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Abstract

Long-term high temporal resolution records of tropical cyclone activity are needed to distinguish
natural variability from anthropogenically induced changes in tropical cyclone frequency and/or
intensity. Existing instrumental and palaeocyclone records are either too short or too coarse in
resolution. Stalagmites provide long-term high temporal resolution records which have been proven
useful for tropical cyclone reconstructions due to the sensitivity of the isotopic composition of
stalagmites to changes in precipitation and other local climate phenomena.

In order to reconstruct tropical cyclones in Northeast Queensland, Australia, a stalagmite and a peat
core were analyzed. This study presents two climate records: a 220 year sediment record (1778-
1997) from Quincan Crater (peat core Qui-1) and a 105 year stalagmite record (1901-2005) from
Chillagoe Caves (CH2). Climate reconstructions from these records were compared to instrumental
climate data such as precipitation, temperature, and tropical cyclone activity, in order to test the
suitability of these samples for reconstructing tropical cyclones within the study area.

Temperature reconstructions by branched glycerol dialkyl glycerol tetraether membrane lipid
content in sediment samples show a close match with summer temperatures. Oxygen isotope
measurements on calcite samples from the stalagmite correlate positively with tropical cyclone
frequency. The oxygen isotopes correlate with carbon isotopes, possibly due to a similar
environmental control on both isotopic records. Sea surface temperatures in the Nifio-4 area (5°S-
5°N; 160°E-150°W) and the Southern Oscillation Index show some similarities with oxygen and
carbon isotopes in accordance with previous studies. CH2 and Qui-1 are both long term high
temporal resolution records with a high potential for reconstructing tropical cyclone activity. Further
research is needed to establish relationship between tropical cyclones and the isotopic composition

of CH2, as well as to test if Qui-1 is influenced by tropical cyclone activity.
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Introduction

Tropical cyclone generation is controlled by environmental factors such as sea surface temperature,
surface air pressure , low-level relative vorticity, and deep-tropospheric vertical wind shear (Holland,
1997; Ramsay et al., 2008). It is unlikely for a tropical cyclone to form over an ocean with SST below
26°C, because ocean surface heat serves as the number one energy source for tropical cyclones
(Basher and Zheng, 1995; Holland, 1997; Ramsay et al., 2008). Statistical analyses show a significant
link between tropical cyclones over eastern Australia and several sea surface temperature related
climate oscillations in the South Pacific, such as Interdecadal Pacific Oscillation (IPO), Southern
Oscillation Index (SOI) and consequently El Nifio Southern Oscillation (ENSO) (Allan, 1988; Chan,
1985; Fan and Liu, 2008; Grant and Walsh, 2001; Nicholls, 1979; Ramsay et al., 2008). Anthropogenic
influences on climate have lead to increased sea surface temperatures (Watson, 1996) which could
have significant consequences for tropical cyclone genesis and trends in tropical cyclone frequency

and/or intensity.

Previous studies which have analyzed trends in tropical cyclone frequency and/or intensity do not
give conclusive results about the impact of human activities. Analysis of instrumental records show a
decrease in the number of tropical cyclones since 1960, but an increase in their intensity (Nicholls et
al.,, 1998). However, instrumental records have only become reliable after 1970 due to the lack of
accurate measurement techniques before that time (Landsea et al., 2006; Nicholls et al., 1998). The
records are often slightly improved by the additional use of fairly reliable historical counts (Flay and
Nott, 2007). Records are also subject to artificial effects caused by changing cyclone-monitoring
methods (Landsea et al., 2006). Models used for tropical cyclone analysis are based on the same
limited data and give conflicting results regarding trends in frequency and/or intensity (Emanuel et
al., 2008; Flay and Nott, 2007; Walsh and Ryan, 2000). The available datasets are too limited in time
to analyze long term trends and separate natural from anthropogenic trends. For an accurate
assessment of trends, reliable long-term high temporal resolution palaeotempestological records are

needed.

