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Abstract

There has been much debate in recent years over the impact of rising global tempera-
tures on the climatology of tropical storms. Various disciplines employ a range of dif-
fering techniques to assess the likely impact of enhanced greenhouse conditions on the
frequency and severity of natural hazards such as severe tropical storms and tropical cy-
clones. Often, highly sophisticated statistical and climate models and geological proxy
records are used to obtain a picture of historical and prehistorical climatology. Geological
proxy records are often of low temporal resolution (decades to centuries) while statisti-
cal and climate models are based on instrumental records of tropical cyclones (covering
only the last 50 years) which are not of sufficient length to decipher natural variability
from human induced change. This complicates the issue of identifying long-term trends
in tropical cyclone activity and the associated causes and may explain to a certain extent
the disparity between current trend estimates. This thesis investigates long-term tropical
cyclone activity over the last 1500 years using the stable isotope composition of seasonal
growth layers in stalagmites from Eastern and Western Australia (Chillagoe, Queensland
and Cape Range Western Australia respectively). Specifically does tropical cyclone ac-
tivity within the instrumental record reflect natural variability, are there any discernible
trends in activity and do these have climatic control/s, and lastly, what impact have these
changes had (if any) on the natural environment. The approach that this thesis takes to
addressing this issue is three fold. The first step, and thus first aim of the thesis was to
develop a new palaeo-tropical cyclone activity index thus extending the current tropical
cyclone record 1500 years back in time (Chapter 4) in order to compare the present to the
past, comparing the new record with long-term climatic indices (Chapter 5) and lastly,
investigating the potential environmental impacts of a changing tropical cyclone regime

on both regions (Chapter 6).
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This thesis effectively bridges the gap between the high-temporal resolution instrumental
tropical cyclone record and geological proxy record by generating one seamless, quan-
tifiable record spanning the last 1.5 millennia at two locations in Eastern and Western
Australia (Chapter 4). This involved the development of a new tropical cyclone index
(CAD) by linking isotope dynamics within tropical cyclones with their meteorological
characteristics, and applying these principles to long-standing, annually resolved records
of rainfall §'80 from terrestrial carbonate deposits (stalagmites). The components of
CAI were tested against measured records of tropical cyclone rainfall §80. The high-
resolution, long-term isotope record was then calibrated against the instrumental tropical
cyclone record after de-trending the influence of the monsoon from the carbonate 6'%0.
The second aim of this thesis was to examine the tropical cyclone climatology in these
two regions at annual, decadal and centennial scales in an attempt to decipher natural vari-
ability from anthropogenically induced change. The third aim was to take steps towards
applying this new index, by comparing the long-term CAI against other climate indices
in an attempt to identify potential drivers of change within the geological record and thus
shortlist potential inputs for long-range tropical cyclone forecast models (Chapter 5). In
Chapter 6 we assess the potential impacts (if any) on the surrounding environment by
applying a duel isotope approach thus, investigating changes in §'3C within the stalag-
mite carbonate in conjunction with the observed enrichment in §'80 over the most recent
100 years (the period corresponding to the reduction in tropical cyclone activity noted in

Chapter 4.)

The results of this thesis indicate that tropical cyclone activity has been highly variable
over the past 1,500 yr and wavelet analysis indicates the presence of decadal, inter-
decadal, centennial and inter-centennial scale oscillations at both sites. Trend analysis
indicates that tropical cyclone activity in the Australian region has been significantly less
in recent years when compared to the last 550-1,500 yr. In fact, tropical cyclone activity
on the West coast of Australia is at an all time low. Analysis of the CAI using classical

statistical techniques indicate that high-frequency oscillations in CAI may be driven by
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other climate phenomena such as the Northern Oscillation Index, highlighting the influ-
ence of meridional atmospheric patterns in addition to zonal atmospheric patterns (e.g.
Southern Oscillation Index), and cross basin teleconnections between CAI in Western
Australia and the ENSO Precipitation Index, Northern Oscillation Index, Trade-wind In-
dex and between CAI in Eastern Australia and Atlantic Meridional Mode which have not
been previously identified (with the exception of Trade-wind Index). In addition, cross
wavelet analysis reveals a link between tropical cyclone activity in Western and Eastern
Australia and solar cycles at decadal, and centennial scales, within both the instrumental
record (Sun Spot Number) and over geological time scales through the comparison with
cosmogenic isotope data i.e. southern hemisphere tree ring 5'4C data and NGRIP Green-
land '°Be concentration data. The application of a dual isotope approach (J : ¢ defined
later in Chapter 6) indicates that the reduction in tropical cyclone activity noted in both
regions has an alternate effect, resulting in a reduction in vegetation cover in Western Aus-
tralia (the C4 community) which we believe is owing largely to the dominance of grasses
at the site and the large contribution of seasonal tropical cyclone activity to annual rain-
fall totals at the site and conversely, an increase in vegetation cover in the C3 community
(the Eastern Australian site) due to a reduction in large scale disturbances within the dry

tropical woodland.
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Chapter 1

Introduction

The world community faces many risks from climate change. Subsistence communities,
major agricultural producers as well as urban and industrial communities are in need of
long-term understanding of how climate change may impact upon, economy and industry.
It is important to understand the nature of these risks, where natural and human systems
are likely to be most vulnerable, and what may be achieved by adaptive responses. The
perceived increase in the frequency and severity of hazards in coastal areas coupled with
population growth, poverty, urbanization and inappropriate development activities, com-

pound the risk posed to coastal nations.

Changes in climate regimes have a multitude of potential impacts including but not limited
to: World and regional food supply through impacts on industry e.g. fisheries (particularly
the geographic ranges of species), and agriculture (i.e. the growing capacity of various
geographical locations) and protected area management (i.e. changes in species distribu-
tion relative to the climatic limits of species). For example, insured losses from tropical
cyclones in the Australian region averages AUD 210 million per year*?, the majority of
which is incurred by industry. There is clearly a need for a greater understanding of how
climate change may impact upon the economy given the cost of recovering from these
events and the disruption caused by their impact. Gaining a greater understanding of past
climate regimes will enable us to predict with greater accuracy the degree to which hu-
mans may influence climate, future climate change and its potential impact on both the

natural and built environment.

Risk assessments are used to determine the level of risk posed to a community by such

events and therefore the most appropriate method for mitigating against, planning for, re-
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sponding to and recovering from an event. Risk is determined in part, by estimating the
recurrence intervals of particular events of varying magnitudes. In Australia, these recur-
rence intervals are determined by extrapolating short instrumental records to estimate the
natural variability of the hazard®® ', However, with regards to tropical cyclones specif-
ically, geological evidence over several millennia show that short instrumental records
are a poor reflection long-term, tropical cyclone behavior™ 108164191184 “yet neither the
short-term, high-resolution instrumental record; nor long-term, low-resolution geologi-
cal record alone are sufficient to estimate confidently the recurrence interval of tropical
cyclone events of differing intensities. There is therefore a need for a high-resolution,

long-term record of tropical cyclone activity.

Tropical cyclones as great carnot heat engines, may play a significant role in the plane-
tary heat transport system serving to stabilize tropical temperatures and de-stabilize polar
temperatures®!. There has been much debate in recent years over the impact of rising
global temperatures on the climatology of tropical storms. Various disciplines employ a
range of differing techniques to assess the likely impact of an enhanced greenhouse on
the frequency and severity of natural hazards such as severe tropical storms and tropical
cyclones. Often, highly sophisticated statistical and climate models and geological proxy
records are used to obtain a picture of historical and prehistorical climatology. However,
due to the complicated nature of the thermodynamics of tropical cyclones, successfully
modelling tropical cyclone activity under enhanced greenhouse conditions has proven
difficult. Results vary depending on the climate model used® and the choice of con-

133,172 Concerns have

vective parameterization used in the tropical cyclone simulations
also been voiced which relate to inaccurate estimates of tropical cyclone intensities in
the instrumental record due to the subjective nature of certain techniques and inconsistent
procedures between and/or within agencies'*?. This complicates the issue of statistically
identifying trends in tropical cyclone intensity from the instrumental record and may ex-

plain to a certain extent the disparity between current trend estimates®!!%-133:223,
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Instrumental tropical cyclone records comprise detailed measurements of a range of me-
teorological parameters gathered via reconnaissance aircraft, satellite data, radar, rawind-
sonde, and conventional surface observations. Some of these datasets span the last half-
century, therefore providing a well-documented record of tropical cyclone frequency, in-
tensity and track data for the latter part of the industrial era. Whist being of high reso-
lution, these records alone are not sufficient in length to provide an accurate picture of
human influence on the climatology of tropical cyclones. Nor are they sufficient to con-
vey long-term trends in behaviour and therefore accurately predict potential future fre-
quencies and intensities. Palaeotempestology employs geological techniques to recover
longer-term, lower-resolution records of tropical cyclone climatology from environmen-
tal archives such as; overwash deposits, sediments, shingle/coral ridges and just recently,
cave dripstones. Whilst not generating a detailed record of the thermodynamics of these
systems overtime, a long-term geological record allows for the comparison of tropical
cyclone frequency and intensity between the two periods of interest i.e. the Holocene (to
1500 yrs BP); and the latter part of the anthropocene (to 209 yrs BP, at the onset of the
industrial revolution). Thus, neither instrumental records nor geological records alone are
sufficient to be able to accurately predict future change due to the questionable nature of
the data, which may be either temporally or spatially limited or of insufficient resolution.
In addition, estimating the number or intensity of tropical cyclones within the Australian
region is notoriously difficult to predict. Recent works have highlighted the need for a
greater understanding of the climate parameters which may influence seasonal tropical
cyclone activity for inputs into forecast models given the shortfall in recent decades of the
Southern Oscillation Index and regional sea-surface temperatures (the traditional inputs)

in predicting tropical cyclone occurrences within the Australian region'*”.

Speleothems (cave carbonate deposits) have been previously used to document palaeocli-
mate regimes as they are formed via the meteoric water cycle and their growth is sensitive

to external climatically driven processes such as rainfall (amount and composition) and

10,15,71,72,136, 146, 180,237

biological processes within the soil zone . Thus the composition of
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this calcite can therefore give an indication of the climatic conditions at the time of deposi-
tion. Previous works have concentrated on using §'3C, §'80, trace elements barium (BA),
sodium (Na) magnesium (Mg), strontium (Sr), phosphorous (P), and uranium (U)?!2; and
layer thickness to determine palacoclimate parameters such as the intensity and duration
of rainfall events, temperature, ENSO* and changes in dominant vegetation types at the
site!1-47:54
Given that the oxygen isotope ratio of tropical cyclone precipitation has been found to
be markedly lighter than normal summer precipitation®’-%0-88.133.154.147 “Malmquist'®’ hy-
pothesised that oxygen isotopes in cave carbonate deposits may provide high-resolution
proxy records of tropical cyclone activity. At the time, analysis techniques were not ad-
vanced enough to allow such high resolution sampling of the carbonate. Subsequent anal-
ysis by Frappier’*$28378 found that brief negative excursions in stable oxygen isotope
ratios of recent speleothem calcite from Actun Tunichil Muknal in central Belize corre-
sponded to eight recent tropical cyclone events passing within 25-400 km of the cave.
Nott et al'®® subsequently published a high-resolution seasonal §'80 record from tropical
cyclone prone North Eastern Queensland, Australia spanning the last 800yr and attributed

the negative excursions in §'20 to tropical cyclone activity in the region.

Before this new palaeocyclone proxy can be implemented into risk assessment method-
ologies by risk assessors and hazard/disaster management practitioners a number of ques-
tions must be answered. Primarily, what is the relationship between the intensity of the
tropical cyclone and the §'80 signal within the stalagmite calcite and over what distance
is the stalagmite sensitive to tropical cyclone precipitation? Furthermore, how does the
frequency and severity of theses events change under differing climate regimes? Can the
long-term high resolution palacocyclone and palaeoclimate record be used to predict fu-
ture changes in tropical cyclone climatology based on this relationship? Is it possible to
decouple anthropogenic influences on the natural variability of tropical cyclone frequency

and intensity?
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Following on from the earlier works mentioned above, the aim of this thesis was to not
only develop further palaeocyclone records from stalagmites in tropical cyclone prone re-
gions but to develop this into a new, quantifiable tropical Cyclone Activity Index (CAI).
An index which would allow for a direct comparison between the modern instrumental
record and long-term palaeotempest (prehistoric tropical cyclone) records derived from
the ®0O/'°0 ratio of these seasonally accreting stalagmites. This new technique, cali-
brates high-resolution, long-term palaeorecords of tropical cyclone activity against the
instrumental tropical cyclone record, 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. We have in turn used this new in-
dex to examine the natural variability within the geological past (over the last 1500 years)
against the most recent period. In addition, we have made steps towards applying the
palaeorecord, by comparing the long term CAI against other climate indices in an attempt
to deduce the drivers of change within the geological record and thus shortlist potential

inputs for long-rage tropical cyclone forecast models.

This thesis is organised into seven chapters comprising journal articles that have been
published, submitted for publication or prepared for publication. Chapter 2 provides a
synthesis of methods previously used to investigate tropical cyclones and climate change
(not submitted for publication). Chapter 3 is an introduction to the three study sites, and a
description of the general methods used. Chapter 4 describes the development of the CAI
which assesses the long-term trends in tropical cyclone activity in the region. Chapter 5
builds on this by examining the potential longer-term drivers in tropical cyclone activity at
the two sites. An examination of the potential impacts of the reduction in tropical cyclone
activity at both sites is given in Chapter 6. This is examined through an analysis of the
modern (last 100 years) of calcite deposition and its relationship to climate namely the

Land Ocean Temperature Index (LOTI) and Atmospheric CO;. A combined discussion



CHAPTER 1. INTRODUCTION

of the limitations of this work has been presented within the concluding chapter of this
thesis (chapter 7. Chapter 7 summarises the results, highlights the potential applications

of these findings and examines the future directions for this work.



Chapter 2

State of the Science: an integrated synthesis of
attempts to resolve the tropical cyclones and cli-
mate change question - a methodological review.

Due to the high demand for energy globally, the equivalent of a million years of accu-
mulated hydrocarbons are released each year; this equates to a 6.5 billion ton transfer of
carbon from the earth to the atmosphere®®. The earth reacts to environmental stresses in
a non-linear fashion; as Zalasiewicz et al.*> states, essentially flipping from one quasi-
stable state to another. Thus, the Earth’s response to change and the various feedback
mechanisms associated with this response complicate the issue of accurately predicting
future climate change. As the Earth’s global carbon cycle is a significant driver of global
climate, the question is not whether humans have influenced global warming, but what

feedbacks could be expected.

Tropical cyclones as great heat engines occur as one such feedback responding to changes
in sea surface temperature and increased instability in the atmosphere due to high evap-
oration rates; all of which are feedbacks to higher atmospheric temperature, a result of
greater CO, gas emissions. There has been much debate in recent years over the impact
of rising global temperatures on the climatology of tropical storms. Much of this debate
arises from the complicated nature of the thermodynamics of tropical cyclones. In order
to accurately predict future tropical cyclone frequencies and intensities we must first be
able to decouple anthropogenic influences from natural variability. The purpose of this

review is therefore to investigate methods of achieving this separation.
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2.1 Research Problem

Instrumental tropical cyclone records comprise detailed measurements of a range of me-
teorological parameters gathered via reconnaissance aircraft, satellite data, radar, rawind-
sonde, and conventional surface observations. Some of these datasets span the last half-
century, therefore providing a well-documented record of tropical cyclone frequency, in-
tensity and track data for the latter part of the industrial era. Whist being of high res-
olution, these records alone are not sufficient in length to provide an accurate picture
of human influence on the climatology of tropical cyclones nor is it sufficient to identify
long-term trends in behaviour and therefore accurately predict potential future frequencies
and intensities. Palacotempestology is a relatively new discipline which employs geologi-
cal techniques to recover longer-term, lower-resolution records of tropical cyclone clima-
tology from environmental archives such as; overwash deposits, sediments, shingle/coral
ridges and just recently, cave dripstones. Whilst not generating a detailed record of the
thermodynamics of these systems overtime, a long-term geological record allows for the
comparison of tropical cyclone frequency and intensity between the two periods of inter-
est i.e. the Holocene; and the period in which humans may have had an impact on global
climate, the latter part of the Anthropocene. However, whilst providing a longer scale
picture of natural variability, the current geological record alone is perhaps too coarse to

predict future tropical cyclone behaviour.

2.2 Tropical cyclones under enhanced greenhouse conditions - the
debate

Many now agree that as the instrumental record is limited in its temporal extent, the analy-
sis of the long-term natural variability of tropical cyclone behavior is limited®3: 10%-142.162. 188
This limitation has impelled the use of an array of modeling techniques to investigate the
issue of warming induced changes in tropical cyclone activity. These highly sophisticated

mathematical models generate predictions based on observed responses to changes in en-

vironmental parameters within the historical record and in some cases include theoretical
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considerations of the thermodynamics of the system. The particulars of these models will
not be discussed here; instead a general overview of the arguments resulting from these

results will be presented.

Lighthill et al.'®® defines the three methodologies for investigating whether global warm-
ing will lead to more frequent or more intense tropical cyclones, these are: interpreting
computational Global Climate Model (GCM) results in the context of theoretical consid-
erations of tropical cyclone formation and intensification based on observational records;
statistical analysis of the historical record and correlations with environmental parame-
ters; and applying climate models to infer direct predictions of tropical cyclone statis-
tics (the latter is considered less robust). Results vary depending on the climate model
used® and the choice of convective parameterization used in the tropical cyclone simu-
lations'*!72. Concerns relating to inaccurate estimates of tropical cyclone intensities in
the instrumental record due to the subjective nature of certain techniques and inconsistent
procedures between and/or within agencies have also been voiced'*?. This complicates
the issue of statistically identifying trends in tropical cyclone intensity from the instru-
mental record and may explain to a certain extent, the disparity between current trend
estimates® 119133223 'While efforts are being made to reassess existing tropical cyclone

141,142

databases in light of current advances in forecasting and analysis caution should be

exercised when making statements based on these records.

