0.6%.=1.6%.) to be identified as
detectably different from normal. The mixing model predicts that to get
a 6'%04, value of at least —0.4%o, salinity would have to decrease to
33.0-30.5 psu depending on the isotopic composition of the rain (Fig. 2;
Table 2). If the rain mixed 5 to 10 m deep, then it would take 29-131 cm of
rainfall to obtain such salinity values. This amount of rainfall is not rare, but
the largest rainfall amounts are usually recorded near the summits of
Puerto Rico's Cordillera Central. Storm precipitation totals from NOAA
stations around Puerto Rico indicate that tropical cyclone precipitation
amounts have reached >29 cm 21 times since 1960 with the largest storm
total reaching 106 cm (Tropical Depression 194, 1970).

3.2. Coral-based tropical cyclone reconstructions from Puerto Rico

An 11.6-year §'80s,, reconstruction from the Turrumote coral skeletal
580 data is shown in Fig. 3A (Kilbourne et al., 2008). The reconstructed
variability was well within the range of §'®0,, values previously
measured offshore from La Parguera on the same reef complex where

Rainfall (cm) mixed with normal summer seawater
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Fig. 2. Lines show the dependence of seawater oxygen isotope ratios (5'0,) on salinity
under conditions representing mixing between seawater and precipitation with three
different 6'%0 values. The amount of rainfall required for a given modeled salinity is shown
on the top two axes, for rainfall mixing with ocean water columns of two different depths.
Dots indicate paired measurements of 8'0,, and salinity taken from the reef offshore
from La Parguera, Puerto Rico during all seasons over the course of a few years (Watanabe
et al,, 2002). The error bar represents the 95% confidence interval on coral-based §'%0,,
reconstructions at this location (+0.6%.), including analytical error and calibration error
(from Kilbourne et al., 2008). This forms the basis for the — 0.4%. threshold beyond which
5'%0s,, anomalies are considered significant.

the coral grew (Watanabe et al., 2002 ). Two tropical cyclones passed near
the site during the study period, but neither was associated with a
dramatic reconstructed negative 5'20y,, anomaly (Fig. 3A). Rainfall from
Hurricane Hortense (10 September 1996, category 1) focused over the
northeast portion of the island, leaving southwestern Puerto Rico virtually
dry. Hurricane Georges (21 September 1998, category 2) produced 23 cm
of rainfall at the Lajas rain station (12 km inland from La Parguera). In
addition, no dramatic negative 5'80 anomalies in the high-resolution
Turrumote coral data corresponded with the passing of Hurricane Georges
(Fig. 3B). Thus, as our model predicted, 23 cm of rainfall was not enough to
produce a detectable signal.

The results from the Guanica (Fig. 4) and Fajardo (Fig. 5) sites were
similar, and the data from the Fajardo site is discussed as an example.
Precipitation, river discharge, coral 60 anomaly, and tropical
cyclone data for the Fajardo site all demonstrated that the events
identified using the objective reconstruction criteria rarely coincided
with actual tropical cyclones that passed near the site (Fig. 5A and B).
Based on the deviations in the Fajardo coral 5'80 anomalies, 9-23
tropical cyclones were identified over the study period (Table 3).
However, these inferred cyclones rarely corresponded with actual

Table 2
The surface ocean salinity and amount of rain required to generate 5'20y,, values lower
than —0.4%. for three different rainfall isotopic compositions.

Rain 5'%0 —6.5%0 —10% —15%
Salinity 30.5 psu 32.0 psu 33.0 psu
Rain mixed 5 m 74 cm 43 cm 29 cm
Rain mixed 10 m 131 cm 87 cm 57 cm
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the same core. The single vertical bar represents the passage of Hurricane Georges.

cyclones that passed near Fajardo (Fig. 5B and C). Of the eighteen
tropical cyclones that did pass near the Fajardo site during the study
period, only four were correctly identified in the Fajardo coral
reconstruction. Similarly, of the 10 tropical cyclones that passed by
the Guanica site during the study period, no more than two were
correctly identified by the coral reconstruction (Table 3).