Previous studies in the field of palaeotempestology have developed methods to create long term
tropical cyclone records. Storm deposits, such as detrital coral and shell ridges, have been used to
reconstruct cyclones of high intensity (Baines and McLean, 1976; Hayne and Chappell, 2001; Nott and
Hayne, 2001; Nott, 2003). Hummocky cross-stratification and overwash deposits have also been used
to reconstruct palaeotempests (Donnelly et al., 2001a; Donnelly et al., 2001b; Donnelly and

Woodruff, 2007; Ito et al., 2001; Liu and Fearn, 2000). The most intense tropical cyclones are most



likely to create clear storm deposits and will erase storm deposits from less intense tropical cyclones.
Therefore the above described methods are all limited in temporal resolution.

This study examines a stalagmite and a peat core from Northeast Queensland and assessed their use
in reconstructing tropical cyclone activity. Stalagmites and sediment cores can provide accurately
dated, high temporal resolution records extending thousands of years into the past. Both contain
multiple climate proxies and may be used for tropical cyclone reconstructions based on the isotopic
composition of the samples. Before an accurate long term record can be created the samples need to

be calibrated with the tropical cyclone database and other instrumental climate records.

Stalagmites are useful for palaeoclimate reconstructions as they incorporate proxies such as isotope
signals, trace elements, luminescence and layer thickness. Stalagmites are formed when
groundwater percolating down reaches an underground cavern. Here calcite is deposited due to CO,
degassing or evaporation (Self and Hill, 2003; White, 2007). When deposition occurs by slow CO,
degassing, isotopic equilibrium is maintained and the isotopic values of the groundwater are
recorded (Hendy, 1971; Spétl et al.,, 2005; White, 2004). During fast CO, degassing and/or
evaporation the deposition reaction occurs too fast to maintain isotopic equilibrium. *°0 and **C are
preferentially lost to the cave atmosphere, leaving the solution and consequently the calcite enriched
in 80 and "C. This fractionation is stronger at the edges of the stalagmite compared to the apex, due
to thinner layers at the edges (Hendy, 1971). Based on this process two criteria are widely used as
the Hendy test to exclude kinetic fractionation: minimal variation in isotopic composition along the
layer (e.g. <0.8%o) and no linear relationship between &0 and 6C (Hendy, 1971; Hendy and
Wilson, 1968). By incorporating 6'30-signals in their seasonally deposited calcite layers, stalagmites

record climate information regarding temperature and precipitation.

Stable isotopes in stalagmites can be used for reconstructing tropical cyclone activity in the study
area. Tropical cyclone precipitation lowers the 60 of lake surface waters and ground water
(Frappier, 2008; Lawrence, 1998; Miller et al., 2006; Nott et al., 2007). Rain falling during a tropical
cyclone is significantly isotopically depleted (in both &0 and 8D) compared to rain falling under
other conditions due to excessive isotopic fractionation (Gedzelman et al., 2003; Gedzelman and
Lawrence, 1982; Lawrence and Gedzelman, 1996; Lawrence et al., 2004; Lawrence et al., 1998). A
case study in Texas, USA, shows a mean 620 value of -2.9%. for summer rains and a value of -9.4%o
for tropical cyclones (Lawrence, 1998). Such a depleted isotope signal has been shown to
incorporated by in fresh water carbonates (Lawrence, 1998), tree rings (Miller et al., 2006) and
stalagmites (Frappier et al., 2007; Nott et al., 2007). This study focuses on the usability of this proxy

on a seasonal scale on a stalagmite from Northeast Australia.



Sediment cores contain climate proxies such as branched glycerol dialkyl glycerol tetraether
membrane lipids (GDGT’s) (Weijers et al., 2007). Branched GDGT's in soil samples have been proven
useful in mean annual air temperature (MAT) reconstructions (Weijers et al., 2007). Depending on
temperature and pH, GDGT-producing soil bacteria appear to change their membrane lipid
composition, adjusting their amount of methyl branches and cyclopentyl moieties (Weijers et al.,
2007). In this study the quality of the sediment core as a palaeoclimate record is tested using this

proxy and instrumental records.