2.3 Results of Statistical Approaches

In recent years, trend estimates have been generated using an array of statistical ap-
proaches based upon the instrumental tropical cyclone record. These methodologies at-
tempt to infer regional decadal variability in tropical cyclone frequency and/or intensity.
Many climate analysts have opted for a Bayesian approach to probability given the degree
of uncertainty surrounding future tropical cyclone climatology3%4%-41:60-123.239 Thig tech-
nique has also been recently incorporated into operational models for seasonal forecasts®.

Bayesian probability is a form of reasoning which uses prior knowledge to predict future
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events, particularly when uncertainty is an issue. Modelled results vary, as is the nature of
Bayesian reasoning; however some general conclusions have been made, some of which
are in agreement. Briggs*?, concluded that the rate at which storms have evolved into
tropical cyclones has decreased while intensification to category 4 status and above has
increased in the North Atlantic. Mean individual storm intensity has not increased yet the
variability in intensity has. In short, the observed increase in severe tropical cyclones is
most likely due to an increase in the number of tropical cyclones occurring and not in the
intensity of these individual storms. While in the Central North Pacific, Chu and Zhao*
predict this increase in tropical cyclone numbers to continue into the next decade. When
modelling the maximum possible wind speed near the United States, Jagger and Elsner!?
concluded that higher return levels for extreme hurricane winds are associated with higher
temperatures. While Zhao and Chu?* infer less frequent, intense tropical cyclones will

occur in the next decade by applying a data, parameter and hypothesis approach to the

time series of major hurricane frequencies for the eastern North Pacific.

2.4 Global Climate Model (GCM) inferences based on theory and
observational records

In order to deduce anthropogenic changes in tropical cyclone climatology, analysts have
employed the use of Global Climate Models and predict changes based on both theory
and observational records of tropical cyclones. Whilst a very useful technique, this gives
rise to a large degree of uncertainty as the resolution of these models continues to be too
poor to accurately model the complicated structure of these systems - particularly inten-

33,65,109,220.219.218,221 " However as Broccoli and Manabe™® state, this technique does

sity
enable the quantitative simulation of tropical cyclone climatology and thus frequency of
their genesis and can therefore give some insight into what we could expect under en-
hanced greenhouse conditions. Some experiments suggest that under conditions of dou-

bled CO, there is a significant reduction in the number of storm days®®. In this instance,

Emanuel et al.® predict significant changes in the geographical zone of activity, inten-

10
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sity and frequency under conditions of doubled CO,. However as is logical, these results
differ greatly between and within basins. Knutson and Tuleya'?? predict a 14% increase
in storm intensity (central pressure fall) compared to Emanuel’s 8%%% and Holland’s
16%'"". Yet their conclusions remain the same, under an enhanced greenhouse state, fre-
quency may remain the same however with a greater likelihood of more intense tropical

cyclones. Knutson’s et al.!3?

most recent paper applies a regional atmospheric modelling
framework specifically designed for dynamically downscaling Atlantic Hurricane activ-
ity. Their modelled results suggest that frequency will actually be reduced under enhanced
greenhouse conditions. Potential changes in intensity of future tropical cyclones also re-
mains a contentious issue. Some, such as Walsh et al>!*?!8 elude to a predicted increase
in tropical cyclone intensity. However they are reluctant to make definitive predictions
due to the noted deficiencies in current GCM’s and the lack of knowledge of the effect of

climate change on ENSO, just one of the many additional factors which have been found

to strongly influence the regional genesis of tropical cyclones.

2.5 The emerging Field of Palaeotempestology

Palaeotempestology is the study of prehistoric 'tempests' or storms, both extra tropical
and tropical cyclones. Paleotempestology is a relatively young field which employs the
use of geological proxies to investigate the activity of tropical cyclones in the geological
past. Its purpose is to extend our knowledge of their behaviour beyond the instrumen-
tal tropical cyclone record in order to investigate the longer-term periodicities in tropical
cyclone activity (over several millennia) therefore remedying the restrictions imposed by
the short-term instrumental record. One advantage of this method of investigation when
considering the greenhouse question, is the ability to examine tropical cyclone behaviour
under different climatic regimes. Thus, by selecting periods in the geological past which
mimic present and/or warmer climatic conditions, we may infer changes in the behaviour
of tropical cyclones using empirical data rather than relying solely on theoretical or sim-
ulated data. However, of these studies only few well dated and validated proxy records

from the United States and Japan have been published'®? and even fewer from the Aus-

11
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tralasian region!'*!-18%,

Traditionally, the prehistoric record has been derived from sedimentary or erosional ev-
idence deposited during tropical cyclone events. These palaeotempest proxies include:
overwash deposits and ocean microfossils such as foraminifera, pollen, diatoms, dinoflag-
ellates and phytoliths from coastal sediment cores; wave or flood deposits (tempestites) in
marine or lagoonal sediment cores; parallel coral shingle, shell and/or sand beach ridges
and; oxygen isotope signatures of tropical cyclone precipitation in shallow-water corals,

terrestrial carbonates (speleothems), and tree rings.

2.5.1 Beach Ridges

Storm ridge accretion occurs when tropical cyclone generated surge and wave action
transport coarse sediment shoreward, depositing the sediment above the tidal zone'%.
The deposition of beach ridges as a result of storm generated surge had been noted as
early as the beginning of the 20th century®. The first of such studies surveying these
storm ridge sequences conducted by Baines and McLean’ examined parallel ridges of
coral rubble at Funafuti atoll in the South Pacific. However it was not until the early
1980s at (Princess Charlotte bay) that storm ridge sequences had been both surveyed and
dated and the first prehistoric tropical cyclone frequency record generated®®. In the last
few decades, additional methods have been developed to assess not only the frequency of
these events but also intensity (quantifying central pressure) using numerical models that
simulate both surge levels and wave characteristics based on standard principles of fluid

dynamics!°"-1%,

Wasson??? inferred that coral rubble ridges deposited on Vernon Island, Darwin are most
likely deposited by storm surge from tropical cyclones as most ridges occur higher than
the highest astronomical tides, and waves produced under normal conditions are small
and have a limited run-up component. This ridge sequence was dated using two meth-

ods: historical aerial photographs and radiocarbon dates from the shell debris. Hayne

12
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and Chappell'®® sampled coral material from two traverses of a series of storm ridges on
Curacoa Island in the Palm Isalnd Group via stratigraphic pits and trenches. These sam-
ples were then dated using radiocarbon methods to determine a chronology of the events
which accreted the ridges. Hayne and Chappell!® go further to state that the volume and
crest height of a ridge should reflect the local intensity of combined cyclonic surge and
wave effects. Nott and Hayne'® were able to estimate intensity (central pressure with
uncertainty margins) from ridge height, thus determine both frequency and magnitude of

tropical cyclones over millennia.

Nott!8 found that sand beach ridges composed of multiple depositional units record sep-
arate storm inundation events. In this instance frequency of events can be determined by
dating the sedimentary units and intensity of these event determined via storm surge and
wave models'®. Recurrence intervals for tropical cyclones on the Eastern cost of Aus-
tralia have been estimated using the Generalised Extreme Value distribution and Bayesian

analysis presented by Nott and Jagger'*?

. With respect to coral shingle storm ridges, prior
development of the coral source is required for a ridge of this composition to accrete dur-
ing a tropical cyclone event!®. Therefore some time may be needed for the source to
build up between events. In addition, the intensity and direction of the cyclonic waves de-
pends on the configuration of the site and the sites position relative to the cyclone track!'%.
Therefore it is not safe to assume that all tropical cyclones passing within the vicinity will
necessarily accrete or erode existing storm ridges of the site. However, the application of
this method has highlighted the degree to which the instrumental record underscores the

frequency of more intense tropical cyclones. Nott and Hayne’s'®’

work along the Great
Barrier Reef has estimated intense tropical cyclones occurring at a frequency one order
of magnitude higher than that supposed from probability estimates generated from instru-

mental data.

13
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2.5.2 Sediment Cores - Overwash Deposits

In the past few decades many studies have focussed on the information contained within
overwash deposits from coastal sites particularly in the United States. Overwash is a pro-
cess of swash overtopping the frontal dunes of a barrier island during storms (see 2.1).
Successive overwash events will create multiple layers of sand alternating with the finer

organic sediments usually present within coastal lakes and marshes'®?

. These deposits are
investigated though the use of techniques such as coring, trenching, ground-penetrating
radar imaging, aerial photography (to assess historical beach migration), and pre- and
post-storm beach-profile surveys. These deposits can be dated using radiometric methods
(*4C, 219Pb and 37Cs) to generate a frequency curve. The intensity of these events have
been interpreted in a number of ways using sand layer thickness, sediment grain size and

via comparison of recent events of known intensity#3!:164.52,163,236,231,143

Donnelly et al.*

inferred that the distance this material is transported landward may be
an indication of the intensity of the storm. Their 2004 survey of the New Jersey Coast
found that at least two of the prehistoric overwash fans (7th and 14th century) were likely
deposited by storms of much greater intensity than those within the historical record. Liu
and Fearn'® assumed the same when Hurricane Frederic (category 3) failed to leave a dis-
cernible sand layer in cores taken from the centre of Lake Shelby, Gulf of Mexico (A,B
and E in Figure 2.2) yet was evident in cores taken nearer the beach (L and S in Figure
2.2). They therefore conclude that sand layers present in cores A, B and E were deposited
as a result of tropical cyclones of greater intensity than Hurricane Frederic, assuming that
the geomorphic setting has remained the same throughout time. This record represents the
localised nature of this methodology as category 5 hurricane Camille in 1965 who made
landfall 160 km West of Lake Shelby had limited impact on this section of coastline and
did not leave a geological evidence of its occurrence within these sediment cores. How-
ever, from the evidence present at this site Liu'® infers a recurrence interval of 600yr

1.°° inferred

for intense tropical cyclones (category 4 and 5) in this locality. Donnelly et a
an annual landfall probability of 0.3% for intense tropical cyclones (winds of >50 m/s)

at Whale Beach in New Jersey. Their inference of intensity is based on a comparison of

14
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Beach
and dunes

Figure 2.1: Graphic representation of overwash deposition from!®?. Storm surge overtops the

back barrier, eroding sand from the beach and dunes and depositing a fan of course to fine-grained
sediment in the coastal lake/marsh on the lee side of the dunes.
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Gulf Shores 87°40W km

Figure 2.2: Location of sediment cores taken from Lake Shelby, New Jersey'®3.

16



CHAPTER 2. STATE OF THE SCIENCE: A REVIEW

the thickness of prehistoric and historic sand layers which were calibrated to instrumental
records of intensity and dated using “C methods. By correlating 14 sediment cores from
Succotash salt marsh in Rhode Island with the historical record, Donnelly et al.>! were
able to identify 4 additional overwash fans deposited by intense storms in the early 13th
and 15th centuries. Radiocarbon dates in addition to pollen and lead stratigraphic markers
were used across multiple cores to verify the chronology of events based on atmospheric
fluctuations of 1“C and '3"Cs (as a result of nuclear weapons testing), changes in land use
(increasing agricultural production) and the onset of the industrial era marked by a rise
in atmospheric Pb levels. More recently in 2007, Donnelly and Woodruff>? generated a
5000 year record of intense tropical cyclone landfall in the Caribbean deducing intensity
from the sediment grain size within the overwash deposits. In this paper they explored the
issue further by comparing this record with regional palaecoclimate records. In this they
noted that variations in El Nifio and the West African Monsoon played a greater role in
influencing tropical cyclone activity in this region. While sea surface temperature (com-

parable to current temperatures) had less influence on this activity.

An element of caution should be exercised when interpreting frequency and intensity of
prehistoric cyclones from lake and marsh sediment cores. Donnelly et al.>! highlights that
the dynamic nature of these environments complicates the issue of interpreting the sedi-
mentary record. A thorough understanding and assessment of the local geomorphology,
landscape and any evidence of change throughout time in addition to an accurate record
of historical tropical cyclone events are essential when using this evidence as a proxy. In
addition, inferring intensity from the scope of these overwash fans is complicated some-
what by factors which may influence storm surge height such as; coastal bathymetry, the
angle of approach of the hurricane, wind direction and the timing and duration of land-

fall with respect to the tidal regime'%*.

The breadth of the overwash fan may also be
affected by factors other than the intensity of the storm such as; lake morphometry, sand
supply which may also be influenced by the time in-between tropical cyclone strikes and

thus accumulation rates. In order to infer the intensity of prehistoric storms it must be
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assumed that the geomorphic setting has remained unchanged throughout the period of
investigation. In addition, only those storms intense enough to generate a surge capable
of overtopping the barrier threshold and those which pass within reasonable proximity to
the study area will create these overwash fans as sediment from the beach and nearshore
environment is transported landward across back-barrier marshes, lakes and lagoons. As
tsunamis have also been known to deposit similar sand layers within coastal lakes and

marshes“’s’ 163,176,46,230

it is important to be able to make a distinction between these two
types of events within the sedimentary record of a site. Given that the source of sediment
in both scenarios is the same and in the absence of heavy weighted source material, which

could provide a distinction through hydrodynamic principles, caution should be exercised.

2.5.3 Sediment Cores - Tempestites and Microfossils

Tempestites provide the oldest geological evidence of storm deposits as they have often
formed consolidated rock. These are composed of a succession of bedding planes, which
correspond to changes in flow during the deposition of sediment entrained in the flow.
Stratigraphically, these beds are often oscillatory in nature and exhibit periodic patterning
suggesting the occurrence of periodic high-energy events resulting in the rapid deposition
of some layers followed by longer periods of low-energy deposition. Brandt and Elias®!
suggested during the late 1980s that tempestite thickness being a reflection of storm inten-
sity could reflect past atmospheric COs levels thus indicating CO, enriched (greenhouse

193 notes in

phases) and CO, depleted (icehouse phases) over geological time. Emanue
reference to this article that it is possible that proxies could be developed which would
permit the investigation of tropical cyclone activity during glacial periods which would

provide a test for the current climate Model inferences.

Duke’® notes that only severe tropical cyclones and mid-latitude winter wave cyclones
are intense enough to be able to modify shallow-marine depositional environments and
thus infers that the presence of hummocky cross-stratification within tempstites (typically

occurring within shallow-marine deposits) provides a distinction between these two storm

18
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types and other storm deposits. Duke®® argues further, that these severe storm types can
be distinguished from one another due to the differing nature of their bottom flows (trop-
ical cyclones generating oscillatory or multidirectional dominant flow and severe winter
storms generating significantly unidirectional dominant flow). Through the distribution
of Mesozoic and Palaeogene tempestities, Duke>® inferred that tropical cyclones occurred
more frequently at higher-latitudes during these warmer periods than they do at present,

suggesting a future change in the geographical distribution of tropical cyclones.

Through field observations and model predictions, the hummocky cross-stratification wave-

length has been found to be proportional to the orbital diameters of storm induced oscil-

122,159,204,227 1 122

latory flow . Given this relationship, Ito et a proposes that hummocky
cross-stratification wavelength could serve as a proxy for the orbital diameters of ancient
storm waves thus possibly indicating the intensity of palaeotempests. When examin-
ing the hummocky cross-stratification wavelength structure of Mesozoic and Cenozoic
tempestites from Japanese Islands, Ito et al.'*? found variations in the wavelength corre-
sponded well with known greenhouse and icehouse cycles during this period (see Figure
2.3) and based on this evidence, they suggest that storm intensity may increase under
enhanced greenhouse conditions in future. The palaeoclimatic and palaeotempest op-
portunities for tempestites are endless as they can be dated to produce a chronology of
events, their stratification and/or thickness can give an indication of intensity (although
only relative) and in the presence of microfossils such as foraminifera, diatoms, dinoflag-
ellates and phytoliths and the assemblages and geochemical analysis of such, could give
an indication of palaeoclimatology at the time of deposition. However, similar to storm

ridges this methodology is again limited to larger more intense events and produces a

lower-resolution record of frequency over time.

2.5.4 Isotope Signatures in Tree rings and Terrestrial Carbonates

The stable isotopes of carbon (}2C and '3C) and Oxygen (‘°O and !80) have been used

extensively in the past to reconstruct past climates as they occur in a variety of forms (i.e.
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Figure 2.3: Wavelength variation throughout the Mesozoic and Cenozoic from Japanese island
tempestites corresponding to modelled atmospheric CO; from Berner?! cited in 346.
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gaseous, liquid and solid states) and are an integral part of nearly all the geochemical pro-
cesses on Earth”>. Oxygen isotope ratios within ice cores, corals, tree rings, stalagmites
(cave deposits) and other materials have been used in recent years as palaeo-temperature
proxies due to the effect of temperature on isotope fractionation!>*. Signatures of tropical
cyclone events may also be recorded in some of these materials as studies have shown
there is a clear distinction between the oxygen isotope ratio of tropical cyclone precipita-

tion and summer rain in tropical areas'.

The notion that tropical cyclone precipitation may be recorded in the calcite of cave drip
stones was first eluded to by Lawrence and Gedzelman'?. However attempts made by
Malmquist'®? to decipher a tropical cyclone signal from the normal monsoonal signal
were unsuccessful. This was largely due to the limitations of microsampling and the large
volume of material needed for high-resolution stable isotope analysis at the time. Since
then, only four previous works have successfully identified tropical cyclone signatures
through the isotopic composition of the calcite layers of stalagmites from Actun Tunichil
Muknal in central Belize®'=**, Niue, South Pacific!®, southern Israel'*®> and Chillagoe
in North Queensland, Australia'®®. Samples collected from central Belize by Frappier®?
were analysed at high resolution (20um: weekly to monthly intervals) across 27 of the
most recent layers of calcite to identify individual tropical cyclone events through brief
negative excursions in the 6’0 of the calcite. In this analysis, 8 of 9 tropical cyclones
which passed within 25-400km of the cave produced distinctly negative excursions in
5'80. Nott et al.'®® provided a lower resolution record (yearly intervals) of 580 over 777
annual layers. When comparing the instrumental tropical cyclone record for the region
to the §'%0 results, Nott et al.'®® found each distinctly negative excursion in 6**O cor-
responded to tropical cyclones passing within 400km of the cave. Other influences on
the 6*¥0 of calcite such as the cave temperature effect, amount effect and kinetic isotope

fractionation effects were found not to have influenced these results.