The Guanica and Fajardo tropical cyclone reconstructions shown in
Table 3 contained three types of reconstruction errors. One type of error
occurred when tropical cyclones that passed over Puerto Rico were not
identified in the reconstruction (omission errors). Another type of error
occurred when tropical cyclone events were identified from the coral
skeletal $'80 data but there was no record of a tropical cyclone passing
within 50 nmi (false positives). The third type of error was a different
type of false positive and occurred when a storm was identified in a
reconstruction and no storm passed within 50 nmi of the site, but the
site was strongly affected by a storm that was further away. This type of
error occurred in October of 1970 when TD 19A was in the area and the
first derivative-based reconstructions from Fajardo indicate an event.
TD 19A generated the largest monthly precipitation anomaly during the
study period (Fig. 5A), but it was not originally identified as a storm that
passed close to Fajardo because it did not reach named storm status.
Neither false positives nor omission errors dominated, indicating that
the poor results were due to both a lack of recording tropical cyclone
signals and a tendency for the coral to exhibit strong 680 variations
without the influence of a tropical cyclone.

The coral-based tropical cyclone reconstructions for the Fajardo
and Guanica sites were similar to each other (Table 3). For each
reconstruction, the null hypothesis (Hg) could not be rejected
(Table 3). Thus, there was a high likelihood that we would get similar
results if we randomly choose years to declare that there had been a
tropical cyclone. The critical number of correct identifications needed
to reject the Hy ranged from 6 to 12, depending on the site and the
number of actual tropical cyclone events.

3.3. Making accurate records of past tropical cyclones

The objective reconstruction criteria applied to coral 8'0 data
from three different locations in Puerto Rico did not result in skillful
tropical cyclone reconstructions. Multiple explanations for this result
are reasonable. Below we discuss the following three requirements for
successful tropical cyclone reconstructions as they pertain to our
study: 1) a well characterized environmental signal exists, 2) the
proxy records the signal, and 3) the signal is adequately recovered
from the proxy.

3.3.1. Generating the signal

The mixing model presented here represents a first-order attempt
to determine if a tropical cyclone can generate an isotopic signal in
the coastal zone of Puerto Rico. Although the substantial isotopic
depletion in tropical cyclone-related precipitation has been utilized
for reconstructing tropical cyclone events from cave deposits
(Frappier et al, 2007b), marine proxies present a more difficult
problem because the ocean is an enormous reservoir of water that
dilutes the meteoric water signal.

The results of our mixing model demonstrate that although a
signal is possible in the shallow coastal zone, most tropical cyclones
are not likely to produce enough rain over the ocean to create a signal.
According to the model, a tropical cyclone with precipitation having a
5180 value between — 10 and — 15% must produce between 43 and
29 cm of rainfall that mixes in only the top 5 m of the surface ocean to
generate a 6'%0y,, signal that is beyond the normal variability in
Puerto Rico (Table 2).

How much precipitation does a tropical cyclone produce in the
coastal zone? Daily rainfall totals can provide an idea of the magnitude
of rainfall during events. The largest daily rainfall total recorded for the
Fajardo rain gauge between 1931 and 1996 was 26.2 cm. Despite the
fact that stations at higher elevations regularly received more than our
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Fig. 4. Summary of data from the Guanica River site. Tropical cyclone events that passed within 50 nmi (92.6 km) of the site are represented by thin gray lines across all panels. A) Loco
River discharge and monthly precipitation anomalies from station 665097(NOAA National Data Center). B) Coral skeletal '%0 anomaly from the Guanica core. C) Tropical cyclone
reconstructions (squares) based on the coral skeletal 5'®0 data in B using the following 4 threshold criteria: 2 standard deviations from the mean of the 5'80 anomalies (black squares), 1.5
standard deviations from the mean of the '%0 anomalies (hatched squares), 2 standard deviations from the mean of the '®0 anomaly first differences (gray squares), and 1.5 standard
deviations from the mean of the 6'0 anomaly first differences (outlined squares). The magnitudes of historical tropical cyclones are depicted as vertical bars where the height of the bar
indicates the Saffir-Simpson scale intensity with tropical depressions plotted as 0.25 and tropical storms plotted as 0.5.