Environmental Setting

Chillagoe Caves

The Chillagoe limestone region lies 130 km inland from the tropical coastal town of Cairns in
Northeast Queensland, Australia (see Figure 1). Highly seasonal rainfall and frequent tropical cyclone
activity (see Figure 2) make this area potentially excellently suited for using stalagmites in Chillagoe
Caves for tropical cyclone reconstructions. Chillagoe has a complex geological history, with many
phases of metamorphosis, magmatic intrusions, volcanism, deposition and erosion. Chillagoe
Limestone Formation is approximately 450 million years old and is composed of reef debris and limey
mud (Plimer, 1997). This limestone is one of the main lithologies that shape the present Chillagoe
region. Cave formation in the Chillagoe limestone most likely began about 300 Ma but occurred
extensively from 60-35 Ma and 24-6 Ma, during warm wet tropical conditions (Plimer, 1997). The
limestone bluffs now consist of rugged limestone towers, with many large and small cavities, with
and without decoration (Lees, 1899). The karstic limestone region of Chillagoe is enclosed by
metamorphic rock in the southwest and granitic rock in the North and East (Lees, 1899; Willmott and

Trezise, 1989).

Quincan Crater

Quincan Crater lies on the volcanic mountain Mt Quincan in the middle of the Atherton Tablelands
close to the small town Yungaburra, Northeast Queensland, Australia. The crater at 17.3 °S 145.58°E
is 800m in diameter and lies on the eastern side of Mt Quincan. In the middle of the crater lies a
swamp 260 m in diameter, 790 m above sea level, with no in- or outflows (Kershaw, 1971). The

crater lies 100 km westward of Chillagoe and is likely to be subject to a comparable tropical climate.
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Figure 1: Location of the sample sites (Chillagoe Caves and Quincan Crater) and station sites (Chillagoe Atherton
Street, Kairi Research Station and Herberton Post Office) in North Queensland, Australia. (BOM, 2010)
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Figure 2: Tracks of Tropical Cyclones passing within 400 km of the Chillagoe Caves, North Queensland, Australia
between 1906-2005 (BOM, 2010)



Material & Methods

Peat Core

Peat core Qui-1 was collected in 2003 from the edge of the swamp present in the Quincan crater
using a CLAYMO manual peat corer. The 90 cm core was sectioned into 1 cm thick slices. The age
model is based on analysis and calibration of Carbon-14 content of 12 samples. These samples came
from 11 depths: 7-8 cm (one leaf sample, one bulk sample), 21-22, 30-31, 40-41, 44-45, 50-51, 60-61,
70-71 and 80-81 cm. The samples were sent to the Poznan Radiocarbon Laboratory, Poznan, Poland,
where they were analyzed using accelerator mass spectrometry (AMS). The samples were calibrated
using two methods: the Calibomb (samples younger than 1950) and the Oxcal program (samples
older than 1950). The Calibomb program returns multiple possible calendar years based on the C-14
content of the samples, taking into account the influence of bomb testing. The Oxcal program gives a

best fit age model based on the C-14 content and depth of the samples.

GDGT Analysis
Continental air temperature was reconstructed using the relative distribution of branched GDGTs

content of the peat samples using the MBT/CBT method (Weijers et al., 2007). The GDGT’s are
arranged in 3 groups of 3, based on the amount of methyl branches (4, 5 or 6) and cyclopentyl
moieties (0, 1 or 2) (see appendix 1) (Sinninghe Damsté et al., 2000; Weijers et al., 2006). Two ratios
have been developed using these groups: the cyclisation ratio of branched tetraethers (CBT) and the

methylation index of branched tetraethers (MBT) (Weijers et al., 2007).

In order to analyse the branched GDGT content the samples from 3-45 cm depth were ovendried at
40 °C for 3-4 days and ground. The ground samples were extracted using an Accelerated Solvent
Extractor (ASE) with a dicholoromethane (DCM) and methanol (MeOH) mixture (9:1 v/v). Solvents
were evaporated using a rotary evaporator and/or a nitrogen stream. Excess water was removed by
sodium sulphate. Of each sample, 10mg was separated into a non-polar and polar fraction by
aluminium oxide column chromatography using hexane and DCM as eluents respectively. The polar
fraction was dissolved with hexane/isopropanol (99:1 v/v) to a 2mg/ml concentration and then

filtered through a 0.4 um PTFE filter.