Stable isotope abundances are generally expressed in terms of the parts per thousand (i.e.
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%o) difference from a laboratory standard. The stable isotope mass spectrometer compares
the isotope ratio of the gas (usually CO,) produced from the sample to that produced by
the standard. As only two of the three oxygen atoms react with CO, the conversion is
subject to a temperature dependent isotope fractionation and therefore can be controlled
experimentally'?’. With respect to carbonates (Standard NBS-20 Limestone), the primary
reference materials or standards for oxygen isotope ratios are 680 (SMOW) (26.64%o)
and 60 (VPDB) (-4.14) (see Egs. 2.1 and 2.2 for conversion). The Pee Dee Formation
(PDB) standard was developed at the University of Chicago in the 1950s during the in-
ception of the palaeo-temperature scale and is used primarily for low-temperature studies
of carbonates. The second standard VSMOW or Standard Mean Ocean Water gives the

predetermined 620 value of 26.64%o for Ocean water and is used primarily in studies of

high temperature carbonates and liquid samples''> 143,
50 vsyrow = 1.030916"°0 v ppp + 30.91 2.1)
60 vppp = 0.970026"°0 vspow + 29.98 (2.2)

2.6 30 of tropical cyclone Precipitation

The range of §'80 values of almost all precipitation on earth falls in the range +10%o
VSMOW in the subtropics to -50%c VSMOW at Vostok, Antarctica® cited in'>?. In most
cases, 0'%0 values in the humid tropics fall at the high end of the spectrum between 0%o
VSMOW and -5%0 VSMOW®: 156133 "Studies conducted over the last few decades in the
United States have found that the §'80 value of tropical cyclone precipitation is typically
<-6%0 VSMOW and therefore forms a population which is distinct from the summer rain
signal. These studies have also shown that within tropical cyclones, the 630 value of
water vapour and precipitation consistently decrease radially inward from the outer edge
of the rain shield, generating the lowest values near the eye wall'*’. In addition, tropical
cyclones which are either short lived or smaller in size produce more positive 620 VS-
MOW values than those which are more intense, larger and/or longer lived. A number

of examples showing this distinction are provided below from the work of Gedzelman,
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Lawrence and others.

Lawrence!*

compared the oxygen isotopic composition of normal summer rain from
166 events and tropical cyclone precipitation from 5 events in southeast Texas between
1985 and 1992; 4 tropical cyclones during the 1995 Atlantic hurricane season; and 95
samples of summer rainfall over a 7 year period in Mohonk Lake New York!*®. These
analyses found that the 6'*0 means differed by 1.96%0 VSMOW in that the mean §'%0
value of the normal monsoonal rain was -2.9%¢ VSMOW and -9.4%0 VSMOW for the
tropical cyclone rain (see Figure 2.4). Figure 2.5 shows the strongly negative signals from
ground waters left by tropical cyclones Chantal and Allison in 1989 invariably below -7%o
VSMOW and as low as -14%0 VSMOW. Comparisons elsewhere in Mohonk Lake and
City College, New York found oD values (deuterium:hydrogen ratios) as low as -89%o 0D
VSMOW from Tropical Storm Dean (short lived with peak winds of 40 knots), -47%o 6D
VSMOW from Tropical Storm David, -8.8%0 6'*0 VSMOW from Hurricane Luis in 1995
(a relatively intense, long lived cyclone), -11.1%0 6'®*0 VSMOW from Hurricane Opal
(very intense, long lived cyclone) and as low as -9.3%0 §'*0 VSMOW from Hurricane Bob
in 1991'>3 (see Figure 2.5 for a more detailed view of Hurricanes Opal, Luis and Tropical

Storm Dean). In another example, Lawrence et al.'>

conducted flights into Hurricane
Olivia which formed in the eastern Pacific Ocean near Puerto Vallarta in September of
1994. Sampling of the hydrogen and oxygen isotope ratios within precipitation and water
vapour at an elevation of 3 km revealed a range of §'80 values between -13.9%0 VSMOW
and -28.8%0 VSMOW during the cyclones peak in intensity (i.e. 923 hpa). Lawrence
et al.'’* also compared the §'80 of water vapour at daily intervals during July 1998
in Puerto Escondido, Mexico and found §'80 values of water vapour began to decrease
rapidly during the genesis of tropical cyclones Celia, Darby and Estelle from positive

values between 0%0 VSMOW and 12%0 VSMOW to strongly negative values between
-10%0 VSMOW and -24%0 VSMOW.
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Figure 2.4: Comparison of the oxygen isotope data obtained from five tropical cyclones which
made landfall in southeast Texas between 1985 and 1992, against summer rainfall for the entire
period'4’.
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Figure 2.5: Oxygen isotope data obtained from tropical cyclone Allison (1989) and Chantal (1989)
which made landfall near Texas. Note the distinctly negative 6'80 values compared to the more
positive normal monthly rainfall values'*’.
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Figure 2.6: Hurricanes Opal, Luis and Tropical Storm Dean 1995. The above graphs show a
comparison of the 6180 values of both water vapour and precipitation collected from three of the
Atlantic land-falling Hurricanes mentioned above. Note values as low as -9%o in tropical storm
Dean and a relatively weak hurricane Luis, and as low as -12%o for severe hurricane Opal note that
the 680 of water vapour is markedly less than that of precipitation!®
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2.6.1 Process of isotope Fractionation in Convective Systems

In order to understand why tropical cyclones produce such a distinct oxygen isotope sig-
nal, it is important to examine the process of isotope fractionation within a convective sys-
tem i.e. the rainwater composition effect. The resulting oxygen isotopic composition of
rainwater is a result of a series of reactions in which one isotope is preferentially enriched
over another - this process is referred to as isotope fractionation. The two main factors
which lead to isotope fractionation are isotope exchange reactions and kinetic processes.
In isotope exchange reactions (or equilibrium isotope distribution) there is no net reaction.
Whilst the concentrations of the isotopes (e.g.!%0 and '80) may alter between different
chemical substances (e.g. H,O and CaCOs3), between phases or between molecules, 680
remains unaltered. Kinetic fractionation however, is the result of a unidirectional process
where an isotope is enriched preferentially over another. This is often due to differences
in the rate of a chemical reaction. Kinetic fractionation occurs during processes such as
evaporation, condensation and diffusion. The following section will explain how kinetic
fractionation determines the isotopic composition of precipitation; and how the degree of

fractionation differs between tropical cyclones and tropical storms and across latitudes.

The degree of fractionation is a result of differences in vapour pressures and/or mass
between the lighter and heavier isotopes of oxygen (i.e.'°0 and '#0) relative to tempera-
ture. Isotope fractionation occurs during evaporation of seawater (Stage 1), condensation
and precipitation within the cloud (Stage 2), and due to diffusive isotope exchange be-
tween the precipitation and surrounding water vapour at the cloud base (Stage 3). Within
tropical cyclones these processes are believe to be exacerbated by the high condensation
efficiency (i.e. the height and thickness of cloud and overall size), their longevity as in-
tense convective systems, the recycling of water within the storm and the large size of the

system91’ 87,90,92,89,88,151,153, 154,147,149, 148,152 .

Fractionation during evaporation and condensation results from differences in the satura-

tion vapour pressures of the isotopic compounds. The lighter isotope is generally more
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Figure 2.7: Oxygen isotope fractionation in a convective system: the effect of fractionation on
the oxygen isotope ratio of water in vapour and liquid form during the three stages of evapora-
tion, convection/precipitation and diffusion. Stage 1: The lighter isotope (}°0) is evaporated from
seawater much faster than the heavier isotope ('80). Stage 2: These heavier isotopes fractionate
during condensation and are preferentially removed as rainfall. Stage 3: As these water droplets
fall through the rain cloud they preferentially take up more of the heavier isotope from the sur-

rounding isotopically heavier water vapour through diffusive isotope exchange with the ambient
vapour thus further depleting the surrounding water vapour of the heaver isotope.
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mobile and is therefore more readily separated from the heavier isotope. During evapo-
ration the surrounding water vapour is preferentially enriched in the lighter isotope, the
extent of which is temperature dependent (Stage 1 Figure 2.7). This is due to the lower
saturation vapour pressure of the heavier isotope and the lighter atomic mass (and there-
fore greater vibrational frequency) of the lighter isotope''>. This process can be explained
in the following example showing the evaporation of water.

H®0 ~2.01565 +17.999160  20.01481
HI0 — 2.01656 4 15.994916  18.010565

= (0.55565 (2.3)

In this example, the velocity of H1%0 is 0.55565 times greater than that of Hi*O and is
therefore more readily converted from liquid to vapour®®. The reverse is true when the
isotopes fractionate as the water vapour condenses to form water droplets and ice crystals
(Stage 2 in Figure 2.7), and are subsequently removed as precipitation. In this case the
heavier isotope is more readily removed from the water vapour''®>. At 20°C, the ratio
of the lighter to the heavier isotope in condensate is 9%o greater than that in the vapour

within the cloud.

As these water droplets fall through the rain cloud, they preferentially take up more of the
heavier isotope from the surrounding isotopically heavier water vapour while the lighter
isotope is drawn out of the droplet through diffusive isotope exchange (Stage 3 in Figure
2.7)%. During diffusion a molecule may favour one isotope over another; this favouring
is largely dependent on the strength of the covalent bond between the isotope and the el-
ement. The strength of the bond arises from the reduction of the energy of the molecule
as the two atoms approach each other. The heavier isotope forms a stronger bond with
the molecule than the lighter isotope and is taken out of the surrounding water vapour
more readily?>’?. When the heavy isotope of an element replaces the light isotope, the
energy of the molecule decreases because the increase in the mass of the molecule de-
creases its vibrational frequency. The lighter isotope is therefore more mobile due to its
greater vibrational frequency. In addition, the species with the greater mass will migrate
towards the cold end of the temperature gradient (i.e. from the vapour toward the water

droplets). This process further depletes the surrounding converging water vapour of the
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heaver isotope, thus enriching the precipitation at ground level with the heavier isotope.
Consequently, the rainfall from storms is initially isotopically heavy yet quickly depletes
overtime®. Therefore, the §'80 of precipitation will become more negative (i.e. isotopi-

cally lighter) with time, increasing cloud height and increasing rainfall.

2.6.2 Latitude and amount effects on the oxygen isotope ratio of pre-
cipitation

The isotopic composition of rainwater is also largely dependent on the latitude and other
geographic and climatic factors of the collecting site such as the amount of precipitation
(amount effect). The latitude effect results in 580 values becoming increasingly nega-
tive with increasing geographic latitude. This is believed to be caused by the following
factors: 1) progressive isotope fractionation associated with condensation of water vapour
and removal of droplets from the air mass; 2) an increase in the degree of isotope fraction-
ation caused by a decrease in temperature; 3) the re-evaporation of meteoric water from
the surface of the earth; and 4) evapotranspiration of water by plants’® although, these last
two effects tend to cancel each other out®> *7. At lower latitudes temperature fluctuations
are less extreme, and oxygen isotopic changes due to temperature changes are minimal.

The amount effect was first observed by Dansgaard*>*2

. This effect is defined as a strong
negative correlation between precipitation amount and their deuterium to hydrogen (D/H)
ratios and §'%0 VSMOW values. This phenomenon was also identified in preceeding
studies with tree rings'#’, fossil teeth!!! and other ground water studies*>-°>14%232 When
environmental temperatures rise the amount effect threshold (i.e. 20°C), high humidity
and high precipitation amounts and '#0 abundance in meteoric water decrease'®>. There-
fore, at low latitudes, the annual wet season is marked by more negative & 180 values than

the dry season!>%1%0,
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2.7 Tropical cyclone Stable Isotope Signatures Cave Deposits

In order to understand how stalagmites reveal high-resolution, long-term records of trop-
ical cyclones, palaeoenvironmental and climatic changes, it is important to first review
what they are, how they are formed and why they are sensitive to external environmen-
tal/climate change. The following section describes the formation and structure of stalag-
mite layers, including their coloration, optical properties and petrography; and how these

have been used in the past to reconstruct environmental change.

A stalagmite is a form of speleothem (or cave deposit), which grows on the floor of a cave

101~ A5 the com-

and is composed of growth layers of calcite, aragonite, gypsum or halite
position and amount of the drip water feeding the stalagmite is a reflection of conditions
above the cave, variations in the annual couplets of a stalagmite can give an indication of
environmental changes on the surface through time. For the purpose of this thesis, only
the geochemistry, form and deposition of calcite stalagmites will be discussed in depth.
For stalagmites to be of use in palaco-environmental studies they must possess a definable
time series. Suitable stalagmites are therefore composed of layers to which a chronology
can be attached. Stalagmites (see Figure 2.8) form on the bottom of caves as cave drip
water supersaturated with respect to calcium carbonate (CaCOg) falls to the floor and pre-
cipitates on top of the growing stalagmite. Successive drips form in chronological layers
or strata perpendicular to the growth axis. Stalagmites differ from stalactites which form
as the CaCOgs precipitates before falling to the ground; hence these structures form down-
ward from the ceilings of caves typically along joints or bedding planes!®. Stalactites
are often unsuitable for palaco-environmental studies as the calcite is often not deposited

sequentially which therefore obscures the chronology of the layers??.

In this instance
the calcite is deposited in concentric rings around the stalactite forming a hollow cen-
tre through which cave drip waters flow. Over time this passage blocks and drip water
tends to flow over the outside of the stalactite. Flowstone is another cave formation which

has often been used for palaeo-climate reconstruction. These form as drip water flows

over the floors and walls of caves precipitating calcite in chronological parallel layers or
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Strata124, 225

. Although stalagmites precipitate calcite in a similar manner to flowstone,
they contain the most traceable time lines and have a higher resolution stratigraphy than
stalactites or flowstone??°. Figure 2.8 and egs. 2.4, 2.5 and 2.6 show the process by which
the stalagmite forms. As rainwater falls to the ground above the cave it takes up COso,
detritus and other minerals from the atmosphere and soil layers. At this point the solution

contains a signature of both the isotopic composition of the rainwater and the mineral

composition of the soil.

HQO+COQ < HQOOg (24)
HyCO3 + CaCO3 <= Ca*t +2HCO; (2.5)
Ca®t +2HCO; <= CaCO3+ HyO + CO; (2.6)

The addition of dissolved CO, from the atmosphere and soil layers forms carbonic acid
(2.4). This acidic drip water percolates through fissures in the limestone, eroding the
bedrock until the solution becomes saturated with respect to calcium carbonate (CaCO3).
This occurs through the dissassocation of the CaCO3 bedrock into its calcium and bicar-
bonate ions (2.5). Once the solution has reached the cave gallery, the secondary calcium
carbonate mineral (in this case calcite) is precipitated on the growing stalagmite. The
precipitation of calcite via degassing occurs as the dissolved CO, is removed from the
solution in an attempt to reach equilibrium with the surrounding cave atmosphere (typ-
ically depleted in CO, relative to the drip water), resulting in the subsequent mineral
precipitation of calcite (2.6)**4*°4, In highly evaporative conditions (usually within open
cave systems in tropical areas), water is removed from the solution via evaporation rather
than degassing. The process by which calcite is deposited becomes more important when
analysing the isotope ratio of the calcite layers. The resulting thickness of the calcite
layer can therefore give an indication of the amount of precipitation at the site; while the
composition of the calcite layer can give an indication of the oxygen isotope ratio of the

rainwater at the time of deposition, and the bio-productivity of the soil layer through its
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trace element and humic acid content, and carbon isotope ratio.

2.7.1 Colouration, Petrography and Luminescence

Variations in the colour, crystalline structure and optical properties of stalagmite layers
have been found to reflect changes in precipitation amount and intensity at the land sur-
face!? 13 11.14,104,146,202.215.226 "Ror example, as the drip rate increases so to does the growth
of the couplet, therefore reflecting changes in the cave reservoir and indirectly, precipita-

tion external to the cave!04146-226,

86,226 was the first to conclude that stalagmite luminescence and colouration are

Gascoyne
caused by humic substances derived from the overlying soil. As the drip waters percolate
down through the soil zone they pick up humic substances, trace elements and detrital

material which are incorporated into the calcite lattice!®4 146:215.226

Spectroscopic and
chemical extraction of humic substances from various speleothems worldwide has shown
this to be the case!**??°, Coloration in speleothems varies from white to pale tan, various
shades of orange, red and dark brown which have been found to correspond to the type

and quantity of impurities contained in the calcium carbonate solution (see Table 2.1 be-

low).

Table 2.1: Examples of the coloration of layers and the responsible impurities adapted from?*.

Compound Coloration
Pure Water White
Iron Hydrate Bright ochre to brown

Manganese Hydrate Black
Organic Substances  Yellow, reddish, dark brown and black
Copper Blue to green

Petrography, within the context of speleothem research, is the study of their crystalline
structure. This can be used to define the flow conditions under which calcite layers were
deposited®®>. Typically, slower drip rates produce laminae containing larger crystals and

fewer crystallites with lower concentrations of detritus and oxides due to less soil entrain-
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ment in the drip water. Conversely, higher drip rates result in smaller, randomly orientated
equant to anhedral crystals with a larger concentration of detritus and oxides®®>. Conse-
quently, a couplet of light and dark calcite indicates one years growth. A darker layer
is deposited during the onset of the wet season during which large amounts of humic
substances are flushed into the system; gradually fading through out the dry season to

produce a lighter layer of calcite as the supply is exhausted?!>.

The phosphorescent properties of speleothems have been known to speleologists for decades??°
yet it was not until the discovery of annual luminescent banding in stalagmites by Shopov
et al.>*? that this property gained increased attention. Speleothem laminae exhibit two
optical properties: varying degrees of colour, hue and intensity under visible light; and
fluorescence under ultraviolet light. As the amplitude of this luminescence varies parallel
to the growth layers, luminescent banding has been used to document climate, in partic-
ular rainfall>?, Baker et al.'> examined two stalagmites from Poole’s Cavern in Buxton
England and found that 12% of the stalagmites laminae exhibited double band structure
which was attributed to years of high intensity (>60 mm) and high volume (>250 mm
per month) rainfall. Yet when compared to the instrumental rainfall record for that region,
Baker et al.!? found that not all high intensity events generated this feature possibly due
to soil moisture deficit in summer and/or concurrent months of prolonged rainfall which

resulted in an exhaustion of the organic acid supply.