calculated 29 cm threshold, coastal sites tend to receive lower rainfall
amounts. Thus precipitation alone cannot generate a large enough
signal in the coastal ocean, and sites with significant riverine input of
meteoric waters are more likely to have a signal. This can explain the
lack of a tropical cyclone signal in the Turrumote coral, but does not
explain the lack of tropical cyclone signals in the Fajardo and Guanica
corals.

An important aspect of signal generation is determining what
processes create a signal but the individual behavior of each tropical
cyclone makes it difficult to generalize a canonical tropical cyclone
signal. For example, slow moving tropical depressions that sit over an
area for multiple days (such as TD 19A) are likely to generate larger
signals than strong, fast moving storms. Rainfall totals can be helpful
for exploring an expected signal, but the key factor is identifying the
isotopic signal left by tropical cyclones. This requires measuring the
magnitude and duration of the §'80y,, signal in the coastal zone after
tropical cyclones strike.

Another important variable to measure is the sea surface temperature
(SST) change in the coastal zone associated with the passing hurricane.
Normally, the high heat capacity of the ocean keeps it from experiencing
rapid temperature fluctuations that might interfere with a tropical cyclone
signal in a coral. However, storms mix water deeply, creating cold wakes
behind storms over the open ocean that can be on the order of 3 °C cooler
than the surrounding ocean and last for a few days (Price 1981). Since
carbonate 8'0 is inversely related to temperature, rapidly cooling SST
would cause a positive anomaly in the carbonate (about + 0.6%. for a

—3°C anomaly), counteracting any negative anomaly caused by the
precipitation and runoff. Approximately 20-30 cm of rainfall mixed into
5 m of water is required to reduce the salinity enough to counteract a
—3 °C temperature anomaly; more rainfall is needed if it is mixed to
deeper depths.

3.3.2. Recording the signal

Once the nature of the expected signal is established, the next step is
to find a proxy that records the signal. This study focused on the coral
species Montastraea faveolata, a common Caribbean reef coral and the
species most widely used for paleoclimate reconstructions in the
Atlantic basin. Montastraea spp. are known to be sensitive to tropical
cyclone-related salinity changes (Goreau 1964), so it is possible that our
specimens were not calcifying during or after the passage of tropical
cyclones. This is one possible explanation why the Fajardo and Guanica
coral records do not show a robust response to tropical cyclones in the
area.

Siderastrea spp. tend to be the scleractinian coral that is least
sensitive to disturbance by tropical cyclones (Goreau 1964), so they
may be a better target for future attempts at reconstructing past
tropical cyclone events. Maupin et al. (2008) showed that Siderastrea
siderea can provide accurate paleoclimate records. However, S. siderea
generally exhibits slower growth rates than M. faveolata, which raises
concern over whether a colony will calcify enough during the passage
of a tropical cyclone to record the event, and whether mm-scale coral
subsampling can resolve the event given the slow growth rates. Faster
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Fig. 5. Summary of data from the Fajardo River site. Tropical cyclone events that passed within 50 nmi (92.6 km) of the site are represented by thin gray lines across all panels. A) Fajardo
River discharge and monthly precipitation anomalies from station 663657(NOAA National Data Center) show that tropical cyclone events at this site are not always accompanied by
unusually heavy precipitation and runoff. B) Coral skeletal 5'%0 anomaly from the Fajardo 3 core. C) Tropical cyclone reconstructions (squares) based on the coral skeletal 5'%0 data in B
using the following 4 threshold criteria: 2 standard deviations from the mean of the 5'0 anomalies (hatched squares), 1.5 standard deviations from the mean of the 6'%0 anomalies (black
squares), 2 standard deviations from the mean of the 6'80 anomaly first differences (gray squares), and 1.5 standard deviations from the mean of the 5'0 anomaly first differences
(outlined squares). The magnitudes of historical tropical cyclones are depicted as vertical bars where the height of the bar indicates the Saffir-Simpson scale intensity with tropical

depressions plotted as 0.25 and tropical storms plotted as 0.5.

growing organisms that are less sensitive to environmental pertur-
bations should be targeted for future storm reconstructions because
they are more likely to record tropical cyclone signals.