GDGT content of the samples was analysed wusing a High Performance Liquid
Chromatography/Atmospheric Pressure Chemical lonisation-Mass Spectrometer (HPLC/APCI-MS) on

an Agilent 1100 series machine equipped with automatic injector at the Royal Netherlands Institute



for Sea Research (NIOZ). The concentrations of GDGT isomers (see Appendix 1) were determined
using the HP Chemstation software. Continental air temperature was reconstructed using the

following three formulas (Weijers et al., 2007):

CBT — —log| L0201 +[1034] "
[1022] +[1036]
- [1022 +1020 +1018] o)
[1022 +1020 +1018] + [1036 + 1034 +1032] + [1050 + 1048 + 1046]
MBT = 0.122 + 0.187 *CBT +0.020* MAT (3)

The reconstructed air temperature was compared to temperature data from the weather stations
Herberton White Street (No. 031029) 26.8 km from the core site and Kairi Research Station (No.
031034), 3.8 from the core site (see Figure 1).

Stalagmite

The stalagmite CH2 was collected from a Chillagoe Cave (17.2°S, 144.6°E) in May/June 2006. It was
actively dripping when collected indicating growth at the time of collection. The stalagmite was
sectioned vertically along its growth axis showing an uninterrupted growth history of alternating
ochre and white calcite layers. A 1 cm thick section was prepared from one half, embedded in resin,

polished and cleaned with OHQ water in an ultrasonic bath.

The chronology of the stalagmite is based on seasonal layer deposition and layer thickness. A white
calcite layer is deposited during the dry season and a dark, organic matter rich layer during the wet
season. By counting these layers a reliable chronology is constructed. In addition, layer thickness was
compared to precipitation data from Chillagoe Atherton Street (station no. 030140, 9.9 km away
from the cave (Figure 1)) to identify any lags in the dataset. This method is based on the observation
that a higher amount of rain leads to thicker layers (Betancourt et al., 2002; Brook et al., 1999;
Rasbury and Aharon, 2006). The layer counting and thickness measurements were performed on a

scanned image of the stalagmite at a resolution of 9600 dpi.



Isotope Analysis

The first 1.5 cm of the stalagmite section was sub-sampled at a seasonal resolution using a video-
controlled micromill with 40x optical zoom. To perform the Hendy Test for isotopic equilibrium, 3
samples were collected along a single light calcite layer. Measured along the growth axis, this layer
occurs 18.4 mm from the apex. The samples were collected using a scalpel and brush, which were
cleaned with ethanol between samples. The stalagmite was cleaned using compressed Argon or
Nitrogen gas between samples. The first two layers were not sampled as they were too close to the
edge to sample properly. The sub-sampling corresponds to 210 seasonal layers (105 years) of active

growth covering the instrumental climate record for the Chillagoe region.

Oxygen and carbon isotope analysis was performed on the 210 calcite samples of 35-45 ug using a
Kiel lll carbonate device coupled to a Finnigan MAT 253 IRMS. The calcite samples were reacted with
3 drops of H3PO, at 70 °C. Using the standard NBS-19 with a known isotopic composition of §20: -
2.20%0vPDB and 8"C: 1.95%0vPDB with a standard deviation of 0.04%o for 6"3C and 0.06%. for 5'%0,
the data for each run were normalized. All measurements are reported relative to Vienna PeeDee

Belemnite (vPDB) by using the standard NBS-19 and reference gas.

Wavelet Analysis

Wavelet analysis was performed on the Southern Oscillation Index (SOI), Interdecadal Pacific
Oscillation (IPO), SST of the Nifio-4 area (5°S-5°N; 160°E-150°W), layer thickness, 60 and &%C
record. SOI data were provided by the Australian Bureau of Meteorology (BOM, 2010). The IPO data,
last updated in 2005, were provided by the Hadley Centre, UK. The Global Climate Observing System
provided the sea surface temperatures (GCOS, 2009). The analysis was performed online using a
Morlet Wavelet (Torrence and Compo, 1998). The wavelet analyses were compared to determine if

any similarities in periods are present.

Instrumental Climate Data

Historical climate data shows gaps and is prone to artificial trends. These gaps and trends are caused
by several non-climatic influences on climate data. Nicholls et al (2006) present a general list
consisting of changes in site location, local environment (e.g. urbanization), network distribution,
instrumentation and observing practices. Interpretations of climate databases must always be
handled with care (Nicholls et al., 2006). Table 3 shows an overview of the temporal limitations per
weather station. Due to the fact that no automated weather station has been installed at Chillagoe,

rainfall observations are taken by volunteers. In some exceptional cases when no volunteers were



present, no measurement could be made and the precipitation amount on the next day will be the

sum of two days.