In combination, petrography, luminescence and coloration can give valuable insights into
changes in precipitation amounts and temperature over long periods of geological history.
As changes in drip rates are a result of changes in the amount of precipitation on the land
surface, it is then logical to expect that variations in speleothem laminae crystal morphol-
ogy may coincide with variations in other climate proxies. In support of this, Ayalon
et al.® found that the colour, layer thickness, morphology of the crystals and amount of
detrital material within the layers of 20 stalagmites collected from Soreq Cave in Israel,

closely reflected climate changes as observed through the oxygen isotope ratios (5'%0)
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obtained from the samples. The oxygen isotope ratio within drip water reflects changes
in the amount and duration of rainfall events and average annual temperature in addition
to the initial composition of the source. Given this relationship it is possible to conclude
that major changes in crystal morphology and coloration can give an indication of major

changes in drip water flow rates and therefore precipitation amounts at the surface.

2.7.2 Carbon and Oxygen Isotopes

The oxygen isotopic composition of a carbonate precipitate is determined by a number
of factors. Firstly, the cave temperature effect, which is the thermodynamic fractiona-
tion between water and calcite during precipitation (in most cases this is negligible due
to meteoric dependent isotopic shifts); the ocean temperature effect, which is the temper-
ature dependent fractionation between the liquid and vapour phase at the source of the
atmospheric moisture (ocean source); the amount effect, which is the consistent depletion
in 0'®0 with precipitation amount; lastly, the rainwater composition effect which refers
to the interactions between the isotopes during evaporation, condensation and precipita-
tion. In all cases, these effects are a result of isotope fractionation (the enrichment of one
isotope relative to another between two substances or within a substance in a chemical
or physical process)’>!!3. An understanding of the process of fractionation between 60
and 'O and what influences the degree of fractionation is critical to the interpretation of

palaeoclimate signals from §'%O values.

Similarly to oxygen, the stable isotopes of carbon are affected by either isotope equilib-
rium exchange reactions within the organic carbon system or kinetic isotope effects during
photosynthesis''>. Lauritzen and Lundberg'#> !4 highlight the five processes which will
affect the §'2C of calcite in speleothems: 1) photosynthetic pathways (i.e. C3/C4 vege-
tation), 2) biological activity in the soil layer, 3) rainfall, 4) drip rate and 5) water rock
interactions. The §'3C of dissolved organic carbon in the cave drip water is derived from
processes occurring in the epikarst between biogenic and atmospheric CO,, water and the

limestone following equation 2.6'%4,
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Biogenic activity of the soil and vegetation above the cave can influence the resulting
d'3C of the carbonate and can vary with the amount and type of vegetation above the
cave. As the level of soil biogenic activity increases, the 6'C value of CO,, HCO3 and
CO; decrease because of the depletion of *C in organic matter (Quade et al 1989, Cerling
et al 1991, Deines et al 1974, Miotke 1974 cited in'*). §'3C fluctuations can therefore
give an indication of vegetation change over time (see Table 2.2) which is also linked to
climatic variations (i.e. cooler or drier climates will lead to higher §'3C and lower 6*3C
values in wetter warmer periods). However, interpretation of the results can be ambigu-
ous as other factors such as evaporation of recharge water within the soil zone, CO5 loss
during degassing or evaporation within the cave and changes to the routing of recharge
water within the epikarst may influence §'3C values; therefore producing questionable

resultsl1’121’]34’104’23’189.

Table 2.2: Linkages between plant type and their corresponding range of §'3C values'** * Tieszen
and Boutton 1989 cited in?%%.

Vegetation Type Region Photosynthetic Process Vegetation §'*C (VPDB)
C4 preferential to *C  Hot, arid/sub arid Hatch-Slack -14 t0 -12 %0 — -9 to -18 %o *
C3 preferential to 2C  Less arid Calvin Cycle -27 t0 -24 %0 — -32 to -22 %o *

2.7.3 Fractionation between cave drip water and calcium carbonate

The two main fractionation mechanisms which occur between water and the calcium car-
bonate are isotope exchange reactions (equilibrium isotope distribution), and kinetic pro-
cesses (differences in reaction rates of isotopic molecules). If the isotopes are exchanged
due to equilibrium isotope distribution the isotopes within the calcite are deposited in ther-
modynamic equilibrium with the cave drip water. The extent of the equilibrium isotope
distribution between water and CaCOs is defined by the equilibrium constant K or more

commonly the fractionation factor o defined by the following equation:

18 16
O/"Oc¢aco,

QCaCO3—Hy0 = 50,50 m0 (2.7)
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In this instance the partitioning of the lighter and heavier isotopes of oxygen between or
within a compound is related to its vibrational energy which is solely dependent on tem-
perature. As cave temperatures remain relatively constant, the temperatures derived from
the %0 (6180 of the calcite) often represent the ocean temperature effect and therefore

regional temperature changes over time by the equation below:

10°In acaco,—m,0 = 2.78[106(T(K)~?)] — 2.89 (2.8)

In this relationship, «CaCO3 - H,O decreases linearly with increasing temperature such
that a drop of 0.28%0 §'80 equates to an increase in 1°C. Thermodynamic equilibrium
is achieved in closed systems where there is minimal evaporation and slow degassing
rates. Therefore, the oxygen isotopes are deposited in equilibrium with the cave drip wa-
ter (which is representative of the rainwater external to the cave). However, should the
cave be subject to highly evaporative conditions (i.e. if the cave is relatively open) the
fractionation of the oxygen isotopes occurs via differences in the reaction rates of the
isotopes (kinetic fractionation)*36:57:94.104.125.146,225.226 "1p thjg instance, '°O is preferen-
tially removed and the isotopes are deposited out of equilibrium with the cave drip water.
In this case the 5'%0O values cannot give a clear indication of the isotopic composition of

the precipitation and/or temperature changes overtime.

One method for testing if calcite has been deposited in equilibrium uses the Hendy Cri-
teria?® which analyses a series of samples along the same layer. If the calcite has been
deposited in thermodynamic equilibrium, minimal variation in §'%0 is expected (i.e. less
than 0.8%0) while §'3C will change progressively from the apex toward the edge of the
layer due to the limited amount of bicarbonate within the solution'%*146:226 Kinetic frac-
tionation will reveal an enrichment of §'*O which is >0.8%o and the progressive enrich-
ment of 6*3C which is almost twice that of §'*0Q7>194226 Variability in §'®O indicates ki-
netic fractionation as during evaporation, 1°0 will be removed from the solution quicker
towards the sides of the stalagmite as this is where the layer is at its thinnest and slower
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in the centre where it is thickest. Fischer, et al’> and Williams??® argue that a progres-
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sive enrichment of 6*3C and §'*O should be expected from low latitude carbonates as the
amount effect, the composition of the precipitation and circulation patterns have a greater
effect on §'80 in low latitude terrestrial carbonates than temperature (which dominates in
temperate regions). In addition, Fisher’* points out that samples taken from caves whose
relative humidity is close to 100% may still be deposited in equilibrium as kinetic fraction-
ation is limited. The amount of detritus in solution and thus 6'3C is a reflection of plant
productivity which increases proportionally to soil moisture. As plants preferentially use
the lighter isotope (}2C) during photosynthesis, increased plant productivity results in an
enrichment of the heavier isotope (1*C)!*7 and thus more negative values of §'3C in the
soil which is in turn reflected in the cave drip waters. Therefore, if the calcite of a low
latitude carbonate has been deposited in equilibrium, a Hendy test should reveal minimal
variation in %0 (i.e. >0.8%0) along the growth horizon and covariance between §'%0

and §13C.

2.8 Conclusion

Concerns over climate change and the possible economic and social impacts of a warm-
ing climate have prompted scientists to investigate what effect this could have on the
frequency and severity of severe weather events such as tropical cyclones. In order to
accurately predict future tropical cyclone frequencies and intensities we must first be able
to decouple anthropogenic influences from natural variability. The purpose of this review

was therefore to investigate methods of achieving this separation.

A number of approaches have been explored including the use of statistical techniques
to extrapolate historical trends either alone or in combination with GCM outputs and
geological datasets which examine prehistoric trends. Whist each approach has its ad-
vantages, neither dataset alone is sufficient to predict future tropical cyclone climatology
under changed climate conditions. Limitations in the length of the detailed instrumental
record and issues with its accuracy gives rise to a large degree of uncertainty when mod-

elling future change using statistical methods. The low resolution of current GCMs and a
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limited knowledge of how phenomena such as ENSO may behave in future further com-
plicates the issue. Palaeo records such as those obtained from sedimentary or erosional
evidence may provide a greater understanding of the natural variability of these systems.
Stalagmites are ideal in that they may record annual variation in tropical cyclone activity
irrespective of the storms magnitude as their strata are deposited annually. These are not
reworked by other events and are somewhat protected from external weathering and ero-
sive processes. While sedimentary records of marine inundation may have the potential
to be confused with other inundation events such as riverine flooding and tsunami, neither

is possible in the stalagmite record.

This new avenue of investigation has the potential to solve at least some of the current
issues in the other methods discussed above. These records cannot provide a detailed
account of the structure of individual storms as the intensity of these events is not yet
quantifiable. Each record is limited somewhat in its spatial extent as only those tropical
cyclones which pass within the vicinity of the cave are recorded. In this sense, the stalag-
mite record may be considered of lower resolution than the instrumental record. However,
stalagmites do provide an annual record of occurrence which may span thousands of years
depending upon the length of the sample. This high temporal resolution gives a greater
picture of tropical cyclone frequency overtime and allows for a more detailed examination
of the natural variability of these storms. The greatest advantage of these records is that
they can provide information on the activity of these storms over time, the corresponding
climatic conditions external to the cave and they span both the historical and prehistorical

periods of interest.
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General Methods

3.1 Study site, sample selection and preparation

The stalagmites used in this analysis were selected based on the four stage screening
process proposed by Frappier”. In this, we collected two stalagmites from regions which
were vulnerable to tropical cyclones (i.e. those within 5-20°N or S of the equator) in areas
where there was no interference from frosts or snow; from regions which exhibit distinct
summer and winter rainfall patterns so as to ensure visible seasonal banding; stalagmites
with relatively rapid growth >80um annually; caves which were sufficiently deep to pro-
mote a stable environment where relative humidity is high, and ventilation is minimized;
samples from areas which were not subject to flooding so as to preserve the stalagmite;
and caves which are seldom frequented by humans so as to minimize any anthropogenic

disturbance.

Two unique sites were chosen which pass each of the criterion listed above yet signif-
icantly differ both environmentally and geographically. The first was selected from the
East of the continent (Chillagoe, Queensland: stalagmite CH-2) 120km inland from the
Queensland coast; and a second from the West coast of the continent (Cape Range Na-

tional Park, Western Australia: stalagmite CR-1) (Fig. 3.1).

3.2 Geological and Environmental Setting

The Chillagoe limestone terrain is located at 17.2°S and 144.6°E in northeast Queensland,
Australia. Chillagoe falls within the summer dominant rainfall zone of Australia and on
average receives approximately 858mm of rain each year, 84% of which falls between the

months of December - March (fig. 3.2a). The dry season persists from April - October
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Figure 3.1: Map of the study area. Cave locations across tropical Australia.
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Figure 3.2: Instrumental Rainfall Data for Chillagoe (a) and Cape Range (b).
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during which the region receives on average ~20mm of rain per month. Monthly maxi-
mum and minimum temperatures are also indicative of the region’s marginal status with
maximum daily temperatures reaching 38°C during the summer months and a maximum
of 25°C during the winter®. The landscape is characterised by dry tropical woodland and
patches of deciduous vine thicket. Cape Range (22.10°S, 114.00°E), is situated on the
western side of the North West Cape, 20km West of Exmouth on the Western Australian
Coast. This coastal region receives on average 260mm of rainfall annually, 84% of which
falls within the wet season (January-June) (fig. 3.2b). With an average annual temper-
ature of 32°C?%. Tertiary limestone ranges dominate the landscape with Acacia shrubs,
sparse Eucalypt and hummock grasslands. Whist the western coastal plain is dominated

by Melaleuca, Hibbertia and spinifex'%.

3.3 Analytical procedures

CH-2 and CR-1 are regular, symmetrical candle stalagmites exhibiting a very slow (span-
ning thousands of years) reduction in width over time. The stalagmites exhibit annual
couplets of alternating light and dark calcite layers of lenticular shape. The diameters of
the stalagmites are large i.e. 5-11cm (CH-2) and 6-8cm (CR-1). The stalagmites were
each sectioned along their growth axes using a water-cooled diamond saw and a 1-2cm
thick section prepared from one half. The remaining half was then archived. The centred
face of the working sections were polished using fine sandpaper and steel wool in order
to accurately resolve individual growth layers ( fig. 3.3). The samples were then cleaned
with UHQ water in an ultrasonic bath. These prepared sections were then sealed and

stored when not in use.

In order to maximise the length of the series, only the dark layers of calcite represent-
ing wet season deposition were analysed as tropical cyclones occur during the monsoon
season. The most recent 1500 dark calcite layers from each stalagmite were sub-sampled
using a video-controlled micromill, comprising 3000 subsamples in total. The stalagmite

sections were viewed in real time via a high-resolution digital camera, controlled by a
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Figure 3.3: Profiles of CH-1(a) and CR-1(b) after they had been sectioned along their growth axis
and polished so that their annual increments (couplets) could be resolved.
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fourth linear actuator and motion controller for motorized focusing. Sample paths were
digitized onto the image of the specimen in real-time, using an array of x-y-z coordinates.
Trenches ( 10mm long, 60um wide) were milled from the centre of the stalagmite in most
cases extending Smm each side of the growth axis. These trenches were kept well within
half the radius of the sample in order to avoid collecting material towards the flanks. A
modified dental drill was then used to mill a minimum of 10ug of carbonate according to
the coordinates of the sampling paths. The powdered sample was collected from the spec-
imen manually using a narrow scalpel and fine paintbrush. The dental drill and sample
were thoroughly cleaned after each pass using compressed Ar or N and Ethanol. Oxygen
and carbon isotope analyses were performed at the University of Utrecht using a Kiel 111
carbonate device coupled to a Finnigan MAT 253 IRMS. The calcite samples were re-
acted with 3 drops of H3PO, at 70°C. Replicate analysis of the standard NBS-19 resulted
in a standard deviation of 0.04%o for 6*3C and 0.06%o for 6'*0. All measurements are

reported relative to Vienna PeeDee Belemnite (vPDB).

3.4 Hendy Test for Equilibrium Isotope Deposition and Cave Tem-
perature Effect

To ensure that the isotopes within the calcite had been deposited in equilibrium with the
cave drip water a Hendy Test for equilibrium deposition was conducted at 4.09cm and
16.2cm from the apex on CH-1 and CR-1 respectively. 3-5 subsamples were milled for
each test at 1-8mm intervals along the growth horizon from the centre of the layer to the
flanks. The Hendy test reveals a variation of 0.27%o and 0.61%¢ in 6'*0 and 0.29%. and
0.77%o in 5'3C respectively. Both stalagmites pass Hendy’s'!? first test for equilibrium as
the variation in §'80 is below 0.8%0 and neither exhibits significant progressive enrich-
ment in either 10 or §'3C towards the flanks. Whist the variation in §'3C is greater than

that of 6**0, neither sample exhibits a range >0.8%o (fig. 3.4).
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3.5 Testing for Temperature Dependence

The 680 of temperate stalagmites is often used as a palacotemperature proxy due to the
relationship between temperature and oxygen isotope fractionation. In this, fractiona-
tion between carbonate and water is reported as between -0.24 to -0.28 per °C!9%1%4, The
measured §'80 for the last 100 years of deposition are given in fig. 3.5. §'®O varies
considerably between years. Observed differences between maxima and minima over the
time period are 4.38%0 (CH-1) and 5.81%0 (CR-1). Calcite in CR-1 is on average 2%o
lighter than CH-1 and exhibits annual perturbations of greater magnitude. In both loca-
tions '%0 is highly variable between wet seasons, yearly differences range from -1.6%o to
2.08%0 in CH-1 and -2.5%o to 2.2%c in CR-1. This implies a shift in annual temperatures
of 6°C - 8°C. Should these 6**0 results be simply a function of temperature changes, this
data would imply a difference in average annual temperatures over the last 100 years of
16°C in Chillagoe and 21°C in Cape Range which is neither probable nor present within

the temperature records for the regions (see fig. 3.6).
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Figure 3.4: Hendy test for equilibrium isotope deposition in CH-1 (a) and CR-1 (b).
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Figure 3.5: Wet season calcite 50 from samples CH-1 (a) and CR-1 (b), between 1906-2010
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Figure 3.6: Instrumental temperature records for sites CH-1 (a) and CR-1 (b), between 1906-2010
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Assessing changes in tropical cyclone activity within the context of an-
thropogenically influenced climate change has been limited by the short tem-
poral resolution of the instrumental tropical cyclone record!"'¥ (less than
50 years). Furthermore, controversy exists regarding the robustness of the
observational record, especially before 1990195126142 Here we show, on the
basis of a new tropical cyclone activity index (CAl), that present low lev-
els of storm activity on the mid west coast and northeast coast of Australia
are unprecedented over the past 500 to 1,500 years. The CAI allows for
a direct comparison between the modern instrumental record and long-term
palaeotempest (prehistoric tropical cyclone) records derived from the 180/*°0
ratio of seasonally accreting carbonate layers of actively growing stalagmites.
Our results reveal a repeated multicentennial cycle of tropical cyclone activ-
ity, the most recent of which commenced around AD 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 North-
ern 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'®>2* and Australian' regions.
Our results, although based on a limited record, suggest that this may be oc-
curring much earlier than expected.
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4.1 Introduction

Trend analysis of the instrumental tropical cyclone record has proven difficult owing to
errors associated with changes in observational techniques (leading to inaccurate inten-

sity estimates and storm counts in the recent past), detection issues, data homogeneity

64,142,179 105,126,131, 142 As

issues and inconsistent procedures between and within agencies
a result, differentiating natural variability from anthropogenically induced change is com-
plicated; this may also explain to a certain extent the disparity between current trend

estimates®* 138,

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 tropical cyclone activity index
(CAl), is based 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 (V,,,,.), their size (R,,,,) 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'?’
(see Section 4.2). 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
and the intensity and size of the storm relative to its distance from the site at each point

along its track (fig. 4.1):

N
1
CAI = NZKn 4.1)

n=1

where K, ; = (K¢ + Ky_1)p, K¢ =Ry, (0)/d(t), N is the number of storms within the season,
n is each individual storm, t denotes the point along the storms track in time, recorded at

6 hourly intervals, d(t) is the distance from the site in kilometres at time t, V,,,4,.(t) is the
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Figure 4.1: Site map showing the four-stage calculation of CAI Chillagoe and Cape Range (black
points) are shown with the 400-km radius around each study site. Tropical cyclones that did not
track 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 both
states. a, Tropical cyclones from the 1990-2010 training period and their corresponding K; value
(point size), showing the influence of V44, Rinas 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).
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maximum 10-minute mean wind speed in metres per second at time t, and R,,,,.(t) is the

radius of maximum winds in kilometres at time t.