3.3.3. Recovering the signal

Time averaging can mute a short event signal such as that of a tropical
cyclone. Monthly and weekly resolution samples from the Turrumote
core, provide confidence that we did not see 6'30 depletions because
either there was no environmental signal, or the coral did not record the
environmental signal. Bi-monthly resolution sampling from the Fajardo
and Guanica cores leaves open the possibility that the tropical cyclone
reconstructions would have been more accurate with higher temporal
resolution data. Whereas bi-monthly sampling for '80 has been shown
to be sufficient for reconstructing seasonal and interannual variability

Table 3

(Quinn et al., 1996; Delong et al., 2007), it could be too coarse for resolving
short-lived events. Further work is necessary to demonstrate the optimal
sampling resolution for tropical cyclone reconstruction.

4. Conclusions

Although this initial attempt did not result in reliable coral-based
reconstructions of tropical cyclone events, coral 680 cannot be
discounted as a potential recorder of tropical cyclone events until more
research has been conducted. Our results show that corals which are able
to survive exposure to river runoff and sedimentation, could contain
tropical cyclone-related 5'80s,, signals, but that those signals need to be
better understood, especially with respect to the physical characteristics
(size, duration, rainfall, etc.) of individual storm events. Another

Summary of the tropical cyclone reconstructions using coral skeletal 5'0 anomalies from sites near Fajardo and Guanica, Puerto Rico.

Fajardo §'%0

Guanica 6'%0

Stdev 1.5 0 Stdev2 o First Diff. 1.5 o First Diff. 2 o Stdev 1.5 0 Stdev 2 o First Diff. 1.5 o First Diff. 2 o
Events identified 20 9 23 11 21 14 23 12
Correct identifications (% of events) 4 (20%) 2 (22%) 2 (9%) 1(9%) 1(5%) 1(7%) 2 (9%) 1(8%)
Omission errors 14 16 16 17 9 9 8 9
False positive errors 16 7 21 10 20 13 22 11
Prob. Hy true 92.5% 83.9% 99.8% 98.6% 98.9% 95.0% 95.2% 92.3%




K.H. Kilbourne et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 307 (2011) 90-97 97

consideration is that the coral must continue to calcify while exposed to
the stress of high turbidity and low salinity. The robust species Siderastrea
siderea could be a better tropical cyclone recorder than the stress-sensitive
Montastraea faveolata because of this. Finally, in order to recover a signal, it
must be recorded in enough of the skeleton that it is not averaged out
through mechanical sub-sampling of the coral skeleton. Choosing the
correct balance between time resolution and costs to generate the record
will be important for producing many records from many sites, necessary
for characterizing basin-scale patterns of tropical cyclone activity on
decadal and greater time scales.

Acknowledgements

This work was supported in part by a National Science Foundation
grant OCE-0327420 to TMQ and in part by grants to AGG from the Andrew
Mellon Foundation and the National Science Foundation Chemical
Oceanography Program (OCE-0610487). RPM was supported by the
USGS Mendenhall Post-doctoral Fellowship program. We are grateful for
field and laboratory assistance provided by H. Anguerre, M. Canals, M.
Cathey, C. Malachowski, C. Pacheco, B. Williams, M. Carlo, FW. Taylor and
P.K. Swart. K. Helmle and R. Dodge facilitated the x-radiography of the
coral skeletons at the Nova Southeastern University Oceanographic
Center. Laboratory analyses were assisted by E. Goddard, M. Cathey, Y.
Matsui, C. Paver, L. Swierk, and H. Wu. Two anonymous reviewers are
acknowledged for helping improve the manuscript by providing valuable
comments. Any use of trade names is for descriptive purposes only and
does not imply endorsement by the U.S. Government. This manuscript is
contribution number 4504 of the University of Maryland Center for
Environmental Science.