Table 1: Data availability for the Weather Stations in the study area

Weather Station Precipitation | Temperature
Chillagoe Atheron Street 1902-2010 -

Kairi Research Station - 1953-2010
Herberton White Street - 1907-1990

Tropical Cyclone Dataset

The Australian tropical cyclone best-track dataset was revised in 2008 in order to improve its
reliability. Artifical trends are present due to an increased number and more detailed observations
per day and more accurate techniques (Trewin, 2008). Observation techniques have become
increasingly accurate since the introduction of radar data in 1954, prior to this all cyclone reports
were generated from surface observations (Trewin, 2008). The number and accuracy of tropical
cyclone observations increased in 1972 with the development of the Dvorak technique, which uses
satellite images (Kuleshov et al., 2010; Landsea et al., 2006; Trewin, 2008). In 1984, the Dvorak
technique was improved with the introduction of infrared methods. Prior to this, tropical cyclone

central pressure is usually underestimated (Landsea et al., 2006; Trewin, 2008).
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Results

The results from the stalagmite and peat core analyses are described below. For the stalagmite,
these results are the outcome of the Hendy test, a reliable age model and a reconstructed 620
depletion record. An age model and reconstructed mean air temperature have been composed for

the peat core.

Peat Core Age Model

Figure 3 shows the age model based on 12 **C-dates taken from the Quincan Crater Sediment Core
(Qui-1). The model exists of two separate calibration curves which overlap between 40-45 cm depth
indicating a good fit. Both calibration curves correlate well with all the **C-dated samples (R?=0.998).
Two samples at 21.5 and 30.5 cm depth have not been used for the calibration due to the high
uncertainty (£ 156.5 years) associated with these two points. The age model shows a gentle slope at
the top of the core, which increases toward 80 cm depth. This indicates an apparent higher

sedimentation rate in the past, most likely due to compaction.

Mean Air Temperature

Figure 4 shows the mean temperature curve as generated from the GDGT content of the Quincan
Core (Qui-1). The reconstructed temperature curve is stable, with temperatures ranging between
21°C and 28°C. Temperatures remain steady around 27°C between 1778-1904, whilst a general
cooling trend is present between 1925-1994. Significant oscillations in the temperature curve occur
from 1904 to 1925 where temperatures range from 24.8°C to 27.8°C. Exceptions on the general
cooling trend include a short warming trend between 1940-1949, and two warm years in 1965 and

1997.

Stalagmite Age Model

An age model for CH2 has been established based on layer counting. To verify the age model and
identify any lags, measured thickness of 210 seasonal growth layers of the Chillagoe stalagmite (CH2)
(105 dark and 105 light layers) and seasonal instrumental rainfall data (wet and dry season) over the
last 100 years were compared (Figure 5). The layer thickness record corresponds well to the
instrumental rainfall record in that both follow the same general pattern over time. In most cases a
peak in layer thickness corresponds to a peak in precipitation, while approximately half of the peaks
in precipitation have a corresponding peak in layer thickness. A similar relationship is observed
between troughs in the layer thickness record and the precipitation record. All peaks in layer
thickness which correspond to a peak in precipitation are dark layers (60 peaks). Exceptions to this

include 9 peaks in layer thickness which do not correspond to a peak in precipitation, all of which are

11
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light coloured layers. A strong correlation between peaks occurs above a precipitation amount of
1000 mm in which 15 out of 19 precipitation peaks correspond to a peak in layer thickness. The best
match occurs between 1914-1916, 1936-1942, 1947-1960 and 1976-1978, whilst covariance is poor
between 1929-1934, 1960-1967 and 1979-1990. The covariance between these two records indicates
that in most cases a high precipitation amount leads to the deposition of a thick layer. This is in
agreement with previous studies (Betancourt et al., 2002; Brook et al., 1999; Rasbury and Aharon,

2006).