Tropical cyclones produce precipitation that is depleted in the heavier oxygen isotope
(**0) by >6%o relative to average monsoonal precipitation, owing to the recycling of wa-
ter within the system, high condensation efficiency and large size and longevity of such
cyclones as intense convective systems®. The resulting 580 content (expressed as 620
= [(*30/*%0O)sample/(*¥O/*9O)standard- 1)]x 1000%o) of tropical cyclone precipitation at
a site is influenced by a number of factors, including the number of days since genesis
(that 1s, rainout) and the intensity of the storm, its source region156 and the distance of its
centre from the sampling path. Because tropical stalagmites are archives of monsoonal
5180, signatures of past tropical cyclones are also recorded within the §'®0O of their car-

bonate layers, typically within 400 km of the storm centre®? 88,

4.2 Methods

Two cylindrical stalagmites were collected from regions in Queensland and Western Aus-
tralia prone to tropical cyclones (Chillagoe in Queensland, 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 cal-
cite corresponding to wet- and dry-season deposition. The first 1,500 wet-season (dark-
calcite) layers were analysed for their carbonate §'*0. Observed differences between max-
ima and minima in §'80 over the time period are 4.38%0 (CH-1) and 5.81%o (CR-1). In
both locations, *¥0 is highly variable between wet seasons: yearly differences range
from -1.6%0 to 2.08%0 in CH-1 and from -2.5%o¢ to 2.2%0 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.!”®). Neither CR-1 nor CH-1 exhibits a significant relationship
between 680 and the seasonal rainfall total, the annual rainfall total or the number of
rain days at the sites (Spearman’s Rho (p)<0.07, P >0.5 and p<-0.08, P >0.2 respec-

tively). In the absence of cave temperature or rainfall ’amount effects’ we conclude that
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rainfall composition rather than cave temperature and rainfall amount or frequency, or
both, influences the resulting §'¥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 to 1.2%o (ref.””)
over a 1,500-yr period. These values are considerably less than the 4%o to 6%0 variation
between the maxima and minima and the 1.6%o¢ to 2.5%0 seasonal variation within the
stalagmite §'80 presented here. Nevertheless, we account for the monsoonal contribution
to 4180 using empirical methods for determining the average value of precipitation §'80
VSMOW (that is, §'¥0 where the standard is Vienna standard mean ocean water) at both
sites, and we account for centennial scale changes in monsoonal activity using published

Australian-Indonesian monsoon records”’.

4.2.1 Analytical Procedures

The most recent 1,500 dark-calcite layers representing wet-season deposition were sub-
sampled 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%o for §'*C and 0.06%o for §'80.
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 apex on CH-1 and CR-1 respectively. 4-5 subsamples were milled for each test at
2-5mm 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 varia-
tion in 6180 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 5'*0 or §*3C

towards the flanks.
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4.2.2 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 cumulative, and
so reflects not only the condition of the system at time t but also its history up until that

point:

Kni=(Ki+ Ki-1)n 4.2)
_ vriax(t>RmaI(t)
K, = a0 4.3)

Here n enumerates individual storms, t denotes the point along the storms track in time,
these are recorded at 6 hourly intervals, d denotes the distance from the site in kilometres
at time t, V. 1s the maximum 10-minute mean wind speed in metres per second at time
t and R,,,,, is the radius of maximum winds in kilometres at time t. The resulting §'80 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, CAl is the av-
erage 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:

N
1
CAI = ~ n; K, (4.4)

Here N is the number of storms within the season.

CALI 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 §'%0 of the car-
bonate 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

5180 precipitation values are radially asymmetrical within a storm (4.2), the inclusion of
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Figure 4.2: §'®*0 VSMOW measured from Hurricane Olivia (1995) versus the calculated K; values
for the corresponding measurement interval. a, 5'%0 versus K; for all rain types in Hurricane
Olivia, r = -0.58, P = 0.02, n = 25. b, 620 versus K; within the eye wall. Shaded area indicates
the rm.s.e, r=-0.70, P=0.02, n = 15.
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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; = 1, is weighted less than when located 200 km from the site at K; = 2, given the
same V,q, and R,,,4,. K, ; 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).

4.2.3 K, versus 6'°0 VSMOW

In the absence of tropical cyclone rainfall measurements in Australia, to test how well K,
is reflected in the 62O of tropical cyclone precipitation 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 §'50 VSMOW

measurements'>>

made at 30-min intervals between 24 and 26 September 1994. The re-
sults are plotted in Fig. 4.2. We find that §'*O depletion increases with increasing K,
(p =-0.5, P =0.02, n = 25), supporting our derivation of K; and, thus, CAIL. Within the
eyewall (the ring or belt of thunderstorms surrounding the central eye within the radius of

maximum wind), R, 1s statistically not significant, K; in 4.2b is therefore calculated as

a function of V,,,,,, and distance alone.

4.2.4 De-trending monsoon

Because tropical cyclone rainfall accounts for 20.05% and, respectively, 17% of the total
rainfall at Chillagoe and Cape Range, it is necessary to exclude the average monsoonal
component of the stalagmite carbonate (6'%0,,). We estimated 580, at Chillagoe and

Cape Range using:

§0(%0) = —0.005Longitude(°) — 0.034 Latitude(°) — 0.003 Altitude(m) — 4.753

(adjusted R* = 0.79)
4.5)
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60 = (6.67 x 107%)P* — 0.009P + 0.015Eva + 0.007Rad — 9.670
(4.6)

(adjusted R* = 0.645)

which are empirical equations for geographical (eq. 4.5) and local (eq. 4.6) meteo-
rological controls on §**O derived from an analysis of Global Network of Isotopes in

Precipitation (GNIP) and instrumental meteorological data'S!

. Here P is total monthly
precipitation, Eva is average monthly evaporation 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 calculations. It is important to note that Liu’s geographical
model does not take into account factors such as the source region, transport and conden-
sation 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
5180 in precipitation from the east or west coast of Australia excepting the model used
here from ref.'®!. Using this relationship and local historical climate data from the two
sites, we calculated the average seasonal §'*0,; VSMOW from 1990 to 2010. §*¥0,,
was then normalized and used to de-trend the modern 6**0 to remove the modern mon-
soonal trend. §'80;,; 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 yr and extends
from 7 yr BP to 12,000 yr BP, the region experiences a relatively low tropical cyclone
7).

frequency (on average, 0.24 tropical cyclones per year pass within 400 km of the site

and the record is comparable with other established monsoonal records from the region®’.

4.2.5 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-
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teorology’s tropical cyclone database?’. Of the tropical cyclones recorded within the
database, 32 and 35 passed within 400 km 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 environmental pressure measurements

available, V,,,, was estimated using the Atkinson/Holliday wind-pressure relationship®:

Vinae = 0.514[6.7(1010 — P>644] 4.7)

Here P, is the central pressure in millibars and V4, is the maximum 10-minute mean
wind speed in metres per second. There was an average discrepancy of 3 m s™! between
the value of V,,,, estimated using eq. 4.7 and the recorded V,,,, (Dvorak technique?!”)

within the remaining 1,889 observations. Missing R,,,,, estimates from 1,702 observa-

tions were calculated using®®’.

Rinaz = 46.4exp(—0.0155V,,4, + 0.0169¢) (4.8)

An average discrepancy of 17.5 km was found between the measured and estimated val-

ues.

4.3 Results

Figure 4.4 shows the relationship between CAI, calculated from ’best tracks’ in the re-
cently updated tropical cyclone database for the region?’, and the de-trended §'%O (that is,
5180 ) for the corresponding period 1990-2010. The model predicts CAI well in 67% of
cases (P <0.001) within the 6'®0 4 range of -6.37%o to -1.03%o. As such, larger negative
excursions in 620 correlate with higher CAI values. Although this range is representative
of the data obtained from the whole series (2,276 measurements in total), §'*04 values
that fall outside the model range may not be calculated effectively. However, §'804 val-
ues exceeded or fell below the range in only 28 or 88 cases, respectively. Of these, only
four were more than 1 s.d. outside the range. Each series was standardized before statisti-

cal analysis. No patterns are discernable within the residuals and an even spread of error
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is indicated. The relationship is expressed as follows:

CAI = (—40.276"%04 = 43.12)? (4.9)

Because our CAI-5'80 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. Nonetheless, when the period of investigation is ex-
tended to include 1970-2010, the relationship between CAI and 630 4 still holds (Pear-
son’s correlation coefficient (r) = -0.5, P = 0.0001, n = 60) and the average difference in
model estimates of CAI is 103 that is, less than half the r.m.s.e. of the model. In addition,
CAI after 1990 is modelled from §'%0 and is therefore not subject to the same errors noted

previously in the pre-1990 instrumental and historical data sets.

Figure 4.4a and c give the calculated CAI values over the past 1,500 and 700 yr in 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

Coast106, 165

, our data indicates 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 1 x 10* to 1.3 x 10° at Cape Range com-
pared with CAI values of 0.25 x 10 to 1.2 x 10° in Chillagoe. Analysis of CAI indicates
that tropical cyclone activity has been highly variable over the past 1,500 yr and that trop-
ical 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 yr
(z-test statistic (Z) = 24.73, 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. 4.4b, ¢) indicates a reduction in the vari-
ance of CAI between the mid 1800s and today at Cape Range within the 16-128-yr band.
It also highlights an increase in variability within the 4-8-yr band before 1960 (although

at relatively low power). Significance testing indicates that the majority of the oscillations

occur within the 4-32-yr frequency band, although the emergence of a 128-yr oscillation
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is indicated between AD ~1100 and ~1200 and again between ~1400 and ~1600 (how-
ever, there is less than 95% confidence in the evidence for the latter). Figure 4.4¢ 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 variations in power are evident between
1700 and 1800 within the 16-64-yr band, during which time CAI in Chillagoe was highest
(Fig. 4.4d). We assessed the rate of the decline in activity over the past few centuries at
both sites by conducting a Mann-Kendall test in conjunction with a Theil-Sen estimator.
Serial correlation was accounted for by removing the lag-1 autoregressive process after
computing the lag-1 serial correlation coefficients for both data sets. Chillagoe shows a
significant decline in activity towards the present day since AD 1743 (Kendall’s tau (7) =
-0.4, P < 0.001, n = 262); similarly, an overall decline in activity is seen in Cape Range
since 1650 (7 =-0.4, P < 0.001, n = 360). A more abrupt decline at Cape Range since
1960 is evident in Fig. 4.4. We assessed this period in relation to the rest of the Cape
Range record using a sliding window of 50 yr with a 1-yr step. The significant downward
trend since 1960 is unprecedented in the Cape Range record (7 = -0.5, P < 0.001, n =
50). These factors in conjunction suggest that the modern 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

106 ;

t37 and west coasts' is in

trend in tropical cyclone activity over the past 30 yr on the eas
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 tropi-
cal 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 Harper et al'® in that no significant trends in tropical cyclone activity in
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"R=-063P<0.01n=25

30, %o VPDB

Figure 4.3: Calculated CAI versus the de-trended carbonate values from CR-1 and CH-1 (6180 ).
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). Pearsons correlation coefficient (r) = 0.63, P =
<0.01,n=25.
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Figure 4.4: CAI over the last 1,500 and 700 yr. Cape Range (a) and Chillagoe (c); black line
indicates smoothing of the series using ref.!® (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 6804 range specified in Fig. , were removed from the series. b, d,
Wavelet power spectra (Morlet wavelet) of Cape Range (b) and Chillagoe (d) from blue to red
(red contours indicating greater power), black contours indicate regions above the 95% confi-
dence level, with lag-1 autocorrelation coefficients of 0.75 (CR-1) and 0.78 (CH-1) and a re-
gion subject to edge effects (white shading). Software provided by C. Torrence and G. Compo
(http://atoc.colorado.edu/research/wavelets/).
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central Western Australia are indicated within the period 1980-2007 (7 =-0.2, P =0.103);
however, a significant decrease in activity is evident when the period of investigation is
extended beyond the past 30 yr (as previously noted). Similarly, our results are also in
agreement with those of an analysis of the Eastern Australian region in 1870-2010, show-

ing a distinct downward trend in tropical cyclone activity in northeast Queensland®’ (7 =

-0.4, P <0.001).

4.4 Summary

The Australian region seems to be experiencing the most pronounced phase of tropical
cyclone inactivity for the past 550-1,500 yr. The dramatic reductions in activity since the
industrial revolution suggest that climate change cannot be ruled out as a causative fac-
tor. 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 sophisticated analysis of other
palaecotempest 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 tem-
poral scales in conjunction with other climate indices, such as temperature, atmospheric
CO, concentrations, El Nifio/Southern Oscillation, the Madden-Julian Oscillation and the
Dipole Mode Index. Therefore, CAI provides one seamless index allowing for the incor-
poration 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 provides the means to examine not only

how tropical cyclone activity has varied as a result of industrialization but also potentially
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to forecast future trends in tropical cyclone activity under changing climate conditions,
given that it is now possible to discern natural variability from anthropogenically induced

change.

4.5 Author Contributions

Jordahna Haig collected one stalagmite, processed the two stalagmites and analysed the data, developed
and tested CAI and wrote the manuscript. Jonathan Nott collected the two stalagmites, provided funding
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Gert-Jan Reichart provided access to facilities and advice on the data processing. All authors discussed the

results and commented on the manuscript.
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The global costs associated with tropical cyclone damage are expected
to rise to $56 billion per year by the end of this century®®. Accurate sea-
sonal and decadal predictions of tropical cyclone activity are essential for the
development and application of mitigation strategies for the 2.7 billion res-
idents living within cyclone prone regions. In recent years, the traditional
indices (Southern Oscillation Index and the Nifio3.4 sea surface temperature
index) have not been performing well as seasonal predictors within the Aus-
tralian region®?%13 as current statistical models can only decipher variabil-
ity which is present within the instrumental record'*®. The limited length
of these records (i.e.<50 years) has meant that our current knowledge of
larger scale drivers at inter-decadal, centennial and millennial scales is non-
existent. The development of a new technique CAI'" calibrating these in-
strumental records with longer-term, high-resolution geochemical records of
tropical cyclone activity spanning the last 1500 years has enabled the exami-
nation of tropical cyclone climatology at higher temporal resolution than was
previously possible. Here we show that in addition to other well known in-
dices such as the Northern Oscillation Index, Madden-Julian Oscillation and
the Trade Wind Index; solar-forcing largely drives decadal, inter-decadal and
centennial cycles within the tropical cyclone record.
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5.1 Introduction

Kuleshov et al'*® highlight the shortfall of long-range tropical cyclone forecasts in recent
seasons from statistical models largely based on the traditional regional, inter-annual to
decadal predictors such as Sea Surface Temperature and the Southern Oscillation Index.
Whilst sophisticated statistical analysis of the instrumental tropical cyclone record is es-
sential for deciphering associations between climate indices over the short term (regional
decadal to inter-decadal time scales) the short length of these records (i.e.<50 years)
has meant that our current knowledge of larger scale drivers (those at inter-decadal to
centennial or millennial scales) is somewhat limited. Analysis of palacotempest records
from multiple locations globally has shown that the frequency and magnitude of tropi-
cal cyclones has indeed varied on centennial to millennial scales®*'8”. The majority of
these records are from the Atlantic Ocean’>'7?, northwest Pacific®*! and Gulf of Mex-

ico!6% 164143 \ith few records from the Southern Hemisphere namely the Southwest Pa-

187 7

cific'®” and Southeast Indian Ocean'®’. It has been suggested that the centennial scale

variability within these records is due to variations in ENSO, yet as Nott and Forsyth!®’
state, uncertainties in the accuracy of the long-term ENSO records available make these
comparisons difficult. Assessing links between the long-term tropical cyclone record and
short-term climate indices such as the SSN (Sun Spot Number) and ENSO related in-
dices such as Pacific Decadal Oscillation (PDO), Nino3.4 and Southern Oscilation Index
(SOI) are in turn hampered by the lower-temporal resolution of some types of palaeco
cyclone records. Here we employ the use of a new high-temporal resolution (seasonal)
palaeo-record of tropical cyclone activity from two sites in eastern and western Australia,

to assess the connection between both short term and long term climate indices and the

multi-temporal scale variability present within the record.