References

Bender, M.A,, Sirutis, J.J., Vecchi, G.A., Garner, S.T., Held, .M., 2010. Modeled impact of
anthropogenic warming on the frequency of intense Atlantic hurricanes. Science
327 (5964), 454-458.

Bengtsson, L., Hodges, K.I, Roeckner, E., 2006. Storm tacks and climate change. Journal
of Climate 19 (15), 3518-3543.

Black, W.J., Dickey, T.D., 2008. Observations and analyses of upper ocean responses to
tropical storms and hurricanes in the vicinity of Bermuda. Journal of Geophysical
Research 113, C08009.

Buddemeier, R.W., Kinzie, R.A., 1976. Coral growth. Oceanography and Marine BiologyN
An Annual Review 14, 183-225.

Carter, M.M., Elsner, ].B., 1996. Convective rainfall regions of Puerto Rico. International
Journal of Climatology 16 (9), 1033-1043.

Coplen, T.B., 1996. New guidelines for reporting stable hydrogen, carbon and oxygen
isotope-ratio data. Geochimica et Cosmochimica Acta 60, 3359-3360.

Delong, K.L, Quinn, T.M., Taylor, FW., 2007. Reconstructing twentieth-century sea
surface temperature variability in the southwest Pacific: a replication study using
multiple coral Sr/Ca records from New Caledonia. Paleoceanography 22, 4212.

Donnelly, J.P., et al., 2001. 700 yr sedimentary record of intense hurricane landfalls in
southern New England. Geological Society of America Bulletin 113 (6), 714-727.

Donnelly, J.P., Woodruff, ].D., 2007. Intense hurricane activity over the past 5,000 years
controlled by El Nino and the West African monsoon. Nature 447 (7143), 465-468.

Druffel, E.R.M., 1997. Geochemistry of corals: proxies of past ocean chemistry, ocean
circulation and climate. Proceedings of the National Academy of Sciences of the
U.S.A. 94, 8354-8361.

Frappier, A., Knutson, T., Liu, K.-B., Emanuel, K., 2007a. Perspective: coordinating
paleoclimate research on tropical cyclones with hurricane-climate theory and
modeling. Tellus 59A, 529-537.

Frappier, A., Sahagian, D., Carpenter, S.J., Gonzdlez, L.A., Frappier, B.R., 2007b. Stalagmite
stable isotope record of recent tropical cyclone events. Geology 35 (2), 111-114.

Gagan, MK, et al.,, 1998. Temperature and surface ocean water balance of the Mid-Holocene
tropical western Pacific. Science 279, 1014-1018.

Goreau, T.F,, 1964. Mass expulsion of zooxanthellae from Jamaican reef communities
after hurricane Flora. Science 145, 338-386.

Greer, L., Swart, P.K,, 2006. Decadal cyclicity of regional mid-Holocene precipitation:
evidence from Dominican coral proxies. Paleoceanography 21 (2), 2020.

Hayes, M.O., 1967. Hurricanes as Geological Agents: Case studies of Hurricanes Carli,
1961, and Cindy, 1963. Texas Bureau of Economic Geology, Austin, Texas.

Kilbourne, K.H., Quinn, T.M,, Taylor, FW., Delcroix, T., Gouriou, Y., 2004. El Nifio-Southern
Oscillation-related salinity variations recorded in the skeletal geochemistry of a Porites
coral from Espiritu Santo, Vanuatu. Paleoceanography 19, PA4002.

Kilbourne, K.H., 2006. Tropical Atlantic and Caribbean climate variations during the past
eight centuries. University of South Florida, St. Petersburg, FL, Dissertation Thesis.
171 pp.

Kilbourne, K.H., et al., 2008. Paleoclimate proxy perspective on Caribbean climate since
the year 1751: Evidence of cooler temperatures and multidecadal variability.
Paleoceanography 23 (3).