Given the amount of noise present in Figure 5, the rainfall and layer thickness datasets were
smoothed by calculating the 2.5 years floating averages in order to decipher any long-term
periodicities (see Figure 6). These smoothed records still correlate well with respect to general
trends, however oscillations in these curves do not occur simultaneously. The instrumental
precipitation curve still exhibits significant seasonal variability while this detail is lost in the layer
thickness curve, indicating a lesser seasonal influence on the layer thickness. The layer thickness
curve lags 1-3 years behind the precipitation curve. This lag is most prominent between 1940-2007,
particularly between 1948-1952, 1954-1957, 1973-1976 and 1987-1990. These periods also clearly
show the variability of the lag with time. The two records do not match as well between 1902-1940,

where layer thickness increases, while precipitation remains relatively stable.

Figure 7 shows the relationship between layer thickness and corresponding precipitation between
1902-2005. The majority of the layers within CH2 are between 40-60 um thick while 19 % is thicker
than 80 um. These thicker layers correspond, for 50 %, to above average wet season precipitation
amounts (i.e. above 780 mm). Only 5 of these thicker layers are light layers and correspond to dry
season precipitation. Majority of the data points below 80 pum in thickness correspond to
precipitation below 780 mm. However, a number of exceptions occur which may indicate that a
threshold of 400 mm needs to be reached over time in order for these thicker layers to form.
Instances where thick layers correspond to low precipitation amounts occur in the dry season of
1932, 1935, 1960, 1962, 1984 and in the wet season of 1976-1977. Similarly exceptions exist where

thin layers correspond to high precipitation amounts, particularly in 1903, 1950, 1955, 1973, 1975.
Isotope analysis

Hendy Test for Equilibrium

Figure 8 shows the results of the Hendy test of CH2 in a scatter plot of the 60 and &C values of

three samples along a light calcite layer 18.4 mm from the apex. The first sample was taken 3.66 mm

13



2000

8010 e

1600 -

1400

1200

1000 -

800 T i~ 11~ e

Seasonal Rainfall (mm)

600 T I

400 T i il 10

Rainfall

Layer Thickness |

200 T I l'

1900 1920 1940 1960 1980
Year (AD)

2000

r 210

190

170

150

130

Seasonal Layer Thickness (pum)

Figure 5: Comparison between layer thickness of CH2 (dark and light layers) and instrumental seasonal rainfall (wet and dry season) from 1902-2005.

14




1200

180
= Rainfall
= Layer Thickness
+ 160
1000 1 — — — = — - — —— ——
=+ 140
800 f — — = —— ——m t 120

+ 100
T — -} - A A------ l

+ 80

Seasonal Rainfall (mm)

400 -

3
f
|
==
——
-
=L
SSa—
—
| g
—
<
= —
| —
e |
——r |
— |
—— g !
— |
< |
T—— |
|
—t |
—_— I
&——
t
(2]
o
Layer thickness (um)

+ 40
001+ ------—-"-"-—-——-—"-"-"—~---~"-~—~-~-~ -~~~ -~~~ -~~~ AL

+ 20

1900 1920 1940 1960 1980 2000
Year (AD)

Figure 6: Comparison between stalagmite layer thickness (dark and light layers) and instrumental seasonal
rainfall (wet and dry season) from 1902-2005. (Note: 2.5-yr moving average has been applied to both datasets).

200 . ; : : . 2000
180+ i 11800
[&] @
o 1400
140+ & ® .
£ ® 1200
I @ _ E
% 120 0. @ ® £
2 2 1000 =
§ £
2 N £
= goo =
600
i 400
1 200
20 1 1 1 1 1
1900 1920 1940 1960 1980 2000 2020
Year (AD)

Figure 7: 3D scatter plot showing the relationship between precipitation amount and corresponding stalagmite
growth over time.

15



right of the growth axis, while the second and third sample were taken 3.92 and 10.33 mm left of the
growth axis respectively. The layers vary in thickness: 61.25 um at the first sample location and 87
pm and 56.95 um for sample 2 and 3 respectively. The two samples with the thinnest layer thickness
are more depleted in **0 compared to the thicker sample. The maximum difference between the

50 values is 0.584 %o, for §*3C this is 0.293 %o.