Recently published records of tropical cyclone activity index (CAI) from eastern Aus-
tralia (CH-1) and Western Australia (CR-1) spanning the last 1500 years show repeated
decadal and multi-centennial cycles of tropical cyclone activity'®. Wavelet analysis at

both sites indicates that oscillations in CAI occur within the 4-32yr, 16-64yr and 128-
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250yr frequency band!® (Chapter 4, Fig. 4.4). The following paper compares lower-
frequency regional climate oscillations previously linked with tropical cyclone variability
in the Australian region such as the Southern Oscillation Index and Trade Wind Index.
Lower frequency oscillations within the CAI record occur within the 8-32yr, 16-64yr and
128-250yr frequency bands'® (Fig. 4.4). As recent works have suggested that Sun Spot
Numbers are just as important as El Nifio Southern Oscillation as seasonal predictors in

tropical cyclone activity!!'*

we compared these lower-frequency oscillations with known
solar driven indices namely the Schwabe 11yr solar cycle, complete 22yr Hale Cycle and

longer-term Gleif3berg (70-100yrs) and de Vries (Suess) (210yr) cycles.

5.2 Methods

Haig et al'® developed a new technique to allow direct comparison between the instru-
mental record and the longer-term proxy record of tropical cyclones. The resulting Trop-
ical Cyclone Index (CAI) allows for a direct comparison between the past and present,
and enables the examination of tropical cyclone climatology at higher temporal resolu-
tion than was previously possible i.e. at annual, decadal or millennial scales simultane-
ously, without the need to interpolate or extrapolate to account for missing data. CAI was
developed by calibrating instrumental records of tropical cyclone activity in the eastern
and western Australian regions from the Australian Bureau of Meteorology Best Track
Database?’ against annually resolved geochemical tropical cyclone signatures within sta-
lagmites. Stalagmites are formed as part of the meteoric water cycle and therefore record
changes in the composition of precipitation overtime. As tropical cyclones produce pre-
cipitation that is isotopically depleted in the heavier oxygen isotope (1¥0)°*!33, variations
in the ratio of 0 to 50 within stalagmites from tropical cyclone prone regions can re-
veal trends in tropical cyclone activity overtime’ 38, The CAI model is defined as 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. Refer to Haig et

al'® for the derivation, calibration and testing of CAL
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The climate indices used in this analysis were obtained from a number of international
government agencies; the Asia-Pacific Data Research Centre, Australian Bureau of Me-
teorology, NASA Goddard Space Flight Center, National Oceanic and Atmospheric As-
sociation, Wilcox Solar Observatory and the University of Wisconsin. These include
1) the Northern Oscillation Index (NOI), which is a measure of the difference in sea
level pressure anomalies between the northeast Pacific and Darwin. It is similar to the
Southern Oscillation Index (SOI) but differs in that it contains a meridional component
between the tropics and extratropics®®!'. (ii) The Atlantic Meridional Mode, a coupled
ocean-atmosphere variability in the Atlantic characterized by anomalous SST, winds, and
convection which is subject to external forcing from the equatorial Pacific (ENSO)** and
analogous to the Pacific Meriodional Mode®. (iii) The ENSO precipitation index (ESPI),
describes the largest mean precipitation anomalies across the Pacific Basin associated
with inter-annual variations of the ascending and descending branches of the Walker cir-
culation and like the NOI and AMM also contains a meridional component (calculation
provided in**). (iv) The Madden-Julian Oscillation (MJO), and eastward propagating
wave of instability within the tropics. (v) The Trade Wind Index (TWI), a measure of the
strength of the easterly trade winds driven by the temperature gradient between the lower

and higher latitudes.

We employed the use of the continuous wavelet transform and cross wavelet analysis
to assess the relationships between CAI record from Chillagoe and Cape Range against
Sun Spot Number (August-October averaged) (SSN) and longer-term solar proxies from
comogenic isotope data i.e. southern hemisphere tree ring §'4C data!'® and NGRIP
Greenland °Be concentration data?. Cross wavelet analysis has been previously em-
ployed in the analysis of various geological time series to detect relationships between
two nonstationary time series by simultaneously decomposing these signals as a function
of both time and frequency. The theoretical basis has been outlined in detail by previ-

98,198,211

ous works . The CAI records at both sites were first tested for stationarity using

the Kwiatkowski, Phillips, Schmidt, and Shin test indicating that both times series are
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non-stationary (P = 0.01, n = 777-1500). Following the methods outlined by Grinsted et
al®8, the distribution of each series was tested and transformed into a series of percentiles
before calculating the continuous wavelet transform. Significance testing of the cross

98,211

wavelet transform was performed using Monte Carlo methods outlined by against a

red noise background estimated using the first-order autoregressive AR(1) process.

Tests for monotonic relationships were performed between CAI and the climate indices
using classical statistical methods namely the nonparametric Spearman’s Rank-Order and
Kendall’s Rank correlation. The value of the test statistic and significance levels are given
within the text. Each series was standardized prior to statistical analysis using their z-

Scores.

5.3 Results

5.3.1 High frequency cycles in CAI

Table 5.1 shows the resulting correlations between the eastern and western Australian
CAI over the instrumental period (i.e. last 50 yrs) and the following regional climate vari-
ables: Gulf of Carpentaria centred MJO, West Pacific Trade Wind Index, Indian Monsoon,
Northern Oscillation Index (NOI), ENSO precipitation index (ESPI), Atlantic Meridional
Mode and SSN. Each index listed in Table 5.1 was tested against both Eastern and West-
ern Australian CAIL. The majority of significant correlations occur between the climate
indices and Western Australian CAI; only two indices exhibit a relationship with Eastern
Australian CAI, namely the AMM and MJO. Of all the indices, only the MJO shows a
significant (negative) relationship with CAI at both sites. The TWI and NOI exhibit the
strongest correlations with Western Australian CAI (p=-0.5, 0.5). Interestingly, the NOI
(p=0.5; p <0.01; n = 58) is more strongly associated with CAI in this region than the
SOI (p = <0.22; p <0.1; n = 58) over the same time period. Strong positive associations
also exist between CAI and the Northern Oscillation Index (NOI) in the three month lead

up to the tropical cyclone season (August to October) (p = 0.5; P <0.001).
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Table 5.1: Statistical comparison of high frequency cycles in CAI and regional climate indices
over the instrumental period.

Index Spearman’s Rho P-value N
(»)

MIJO (Gulf centred ) -04, -0.4* <0.05 33,27%
Pacific Warm Pool (Aug-Oct) -0.4 <0.01 60
West Pacific Trade Wind Index i -0.5 <0.01 32
NOI § 0.5 <0.01 58
Indian Monsoon Index (Jun-Aug)?  0.43 <0.01 62
ENSO precipitation index (ESPD)!"”  -0.4 <0.05 29
Atlantic Meridional Mode* -0.4% <0.05*% 57*

*refers to CH-1, T dry season averaged (May-Oct), ¥ wet season averaged (Nov-Apr), N
= sample size.

5.3.2 Low frequency cycles in CAI

Following the methods of Hodges and Elsner!!?, we regressed the upper 95th percentile
of SSN with the Eastern and Western CAI (pre 1970) (p = -0.8, -0.7; p <0.05; n = 9).
The length of this record (n=9) is too short to derive definitive conclusions regarding
the strength of the relationship between CAI and SSN, we therefore employ the use of
cross wavelet analysis to compare the two complete series (n=262) within time-frequency
space and focus only on statistically significant regions (those bounded by black con-
tours). Figure 5.1 presents the results of the cross wavelet analysis of the Western and
Eastern Australian CAI against the August-October Averaged Sun Spot Numbers (SSN)
(Fig 5.1 a and b respectively), southern hemisphere tree ring *C data''® (Fig 5.1 ¢ and d),
and NGRIP Greenland ice core °Be data®® (Fig 5.1 e and f). The graduated colour rep-
resents power (with red regions indicating the strongest relationships). Arrows indicate
the phase behaviour of the two series with right pointing indicating that the relationship
is in-phase, left indicating anti-phase. Grinsted et al®® cautions against converting phase-
angles into time lags as this can be ambiguous i.e. down pointing arrows may suggest
that CAI is leading the climate index by 90°or lagging by 270°(the resulting time lag is

wavelength dependent). We have therefore not made angle/time conversions here.
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Fig 5.1 a shows that significant common power (at the 5% level) is evident throughout
the ~6-14 year band between Western Australian CAI and SSN. Eastern Australian CAI
(Fig 5.1 b) exhibits fewer of these regions, evident between AD1760-1790, 1820-1830,
1840-1860 and again from 1910-1990. The CAl-tree ring 4C cross wavelet spectra (Fig
5.1 ¢) indicates three significant regions of common power in Western Australia within
the ~24-96 yr band between AD700 and 1250 (although at lower power), a longer period
of strong correlation within the 96-192 yr band from AD850-1400, with the strongest
and most robust (given the constant anti-phase behaviour) from AD1100-1700 within the
192-256 year band. Eastern Australian CAI (Fig 5.1 d) and tree ring “C exhibits the same
anti-phase behaviour within the >128 year band from ~AD1300 to ~1800, although this
time period may be longer as this region extends beyond the cone of influence. Other
regions are highlighted in Fig 5.1 d throughout the length of the series within the 32-128
year band excepting a period of quiescence between AD1450-1790 within the 64-128 yr
band. The CAI- °Be cross wavelet spectra are remarkably similar between western Aus-
tralia (Fig 5.1 e) and eastern Australia (Fig 5.1 f). At both sites, the strongest power is
indicated at periods >128 yrs (between AD1600 and 1800) and a small region between
ADI1700 and 1800 within the 40 - 64 yr frequency band. Both sites exhibit the same
phase behaviour within these regions. The Eastern Australian site (Fig 5.1 f) shows more
periods of activity at periods <24 yrs throughout the length of the time series (AD1400 -
2005) than Western Australia which remains relatively quiet at periods <12 yr throughout

the 1600s, 1700s and early 1800s.

5.4 Discussion

5.4.1 High frequency cycles in CAI

Analyses between CAI and known climate indices within the instrumental period (span-
ning the last few decades) indicate associations between predictor variables of both zonal
and meridional nature in tropical cyclone variability (see Fig. 5.2). Both sites are influ-

enced by the preceding dry season Gulf of Carpentaria centred MJO. Increased tropical
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Figure 5.1: Cross Wavelet Transform (Morlet wavelet) of Cape Range CAI (a,c,e) and Chillagoe
CAI (b,d,f) vs Sun Spot Number (August-October ave:raged)zo3 (a,b); Southern Hemisphere Tree
Ring §'4C!'!6 (c,d) and NGRIP Greenland '°Be concentration data?® (e,f). Power spectrum from
blue to red (red contours indicating greater power), black contours indicate regions above the 95%
confidence level (assuming an AR-1 process) and the region subject to edge effects (white shad-
ing). Arrows indicate the phase behaviour of the two series with right pointing indicating that the
relationship is in-phase, left indicating anti-phase. The 5 yearly 6'C data in 5.1d was interpolated
using a cubic spline so as to produce the same time step in the corresponding annual Chillagoe
CAIl data. Given the length of the Western Australian CAI data, no interpolation was used in fig

5.1c. Software provided by Aslak Grinsted (http://noc.ac.uk/using-science/crosswavelet-wavelet-
coherence). 73
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cyclone activity is linked to a stronger MJO and thus enhanced convection in this region.
A weakening of the average wet season 850 mb West Pacific Trade Wind Index during
the wet season is associated with an increase in tropical cyclone activity on the West
Coast of Australia, likely as a result of strengthening northwesterly winds from the Indian
Ocean and southern Asia associated with the monsoon. Subsequently, Western Australian
CAl is positively associated with the previous Jun-Aug Indian Monsoon Index such that a
stronger Indian Monsoon is generally followed by a more active tropical cyclone season
in the West of Australia. Interestingly, CAI in Western Australia is more closely related
to the NOI than the SOI over the same period, probably largely due to the fact that NOI is
a measure of the North Pacific High and the South Pacific High which influences climate
variations in the Southeast Asia and the tropical Indo-Pacific regions®!. In addition, SOI
reflects little about the meridional circulation of the Hadley Cells, whilst the NOI is an in-
dex of meridional and zonal atmospheric patterns though the tropics and extra-tropics!.
Positive NOI are generally associated with La Nifia events thus, the strongly positive
associations between NOI in the three month lead up to the tropical cyclone season (Au-
gust to October) and the Western Australian CAI imply an ENSO connection. This is also
highlighted in the ENSO precipitation index (ESPI)!"” which is negatively correlated with
CAI with high ESPI values associated with El Nifio conditions and a reduction in tropical
cyclone activity on the West Australian Coast. Teleconnections are highlighted between
the Western Australian CAI and the ENSO Precipitation Index in addition to the NOI and
TWI; and significant albeit weak correlations between the Eastern Australian CAI and
the Atlantic Meridional Mode, suggest the influence of larger spatial scale drivers of both

zonal and meridional nature in longer term tropical cyclone variability.

5.4.2 Low frequency cycles in CAI

Hodges, Jagger and Elsner®!'!*1!2 found that between the western and eastern Atlantic
the number of intense tropical cyclones decreases (increases) during periods of higher
(lower) Sun Spot Activity. In regions where sea surface temperatures are higher (and

therefore already conducive to tropical cyclo-genesis) this negative relationship is at-
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tributed to a decrease in the potential energy available for tropical cyclo-genesis (in ac-
cordance with the heat engine theory of tropical cyclones) due to a reduction in the tem-
perature gradient between the warm surface waters and the warmer (relative) air aloft via

61,113,114, 112,197 'the reverse occurs when cooler ocean wa-

heating of the upper atmosphere
ters are the limiting factor (such as in the eastern Atlantic). Similarly, Hung?** cites that
increased absorption of radiation by ozone within the lower stratosphere and upper tropo-
sphere leads to a decrease in the potential energy available for and frequency of tropical
cyclogenisis in the northwest Pacific. Hutton et al'?° found that sun spot extremes rather
than the complete sunspot cycle along with other solar indicators such as Cosmic Ray
Intensity exhibited the greatest correlations with tropical cyclone activity. Therefore, ac-
cording to the heat engine theory described above and given the relatively warm ocean
waters surrounding both the East and West coasts of Australia, tropical cyclone activity
should decrease when SSN is higher (in the extremes). Our findings, while based on a
limited record (9 events), indicate that an increased number of sun spots (within the upper
95th percentile) does appear to coincide with a reduction in tropical cyclone activity in
both locations. Our cross wavelet analysis also highlights a strong connection between
sunspot and tropical cyclone activity, particularly within the Western Australian record
however, Fig. 5.1 shows that the significant commonalities between CAI and SSN are not
phase locked (arrows indicate phase) but appear to alternate between anti-phase (left fac-
ing) and in-phase (right) relationships over relatively short time periods of 20-40 years.

1'20 who state that the variance in At-

This is in contrast to the findings of Hutton et a
lantic tropic cyclone activity remained the same regardless of the sun spot cycle phase.
The common power accompanied by a reversal in phase relationships between significant
periods within the cross wavelet analysis indicates that the connection between the two
series cannot be explained by a simple cause and effect relationship®®. Additional signif-
icance testing indicates a good relationship between CAI in both regions and 20nhz low
pass filtered solar Polar Field measurements!®® over the last 35 years (p = 0.5, -0.7; P

<0.01; n = 35, 28), a measure of sunspot polarity following the Hale Cycle (~25 years)

and subsequent polar reversals. This result is interesting, given the phase reversal be-
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Figure 5.2: Geographical representation of the relationships between instrumental climate indices
and the western Australian and eastern Australian CAIL
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haviour shown in Fig 5.1 (a,b), particularly as sun spot polarity reverses each solar cycle
at sun spot maximum. However, the current Polar Field record is too short (covers only
one reversal) to be able to decipher any definitive relationships between Polarity and the

subsequent (perhaps indirect) effects on tropical cyclone activity.

Should solar forcing be a likely driver in the natural variability of tropical cyclone activity
the relationship must not only be evident within the instrumental records but also persist
throughout the paleo record. Such comparisons have until now not been possible. The
cosmogenic isotopes °Be and '*C are produced in the Earth’s atmosphere via the spalla-
tion of 0 and/or *N by galactic cosmic rays'®. 1°Be recorded in ice cores and tree ring
14C are used as solar activity proxies as galactic cosmic rays are modulated by changes in
the sun’s magnetic field, which is in turn correlated to solar irradiance®°*2%-216_ Correla-
tions between CAI and both solar activity proxies potentially follow the 88 yr Gleif3berg
and 205 yr de Vries Cycles. Unlike the sun spot results, the two sites appear to exhibit
the same phase behaviour within the statistically significant regions within the same peri-
ods. For example, the region of highest power in Fig 5.1c,d lies within the 128-256 year
band (which we assume to be the ~210 year de Vries cycle). In this instance CAI in
both Cape Range and Chillagoe are in-phase with “C. The higher resolution °Be records
(Fig 5.1 e,f) reveal that statistically significant regions within the 40-55yr band (perhaps
responding to the sun’s meridional flow!%”) and 128-yr band (~100yr GleiBberg cycle)
occur at the same time within the two sites during AD1750-1800 (coinciding with the
Maunder Minimum) and AD1600-1800 (coinciding with the Dalton Minimum) respec-
tively. While both sites appear to exhibit the same phase behaviour, CAI at each site
remains in anti-phase with each of the solar proxies for periodicities less than 128yrs and
in-phase at all periodicities greater than 128yrs. This suggests that an increase in solar
activity in all instances (excluding periodicities >128yrs) results in a reduction in tropical

cyclone activity.
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5.5 Conclusion

The shortfall in recent decades of traditional predictor variables SST and SOI in accurately

predicting seasonal tropical cyclone activity'?’

coupled with a lack of understanding of
tropical cyclone activity drivers beyond the scope of the short-term instrumental tropi-
cal cyclone record has highlighted the need for a broader investigation of this variability
over decadal, inter-decadal and centennial scales. Until now, statistical comparisons were
made difficult due to the relatively short instrumental record (<50 years) coupled with
the lack of a quantifiable, annually resolved palaeo-activity index. The advent of the CAI
has enabled the examination of tropical cyclone climatology at higher temporal resolution
than was previously possible. The link between tropical cyclone activity in Western and
Eastern Australia and solar cycles at decadal, and centennial scales is certainly compelling
and deserves further investigation. As the sun-hurricane connection has now been made
within the East and West Atlantic, the South West Pacific and South East Indian Ocean,

perhaps a multi basin approach to tropical cyclone climatology is warranted in the search

for more reliable seasonal predictors and a better understanding of the climatic drivers.