Knutson, D.W., Buddemeier, RW., Smith, S.V., 1972. Coral chronometers; seasonal
growth bands in reef coral. Science 177 (4045), 270-272.

Landsea, C., 2007. Counting Atlantic tropical cyclones back to 1900. EOS, Transactions.
American Geophysical Union 88 (18), 197-208.

Lawrence, J.R., 1998. Isotopic spikes from tropical cyclones in surface waters:
opportunities in hydrology and paleoclimatology. Chemical Geology 144, 153-160.

Lawrence, ].R., Gedzelman, S.D., 1996. Low stable isotope ratios of tropical cyclone rains.
Geophysical Research Letters 23, 527-530.

Lawrence, ].R., Gedzelman, S.D., Gamache, J., Black, M., 2002. Hurricane Olivia. Journal of
Atmospheric Chemistry 41, 67-82.

Lawrence, J.R.,, Gedzelman, S.D., Zhang, X.P., Arnold, R., 1998. Stable isotope ratios of
rain and vapor in 1995 hurricanes. Journal of Geophysical Research-Atmospheres
103 (D10), 11381-11400.

Leder, J.J., Swart, P.K.,, Szmant, A.M., Dodge, R.E., 1996. The origin of variation in the
isotopic record of scleractinian corals: I Oxygen. Geochimica et Cosmochimica Acta
60 (15), 2857-2870.

Lugo, A., Garcia-Martino, A., 1996. Cartilla del agua para Puerto Rico. Acta Cientifica 10,
20-21.

Maupin, CR,, Quinn, T.M., Halley, R.B., 2008. Extracting a climate signal from the
skeletal geochemistry of the Caribbean coral Siderastrea siderea. Geochemistry
Geophysics Geosystems 9.

McAdie, CJ., et al.,, 2009. Tropical cyclones of the North Atlantic Ocean, 1851-2006.
Historical Climatology Series, 6-2. National Climatic Data Center, Asheville, NC in
cooperation with the National Hurricane Center, Miami, FL. 238pp.

Moyer, R.P., 2008. Carbon isotopes (5'3C and A'#C) and trace element (Ba, Mn, Y) in
small mountainous rivers and coastal coral skeletons in Puerto Rico. Dissertation
Thesis, The Ohio State University, Columbus, OH, 260 pp.

Nyberg, J., et al., 2007. Low Atlantic hurricane activity during the 1970s and 1980s
compared to the past 270 years. Nature 447, 698-701.

Partagas, .F., Diaz, H.F., 1996. Atlantic hurricanes in the second half of the nineteenth
century. Bulletin of the American Meteorological Society 77, 2899-2906.

Price, J.F., 1981. Upper ocean response to a hurricane. Journal of Physical Oceanography
11 (2), 153-175.

Quinn, T.M., Taylor, EW., Crowley, TJ., Link, S.M., 1996. Evaluation of sampling
resolution in coral stable isotope records: a case study using records from New
Caledonia and Tarawa. Paleoceanography 11 (5), 529-542.

Saffir, H.S., 1977. Design and Construction Requirements for Hurricane Resistant
Construction. ASCE Publications, Reston, VA.

Simpson, R.H., Riehl, H., 1981. The Hurricane and its Impact. Louisiana State University
Press. 398pp.

Watanabe, T., Winter, A., Oba, T., Anzai, R, Ishioroshi, H., 2002. Evaluation of the fidelity
of isotope records as an environmental proxy in the coral Montastraea. Coral Reefs
21, 169-178.

Webster, PJ., Holland, GJ., Curry, J.A., Chang, H.R., 2005. Changes in tropical cyclone
number, duration and intensity, in a warming environment. Science 309,
1844-1846.

Winter, A., Appeldoorn, R.S., Bruckner, A., Williams, E.H.]., Goenaga, C., 1998. Sea surface
temperatures and coral reef bleaching off La Parguera, Puerto Rico (northeastern
Caribbean Sea). Coral Reefs 17, 377-382.