5.6 Author Contributions

Jordahna Haig collected one stalagmite, processed the two stalagmites developed the research question,
analysed the data and wrote the manuscript. Jonathan Nott collected the two stalagmites, provided funding
for the project through the ARC grant and participated in critical discussions on the development of the
manuscript. Gert-Jan Reichart provided access to facilities and advice on the data processing. All authors

discussed the results and commented on the manuscript.
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Chapter 6

Rapid vegetative response to reduced tropical cy-
clone activity and regional climate indices since
1960 recorded in stalagmites in eastern and west-
ern tropical Australia
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Here we provide the first high-resolution record of a vegetation response
to changing global temperature anomalies and tropical cyclone activity in
both C3 and C4 dominated vegetation communities in eastern and western
Australia, spanning the last century. We identify a strong geochemical link
between the ratio of the stable isotopes of Carbon and Oxygen in stalagmites
from two different tropical environments and global climate indices including
the Global Land-Ocean Temperature Index!’®, Atmospheric CO,% , Mean
Annual Global Solar Exposure?; and regional indices including the Indo-
Pacific Warm Pool”°, Inter-Decadal Pacific Oscillation'*®, Pacific Decadal
Oscillation'®?, and the Madden Julian Oscillation'®!. The most significant
perturbation in the stalagmite records coincides with the documented rapid
global climatic shift occurring in the late 1960s®. In all three locations a
strong linear relationship is found between global indices and the calcite
13C/2C: BO/80 (§:6 ratio) (p = -0.5 to 0.7 (Spearman’s Rho), P>0.05, n =
61 to 105). This relationship is inverted between the climatic extremes (C3 vs
C4 dominated environments). Our results indicate that the two environments
(tropical woodland vs semiarid savannah) react dramatically in response to
rising global temperatures and changes in natural disturbance regimes result-
ing from the reduction in tropical cyclone activity in both regions.
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6.1 Introduction

Tropical cyclones have significant effects on the structure and diversity of vegetation com-
munities particularly coastal forests?!3. These effect include changes to canopy openness,
tree fall, defoliation, invasion of exotic species during recovery and changes in forest
microclimates in response to changes in light, temperature and humidity regimes®'*. In
addition to factors such as the radius of maximum winds, maximum sustained wind speed
and proximity to the storm track, large scale ecological damage patterns are influenced by
variations in topographic exposure; and differences in geology, climate, and disturbance
history?. Given the reduction in tropical cyclone activity in recent decades in eastern and
western Australia'® we examine what effects if any, this has had on the two vegetation

communities at each site.

We have demonstrated previously that changes in tropical cyclone activity are recorded
in the §'80 ratio of stalagmite calcite as precipitation composition (rather than cave tem-
perature and rainfall amount or frequency, or both) influences the resulting %0 at these
sites!?. Conversely, the carbonate bedrock; atmospheric and soil CO, (driven by changes
in vegetation type and cover) influence the §'3C of the calcite (expressed as

§13C = [(013CI0™2C) sampie/ (02 C16M2C)y ppp- 1)1x1000 %o). Thus, stalagmites as palaeo-
climate archives provide the means with which to examine changes in these parameters
simultaneously. Given the absence of longitudinal vegetation surveys at the site over the
last 50-100 years, we propose the application of a duel isotope approach to analysing veg-
etation change in response to changes in disturbance regimes from tropical cyclones and
changing climate regimes in the form of a ¢:¢ ratio (similar to that recently employed in

)17,200

tree ring analysis in combination with analysis of changes in the Normalized Dif-

ference Vegetation Index (NDVI) at both sites using remote sensing techniques.
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6.2 Site Locations and Methods

Two tropical sites were chosen which significantly differ both environmentally and ge-
ographically: Chillagoe, Queensland (stalagmite CH-2); Cape Range and Western Aus-
tralia (stalagmite CR-1) (Fig 3.1). The Chillagoe landscape is characterised by vegetation
which utilise the C3 pathway namely dry tropical woodland with patches of deciduous
vine thicket (liana species). While the western coastal plain of Cape Range is dominated

by Spinifex (C4) with Melaleuca and Hibbertia (C3) species also present!%.

CH-2 and CR-1 are regular, symmetrical candle stalagmites exhibiting a very slow (span-
ning thousands of years) reduction in width over time. The stalagmites exhibit annual
couplets of alternating light and dark calcite layers of lenticular shape. The diameters of
the stalagmites are large i.e. 5-11cm (CH-2) and 6-8cm (CR-1). The stalagmites were
sectioned along their growth axes using a water-cooled diamond saw and a 1-2cm thick
section prepared from one half. The remaining half was then archived. The centred faces
of the working sections were polished using fine sandpaper and steel wool in order to
accurately resolve individual growth layers. The samples were then cleaned with UHQ

water in an ultrasonic bath.

The most recent 105 dark calcite layers (corresponding to wet season deposition) were
sub-sampled using a video-controlled Micromill. Trenches (~10mm long, ~60 pm wide)
were milled from the centre of the stalagmite in in most cases extending Smm each side
of the growth axis. These trenches were kept well within half the radius of the sample
in order to avoid collecting material towards the flanks which could be subject to kinetic
disequilibium edge effects. Oxygen and carbon isotope analyses were performed using
a Kiel III carbonate device coupled to a Finnigan MAT 253 IRMS. The calcite samples
were reacted with 3 drops of H3PO, at 70 °C. Replicate analysis of the standard NBS-19
resulted in a standard deviation of 0.04% for 6*3C and 0.06%o for §'80. All measurements

are reported relative to Vienna PeeDee Belemnite (VPDB).
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The climate indices used in this analysis were obtained from the american National Aero-
nautics and Space Administration and National Oceanic and Atmospheric Administration;
and the Australian Bureau of Meteorology. The land Ocean Temperature Index provided
by the Goddard Institute for Space Studies (GISS) is an index of global surface tempera-
ture change calculated using a gridded dataset over both land and ocean weather station

d'92, Pacific Decadeal Oscillation is

sites, de-trended using 1951-1980 as the base perio
an El Nifo like pattern of Pacific climate variability defined as the leading principal com-
ponent of North Pacific monthly sea surface temperature anomalies in the northeast and
tropical Pacific Ocean***. The Madden-Julian Oscillation (MJO), is an eastward propa-
gating wave of instability within the tropics. Average Annual Global Solar Exposure, is
a measure of the amount of solar radiation that reaches the earth’s surface. Lastly, the
Indo-Pacific Warm Pool (PWP), which plays a significant role in driving the zonal Walker
and meridional Hadley circulations in the region. The PWP is a measure of the strength

of the warm pool surrounding the Indonesian Archipelago, a major source of latent heat

for the global atmosphere!?.

The 680 and 6'3C relationship, (referred to in the following text as 4:6) was calculated
using equation 6.1. Tests for monotonic relationships between 9:0 and the climate indices
defined above were performed using classical statistical methods. The value of the test
statistic and significance levels are given within the text. Each series was standardised

prior to statistical analysis using their z-scores.

5.5 L0°C/0C) sampie/ (0°C/6"°Cvppp — 1)] x 1000 _ 6%°C
T [(BO/10) sampre/ (BBO /0y ppp — 1)] x 1000 580

6.1)

6.3 Results

Figure 6.1 plots the stable isotope results over time indicating expected C3 vs C4 ranges
derived from the §'3C results as defined by McDermott et al'’!; with the expected range

for secondary carbonates deposited in equilibrium with C3 respired CO, between -14%o
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Figure 6.1: 63C and 680 profiles of stalagmites a CH-2 and b CR-1. The expected C3 vs.
C4 ranges!”! derived from the 6'3C results. Grey shaded areas indicate the C4 vegetation range.
Black line indicates 6'3C and grey line indicates 6'80.
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to -6%o0 and between -6%o to 2%0 VPDB for C4. For majority of the period 1910-2010,
annual §'3C from CR-1 falls within the C4 vegetation range while the 6'3C results from
CH-2 indicate that the vegetation above the cave has been predominantly C3 since 1905.
The §'3C of CR-1 exhibits the greatest annual variation of all the time series (0% = 6.88)
whilst annual variability in 50 between CR-1 and CH-2 is comparable (o2 = 1.11 and
1.17 respectively). CR-1 exhibits the greatest range in 6*3C (a difference of 10.34%o be-
tween maxima and minima over the length of the time series). The average difference
between 6180 and §'3C values is greatest in CH-2 while the difference between §'80 and
613C values in CR-1 is small prior to 1980, after 1970 §'*0 and §'3C begin to diverge.
This coincides with an abrupt and progressive enrichment in *C and 'O towards the

present day (Kendall’s Taub (7) = 0.73 and 0.44, P<0.01, n =41).

6.3.1 Testing for Kkinetic isotope disequilibrium effects

A Hendy Test for equilibrium deposition!!® was conducted on CH-2 and CR-1 at 18cm
and 16.2cm from the apex respectively. 3-6 subsamples were milled for each test at 1-
8mm intervals along the growth horizon from the centre of the layer to the flanks. The
Hendy test reveals a variation of 0.58%¢ and 0.61%o in §'80 and 0.29%¢ and 0.77%o in
d'3C for CH-2 and CR-1 respectively (fig. 3.4). All stalagmites pass Hendy’s first test for
equilibrium as the variation in 6**0 is less than 0.8%o and neither exhibits significant pro-
gressive enrichment in either §'80 or 6'C. Whilst the variation in §'3C across a layer is
greater than that of 6**0, no sample exhibits a range >0.8%cindicating that neither rapid
degassing nor evaporation (thus kinetic disequilibrium effects) are present during the pre-
cipitation of the calcite and that the calcite has been deposited in isotopic equilibrium with
the cave drip water. Yet each stalagmite presented in this study exhibits moderate to strong
positive covariation between the stable isotopes §'%0 and §'*C (p = 0.4 to 0.7; P<0.01; n
= 105). The relationship between 6'3C and §'80 at the three sites over the last 100 years
is given in Fig 6.2. Each site demonstrates that §'3C has a positive relationship with §'%0,
however the addition of a third dimension "time’ indicates that the degree of offset is not

constant, a result that is not evident simply by examining both isotopes separately. CH-2
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shows a progressive decadal depletion in 9:0 towards the present day. Interestingly, CR-1
shows the opposite effect with a progressive decadal increase in §:0 towards the present

day, whilst in both cases the slope of this relationship appears to remain constant.

6.3.2 Testing for climatic causes of 0:0 patterns

In the absence of anthropogenic site disturbance, it is assumed that the observed multi-
decadal changes in the offset of the regression line have an underlying environmental
cause. Table 6.1 gives p of the standardised ¢:0 from each location with respect to stan-
dardised global and regional climate indices mentioned above and Fig 6.3 presents a com-
parison of the Eastern and Western Australian sites in relation to the global climate in-
dices. All sites have a strong overall correlation with the Land Ocean Temperature Index
and Atmospheric CO,; and the regional Indo-Pacific Warm Pool. Site-specific regional
influences of the Inter-Decadal Pacific Oscillation, Pacific Decadal Oscillation and the
Madden-Julian Oscillation are also evident albeit weaker and in one instance, the Mean
Annual Global Solar Exposure Index correlates at only one site (Cape Range). All indices
are positively correlated with CH-2 and vice versa in CR-1. None of the sites exhibit a
significant relationship with either seasonal or annual rainfall totals or the number of rain
days at the site (p>0.2, P >0.1, n =47 to 103). Yet a reduction in average annual rainfall

of 100mm since the early 1900s is evident in the Cape Range dataset (see Fig. 6.4).

Table 6.1: Relationships between d:6 in CH-2 and CR-1 and Global/Regional Climate Indices. All
series have been standardised prior to statistical analysis.

Sample Index Sample Size (n) (p) P
CH-2 Pacific Decadal Oscillation 100 0.36 <0.001
Inter-Decadal Pacific Oscillation 100 0.54 <0.001
WA-1  Madden Julian Oscillation (140°E Centred) 32 -0.36 0.050
Mean Annual Global Solar Exposure (MJ/m~2) 18 -0.66 <0.010

6.4 Discussion

Mickler et al’s!'” analysis of 165 published stalagmite records globally found 59% of

these exhibited covariation between 6'*0 and §'3C. Sixty-three percent of the tropical
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Figure 6.2: §'3C vs 6180 of stalagmites a) CH-2 and b) CR-1. Colour shading indicates time.
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Figure 6.3: 6:6 (CH-2 and CR-1) versus the a) Land Ocean Temperature Index, b) Atmospheric
CO> and ¢) Indo-Pacific Warm Pool. Grey colour refers to CR-1 and black to CH-2. All series
have been standardised prior to statistical analysis.
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Figure 6.4: Annual rainfall totals for Cape Range (Exmouth Gulf station number 5004) from 1915
to 2008 (a) and Chillagoe (Walkamin Research station number 31108) from 1965 to 2005 (b)
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stalagmites examined (that is those collected within 23°of the equator) exhibited statisti-
cally significant covariation, all of which were positively correlated. Whilst traditionally
thought of as evidence for kinetic disequilibrium effects, a growing body of work sug-
gests that there may also be a climatic control on the covariation of §'¥0 and §'3C80-140
as increasing precipitation ’amount effects’ in monsoonal regions (which typically lead
to more negative carbonate §'*0 values) may also lead to more negative §'3C values
through an increase in soil moisture, greater contribution of biogenic plant respired CO,>®
and/or soil respiration rates'*’. Both stalagmites presented in this study exhibits moderate
to strong positive covariation between the stable isotopes §'80 and 6*3C yet continuous
sampling along the growth horizon indicates limited variation in 6'*0 and 6*3C (<0.8%o)
from the centre of the growth bands towards the flanks and neither exhibits a progressive
enrichment in %0 or §'3C, suggesting the absence of kinetic disequilibrium effects via

rapid degassing and/or evaporation'!”

. A strong mirroring effect between Eastern and
Western Australia is evident in 3 of the 4 global indices common to both sites suggest-
ing that the C3 and C4 communities in question are responding in an opposing fashion
to changes in these climate parameters. In the case of LOTI and Atmospheric CO,, the
slopes of the lines of best fit are very similar, that is, -0.67 (CR-1) and 0.65 (CH-2); and
-0.71 (CH-2) and 0.71 (CR-1) respectively. While the Indo-Pacific Warm Pool is most
closely related to the Chillagoe dataset. A statistically significant shift in §:0 is evident

from around 1960 (7 = 0.57 and -0.67 for CH-2 and CR-1 respectively; P>0.01).

Modern soil §'3C alone, can vary by as much as 9.7%owithin savannas'®®. Soil §3C can
also vary by as much as 3%owith depth before stabilising at depths >50cm**° through
kinetic fractionation during humification and/or the Terrestrial Suess effect (contributing
a difference of 1.5%cover the last 100 years). Given that the soil depth at both sites is shal-
low (much less than 50cm) it is likely that the source of the §'3C is predominantly from
annual variations in soil organic matter content in combination with atmospheric §'3C.
The large 5-10%cdifference in 6'3C over the last 50 years at both sites suggests a change

in the percentage vegetation cover at the sites in response to changes in the climate param-
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eters mentioned above. We propose that the progressive enrichment in §'80 yet depletion
in 6'3C within the C3 community (CH-2, Chillagoe) indicates a greater contribution of
isotopically light biogenic carbon to the soil zone and enhanced root respiration at the
site, eluding to its ability to regenerate given the reduction in wind disturbance noted at
this location'® resulting in an increase in vegetation cover at the site. §'3C progressively
decreases towards the modern day suggesting an increase in soil respiration rates in the
absence of a significant downward trend in precipitation amount and may therefore be a
result of CO, fertilisation which has recently been reported in other areas of Australia™
and/or greater vegetation production above the cave. In contrast, the C4 community (CR-
1, Cape Range) exhibits enrichment in §'C and §'®0. As atmospheric CO, is more en-
riched in '3C than soil CO,, increasing additions of atmospheric CO, to the soil zone may
increase the resulting stalagmite carbonate values®® as a result of a reduction in mean
annual precipitation''® and soil respiration rates; likely due to a reduction in vegetation
coverage. We believe this is at least in part due to a reduction in tropical cyclone activity
at the site given that tropical cyclone rainfall account for 20% of the total annual rainfall,
and the noted ~100mm decrease in precipitation at the site over the last 100 years in Cape

Range.

To test our assumptions regarding the interpretation of the 4:0 function in reference to
vegetation cover we assess the % change in vegetation cover at both sites using remote
sensing techniques. The results of the Normalised Difference Vegetation Index (NDVI)
analysis is given in Fig. 6.5. Near Infrared (NIR) and red bands for successive Landsat
images were converted to radiance values and the NDVI calculated following equation 6.2
and differences calculated using equation 6.3, and converted to percentages. As Landsat
images for the two sites prior to 2000 in Cape Range and 1984 in Chillagoe are not
available we cannot make conclusions regarding vegetation change prior to this period.
However, the results of the NDVI between 1984-2013 in Chillagoe and 2000-2009 in
Cape Range indicate predominantly an increase in vegetation cover in Chillagoe (Fig.

6.5 a) of 2-11% and a reduction in vegetation cover of 4-9% in Cape Range. This is in
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agreement with our interpretation of the 9:0 results, however as remote sensing data is
not available over the whole period in question we are not able to effectively quantify §:
change in relation to % change in vegetation cover but believe this may be possible with

the publication of longer-term Landsat imagery.

NDVI = (NIR — Red)/(NIR + Red) (6.2)

DIFF = NDVI(old) — NDVI(new) (6.3)

6.5 Summary

We conclude that the observed decrease in vegetation cover in the Cape Range site indi-
cated by the analysis of the 0:0 function and NDVI analysis is likely due to a reduction
in annual rainfall at the site, due indirectly to a reduction in tropical cyclone activity over
the last 50 years. The dominance of C4 vegetation at the site, whilst resistant to trop-
ical cyclone disturbance, is likely dependent on the additional 20% of rainfall brought
by tropical cyclone activity annually. In contrast, NDVI analysis of the predominately
C3 community in Chillagoe indicates an increase in vegetation cover. Perhaps due to the
reduction in natural wind disturbance in the region resulting from a reduction in tropical
cyclone activity at the site. This is further highlighted by the close relationship to climate
indices which are demonstrated as having a relationship with tropical cyclone activity in
the region as found in Chapter 5 namely the MJO and Pacific Warm Pool. Additional con-
nections to global climate indices such as the LOTI and Atmospheric CO, indicate that
the two environments (tropical woodland vs semiarid savannah) are reacting in opposing
fashion to rising global temperatures in conjunction with changes in natural disturbance

regimes resulting from the reduction in tropical cyclone activity in both regions.

6.6 Author Contributions

Jordahna Haig processed the three stalagmites, analysed the data, developed the research question and wrote

the manuscript. Jonathan Nott collected the three stalagmites, provided funding for the project through the
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Figure 6.5: Change in the Normalized Difference Vegetation Index (NDVI) (as a percentage)
between a, 2000 and 2009 (Cape Range) and b, 1984 and 2013 (Chillagoe). Yellow - blue regions
indicate an increase in vegetation health while orange and red regions indicate a decrease. Green
region surrounding the cape range coastline is ocean. Winter images (dry-season passes) were
used when calculating the NDVI so as to minimise the effects of wet-season rainfall events on the
calculations (Landsat images courtesy of the U.S. Geological Survey).
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Chapter 7

Summary and Future Directions

The first aim of this thesis was to effectively bridge the gap between the high-temporal
resolution instrumental tropical cyclone record and geological proxy record to generate
one seamless, quantifiable record spanning the last 1.5 millennia. This involved the de-
velopment of a new tropical cyclone index by linking isotope dynamics with the meteo-
rological characteristics of tropical cyclones, testing the effectiveness of this theory and
calibrating the high-resolution, long-term isotope record against the instrumental tropical
cyclone record. The second aim was to examine the tropical cyclone climatology in these
two regions at annual, decadal and centennial scales in an attempt to decipher natural
variability from anthropogenically induced change. The third aim was to take steps to-
wards applying the palaeorecord, by comparing the long term CAI against other climate
indices in an attempt to deduce the drivers of change within the geological record and thus
shortlist potential inputs for long-range tropical cyclone forecast models. Stalagmites are
palaeoclimate archives providing not only information of changes in the composition and
amount of precipitation but other climate variables such as vegetation type and coverage.
The fourth aim was to assess the potential impacts of the reduction in CAI at both sites on
the surrounding environment. The following chapter summarises the results of the thesis
and discusses the practical implications of those results, provides a discussion of the lim-

itations and possible avenues for future work.

The first aim was achieved though the development of CAI, a new technique, which cal-
ibrates the high-resolution, long-term negative 'O excursions in stalagmites against the
instrumental tropical cyclone record within each region. CAI allows for a direct com-
parison between the past and present, and enables an examination of tropical cyclone

climatology at higher temporal resolution and on annual, decadal or millennial scales si-
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multaneously, without the need to interpolate or extrapolate to account for missing data.
This index is based 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 (V,,,,.), their size (R,,,,) and their longevity.
The principles of CAI were tested against measured tropical cyclone rainfall, and the §'80
of the stalagmite calcite detrended using a model for the monsoonal 5'*0 component and
established monsoon record from a non-tropical cyclone prone region. CAI is the aver-
age 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. The second aim
was achieved using trend and wavelet analysis to determine if cyclicity was present in the
records. Trend analysis was used to compare the modern period (i.e. <100 years) against
the complete 1500 year record at each site to decipher anthropogenic effects from natural
variability. The third aim of the thesis was achieved using classical statistical techniques
and cross wavelet analysis to compare the long-term CAI record with other regional and
global climate indices and solar activity proxies to identify any links between these pa-
rameters in time-frequency space. This identified a list of potential drivers of tropical
cyclone activity, whose influence appears to be scale dependent (i.e. decadal - centenial)
and dynamic (i.e. not necessarily consistent throughout time). An investigation of the
impacts on the surrounding vegetation at the sites (the fourth aim) was achieved by the
application of a duel isotope approach thus, investigating changes in §'3C concurrently
with 60 (§ : &) over the most recent 100 years in conjunction with regional and global

climate indices.

7.1 Summary of main findings of the thesis

Although it is clear from the analysis of instrumental records that the west coast of Aus-
tralia is more prone to tropical cyclones than the east coast'% !5 the long term datasets
present here 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.
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Analysis of CAI indicates that tropical cyclone activity has been highly variable over the
past 1,500 yr and wavelet analysis indicates the presence of decadal, inter-decadal and
centennial and inter-centennial scale oscillations at both sites. These results indicate that
tropical cyclone activity in the Australian region has been significantly less in recent years
when compared to the last 550-1,500 yr. In fact, tropical cyclone activity on the west coast
of Australia is at an all time low. This reduction in activity is in-line with the most recent
IPCC findings noting that the latest global climate model runs project a decrease in the
frequency of tropical cyclones towards the end of the twenty-first century in the southwest

195.238 and Australian' regions. Our results, although based

Pacific® %> southern Indian
on a limited record, suggest that this may be occurring much earlier than expected. 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®*6

. The dramatic reductions in activity since the industrial revolution does not
prove an anthropogenic influence on tropical cyclone activity but does suggest that cli-
mate change cannot be ruled out as a causative factor. It is not possible to say whether

this downward trend in activity will be sustained.

Development of the CAI has enabled the examination of tropical cyclone climatology at
higher temporal resolution than was previously possible. Thus the findings outlined in
Chapter 4 lead to the investigation of how these cycles in CAI may be driven by other cli-
mate phenomena such as the NOI, highlighting the influence of meridional atmospheric
patterns in addition to zonal (e.g. SOI), and cross basin teleconnections between CAI
and AMM, ESPI, NOI, TWI and the AMM which have not been previously identified
(with the exception of TWI). This is an important step forward as the traditional in-
dices (Southern Oscillation Index and the Nifio3.4 sea surface temperature index) have
not been performing well as predictors of seasonal tropical cyclone activity within the
Australian region in recent years>>°% '3 this coupled with a lack of understanding of trop-
ical cyclone activity drivers beyond the scope of the short-term instrumental tropical cy-

clone record has highlighted the need for a broader investigation of this variability over
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decadal, inter-decadal and centennial scales as current statistical models cannot decipher

d"3°. The use of the con-

variability which is not present within the instrumental recor
tinuous wavelet transform and cross wavelet analysis to assess the relationships between
CAI record from Chillagoe and Cape Range against Sun Spot Number (August-October
averaged) and longer-term solar proxies from cosmogenic isotope data i.e. southern hemi-
sphere tree ring 6*4C data''® and NGRIP Greenland '°Be concentration data, reveals a
link between tropical cyclone activity in Western and Eastern Australia and solar cycles
at decadal, and centennial scales. As the sun-tropical cyclone connection has now been
made within the East and West Atlantic, and now the South West Pacific and South East
Indian Ocean, perhaps a multi basin approach to tropical cyclone climatology is war-
ranted in the search for more reliable seasonal predictors and a better understanding of
the climatic drivers. Further exploration of the solar forcing connection has highlighted
other, more detailed avenues for investigation: namely the solar polar field connection,

cosmic ray flux relationships and perhaps even a connection to the sun’s meridional flow

(although not discussed in depth in text).

This thesis rounds off our investigation of tropical cyclone activity at the two sites by
examining the impacts of the reduction in CAI noted in both sites on the surrounding
vegetation at the site over the last 100 years (Chapter 6). We conclude that the observed
decrease in vegetation cover in the Cape Range site indicated by the analysis of the §:0
function and NDVT analysis is likely due to a reduction in annual rainfall at the site, due
indirectly to a reduction in tropical cyclone activity over the last 50 years. The dominance
of C4 vegetation at the site, whilst resistant to tropical cyclone disturbance, is likely de-
pendent on the additional 20% of rainfall brought by tropical cyclone activity annually.
In contrast, NDVI analysis of the predominately C3 community in Chillagoe indicates an
increase in vegetation cover. Perhaps due to the reduction in natural disturbance in the
region resulting from a reduction in tropical cyclone activity at the site. This is further
highlighted by the close relationship to climate indices which are demonstrated as having

a relationship with tropical cyclone activity in the region as found in Chapter 5 namely
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the MJO and Pacific Warm Pool. Additional connections to global climate indices such
as the LOTI and Atmospheric CO- indicate that the two environments (tropical woodland
vs semiarid savannah) are reacting in opposing fashion to rising global temperatures in
conjunction with changes in natural disturbance regimes resulting from the reduction in

tropical cyclone activity in both regions.

7.2 Practical Implications of this research

Assessing changes in tropical cyclone activity within the context of anthropogenically
influenced climate change has been limited by the short temporal resolution of the instru-
mental tropical cyclone record'3!:'% (less than 50 years). Furthermore, controversy exists
regarding the robustness of the observational record, especially before 199010%-126:142 The
development of CAI provides the means to examine not only how tropical cyclone activ-
ity has varied as a result of industrialization but also potentially to forecast future trends
in tropical cyclone activity under changing climate conditions, given that it is now pos-
sible to discern natural variability from anthropogenically induced change. CAI could
be a starting point for more sophisticated 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 palacorecords such as stalagmites makes it pos-
sible to examine tropical cyclone activity on multiple temporal scales in conjunction with
other climate indices, which are thought to influence tropical cyclone activity such as El
Nino/Southern Oscillation and as highlighted here, solar activity, and may provide the
means with which to uncover other as yet unknown drivers of tropical cyclone activity.
CAI could be calculated from other stalagmite records and potentially other palacotem-
pest records from other basins when verified against the local instrumental tropical cy-

clone record using a variation of the method presented in this thesis.
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7.3 Main Limitations of this work

Whilst due care was taken to ensure an accurate representation and analysis of the data,
it is important to outline the main limitations of the thesis and the specific limitations of
the results presented in chapter 6, chapter 4 and chapter 5. All stalagmites were actively
growing when collected and exhibit clearly visible laminations of alternating dark to light
calcite corresponding to wet and dry season calcite precipitation. These sites were specif-
ically selected given the distinct wet and dry season rainfall patterns required to produce
such clearly laminated stalagmites and their location within tropical cyclone prone areas.
The chronology of the samples was obtained using traditional layer counting methods as
the samples were clearly laminated, their layer thicknesses corresponded well to precipita-
tion amounts at the site and there were no visible hiatuses. Unfortunately, the chronology
could not be corroborated using conventional methods such as dating via uranium-series
dating techniques or radiocarbon methods. An inherent problem arising from the site re-
quirements stated above (distinct wet and dry seasons) is the resulting precipitation of
"dirty’ calcite during the wet season which usually renders the samples unsuitable for tra-
ditional dating methods due to the presence of excess detrital thorium within the samples.
Dating via uranium-series techniques was however attempted but found to be inconclu-
sive. Identification of the ’Bomb Peak’ circa 1950 via radiocarbon dating was considered
as an alternative, however we concluded that this was impractical given that this would
be too early in the series to validate the chronology given the length of the series (1500
years). Attempts were also made to analyse the copper and lead content of CH-1 via laser
ablation ICP-MS to compare against the opening and closing of the Chillagoe Smelter, yet
these results were inconclusive. Additional, less conventional methods for dating ’dirty’

calcite are discussed in section 7.5 below.

Replication within sites using multiple stalagmites from the same cave would have been
desirable. Replication was attempted within the Chillagoe Cave by subsampling a further
1500 layers from another stalagmite in proximity to CH-1 yet laboratory issues resulted

in these results being discarded due to reliability issues. Further funding and permit re-
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strictions prevented the collection of multiple stalagmites from the other two sites. Given
the need to obtain high-temporal resolution samples at a seasonal scale from multiple lo-
cations spanning the last 1500 years, replication within a single cave whilst desirable, was

also not cost effective and impractical given both time and financial constraints.

7.3.1 Limitations specific to the CAI model

There is room for improvement in the current CAI model particularly in the removal of
monsoonal signal from stalagmite 6'®0. As we currently lack a tropical cyclone exclu-
sive monsoon proxy to de-trend the stalagmite §'80 data, §'30,; beyond the instrumental
record was de-trended from the §'80 data using a spline-interpolated, normalized data
set generated from an established Australian-Indonesian monsoonal proxy record”’. This
record has a resolution of 10 yr and extends from 7 yr BP to 12,000 yr BP, the region ex-
periences a relatively low tropical cyclone frequency (on average, 0.24 tropical cyclones
per year pass within 400 km of the site?”), and the record is comparable with other es-
tablished monsoonal records from the region?”. The model used to derive §'%0,; does
not take into account factors such as the source region, transport and condensation his-
tory 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 §'80
in precipitation from the East or West coast of Australia excepting the model used here

from Liu et al'®',

With respect to the meteorological characteristics of the tropical cyclones within the Bu-
reau of Meteorlogy’s Best Track Database, 225 of the 2,114 observation points within the
combined data sets do not contain wind speed measurements. Given the limited num-
ber of environmental pressure measurements available, V,,,, was estimated using the

Atkinson/Holliday wind-pressure relationship® and missing R,,,, estimates from 1,702
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observations were calculated using Willoughby and Rahn?%. In addition, a revised wind-
pressure relationship noted by Knaff and Zehr!* is optimal however due to the limited
number of records with environmental pressure measurements this conversion/estimation
was not used. Given the lack of long term, high-temporal resolution tropical cyclone rain-
fall 1sotope records in Australia, testing of the CAI model was made against Hurricane
Olivia, (a 1994 eastern North Pacific hurricane). While these tests do indicate that K; is
an effective measure of 'O depletion within a tropical cyclone system, ideally testing K;
against 80 from Australian tropical cyclones would be more appropriate. In addition,
K., : does not, take into account the angle of approach of the tropical cyclone (for exam-
ple, 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). This
could be improved once a database of Australian Tropical cyclone rainfall §'¥0 has been

established.

7.3.2 Current Limitations of the Datasets

While this is currently the longest (1500 years) seasonal-resolution tropical cyclone dataset
available globally, its relatively short length (in geological terms) limits the investigation
of millennial and multimillennial scale oscillations. Due to the edge effects inherent in
wavelet analysis (see chapter 4), investigations of periodicities >256 years is currently not
possible with this record. To examine potential millennial scale climate oscillations the
length of the series would need to be extended over several thousand years. In addition,
the limited length of some of the climate indices such as SSN and Solar Polarity prevent
our ability to quantify these relationships and perhaps limit their inclusion in subsequent

seasonal forecast models until a longer record is established.

7.4 Contribution to the field

Other paleo records of tropical cyclone activity include overwash deposits; wave or flood

deposits (tempestites) in marine or lagoonal sediment cores; and parallel coral shingle,
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shell and/or sand beach ridge sequences. These records can be accurately dated using
radiometric methods (therefore providing a chronology of events) and their intensity de-
termined a number of ways using sand layer thickness, sediment grain size, ridge height
(in the case of beach ridges) and via comparison of recent events of known intensity. The
disadvantage of these records is that they do not record events below a certain threshold
as the swash must be high enough to overtop the frontal dunes, this will be dependent
on the size of the storm surge, the local topography, and angle of approach of the storm.
In Australia, paleorecords of tropical cyclone activity have been recovered from Princess
Charlotte Bay; Fitzroy, Normanby, Curacoa, Wallaby and Lady Elliot islands'®’; Wonga’”
and Cowley Beaches'*’; and Shark'®> and Rockingham Bays’®. Coral shingle and coarse-
grained beach ridges (deposited above the highest astronomical tide) are advantageous
in that they provide evidence of individual events from which the intensity of the event
can be determined empirically (from crest heights) and timing of the event determined
using radiocarbon and OSL methods. Analyses of these Australian records indicate that
larger more intense events occur with recurrence intervals of two to three centuries (as
opposed to once every several millennia as previously thought)!'®”-18°  Our results have
built upon the existing body of knowledge by ’filling the gaps’ between and within these
centuries with a seasonal activity index (CAI). The advantage of our CAI approach is
that it provides high temporal information about the tropical cyclone season as a whole
(rather than individual events above a certain threshold), and covers a large section of the
coastline. Most palaeorecords of tropical cyclone activity are not normally presented in
a way that can be immediately used by climatologists risk assessors or planning agencies
for input into GCMs, seasonal forecast models or in risk analysis except when presented
as recurrence intervals (an estimate of the likelihood of an event of certain magnitude).
The records presented here are quantifiable, allowing for statistical comparisons between
tropical cyclone activity and indices which measure climate variability (e.g CAI vs solar

activity), and is calibrated against instrumental records of tropical cyclones.
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7.5 Future Work

We would like to explore the possibility of using unconventional methods of corrobo-
rating the chronology of these samples. We would like to explore the possibility of ex-
tracting organic material (derived from the soil zone) from the carbonate layers using
either organic geochemical methods (wet chemistry) and/or trapping of the thermally la-
bile macromolecular organic matter using Hydrogen pyrolysis and attempting to date this
material. The extraction/trapping and subsequent dating of the liberated material would
require the development of a new protocol itself. This should be tested using stalag-
mites which have been previously dated successfully using conventional uranium-series
techniques. These extracts could be dated using radiocarbon methods providing we can

recover >0.08mg of organic carbon for the 14C AMS dates.

Future works will endeavour to develop alternative non-tropical cyclone precipitation
palaeoproxies with the aid of trace element analysis, which can then be used to detrend
the monsoon signal from the tropical cyclone signal in-situ. The CAI model (including
the derivation of K,, ;) should be updated once longitudinal studies of 'O in Australian
Tropical cyclone precipitation become available. In addition to testing the same method-
ology in other tropical cyclone prone sites throughout the tropics, an attempt at applying
this methodology to other palaeotempest records such as overwash deposits and poten-
tially tree ring records could also be made. The candidate would like to investigate the
sun-cyclone connection further, particularly teleconnections between the various charac-
teristics of the *Solar Dynamo’ implied in this thesis including sun spot polarity!” and
it’s effects on Cosmic Ray Flux?!?, the suns meridional flow recently presented by Hath-
away and Rightmire'?” and how these parameters effect the timing, location and severity

of tropical cyclogensis on Earth.
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