The correlation between 60 and 8§"C values from CH2 is shown in Figure 9. A linear trendline of all
the 60 and 6%C data, from 1901-2005, (short dotted line) reveals a positive relationship with an R?
of 0.455. Splitting the dataset into two shorter datasets, 1901-1983 and 1983-2005, leads to strong
positive linear correlations. Strong correlations in 1901-1983 (R® 0.76) and 1983-2005 (R* 0.86)

indicate a covariance of 60 and 6'3C in CH2 which strengthened around 1983.

5'%0 record

Figure 10 shows the &0 depletion curve generated from the most recent 210 seasonal growth
layers of CH2. The 6"0 depletion curve is highly variable, ranging between -1.6%o and -7.5%o. Major
oscillations occur between -4%o and -6%o with a general trend toward more positive values in 2005.
The majority of §®0 minima and maxima correspond to wet season growth, whilst the majority of
dry season values lie in between. The three-year moving average applied to the dataset indicates a
phase change approximately every 10-25 years. More significant negative phases in the isotope
record occur between 1910-1926 (~ -7.5%0) and 1941-1956 (~ -7.2%.) while a more positive phase
occurs between 1977-1982 (™~ -1.6%o). Within these phases, smaller scale oscillations occur with a
periodicity of approximately 1-5 years, the majority of which have a periodicity of 2 years. An abrupt
positive excursion occurs between 1970 and 1981 followed by a return to more negative values
between 1981 and 2005. During this period, the annual variability in 60 increases significantly,

exhibiting an amplitude shift of 1%. - 2%o0 in some cases.

A comparison between the wet and dry season 80 curves (see Figure 11) shows two very similar
records. While both curves generally exhibit the same trends through time, the corresponding wet
and dry season 820 values are not identical. This offset between the two seasons is not constant and
varies between +1%o. and -1%.. More variability in the seasonal offset occurs between 1968-2005,
with extremes of -2.27%. (1982) and +1.5%o (1997). The period of greater variability between 1981-
2005 is due to large annual variations in wet season 6'®0 as noted previously from Figure 9. The

corresponding dry season 80 values appear to be an average of these extremes.

16
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Discussion

Peat core Qui-1 was analyzed for its use in paleoclimate reconstructions. A reliable age model has
been developed for this record. Figure 12a shows the comparison between the reconstructed
temperature curve and instrumental mean maximum annual temperatures measured by two
weather stations in North Queensland (3.8 km and 26.8 km from the study site respectively). Figure
12b shows a similar comparison with instrumental mean maximum summer temperatures. The
instrumental records show similar stable curves with small oscillations. The reconstructed
temperature curve matches well with both instrumental records in terms of the overall trend,
however exhibits a closer match to the summer record with respect to absolute temperature values.
The instrumental summer temperature record and the reconstructed temperature record correlate
reasonably well from 1907-1949. They both show the oscillations noted previously between 1904-
1925, the onset of a cooling trend in 1925 and the small warming trend between 1940-1949.
However, the records deviate after 1949. The instrumental summer temperature record remains
relatively constant between 1949-2010, whilst the reconstructed temperature record shows a

cooling trend.

Air temperatures reconstructed from Qui-1 coincide with the changes in instrumental summer
temperatures, indicating the peat core accurately records the regional climate. These findings are
consistent with other studies (Peterse et al., 2009a; Peterse et al., 2009b; Sinninghe Damsté et al.,
2008). As noted above, the records begin to deviate after 1949, indicating a change in local
environment without a corresponding change in regional climate. This change in proxy usability may
be caused by both natural and anthropogenic influences. Several identified human activities include
damming of the Barron River (1953-1958) to create Lake Tinaroo (10 km North of Mount Quincan)
and the development of the Mareeba-Dimbulah Irrigation Area (1955) (EPA, 2002). Exactly how any
of these activities, if any, would influence usability of the proxy is not known. It is not yet fully
understood what bacteria are responsible for the production of branched GDGT’s nor is their
distribution in the soil or the impact of decay. Nevertheless, the observed deviation indicates the top

17 cm of this peat core may be less useful for reconstructions.

Stalagmite CH2 was analyzed for its ability to accurately record tropical cyclones passing within 450
km of Chillagoe. The comparison between layer thickness and instrumental rainfall data indicated a
1-3 year lag in the age model of CH2; such a lag is also seen in other studies in tropical stalagmites
and appears to be caused by a complex stalagmite feeding system containing many fissures and a

possible water reservoir (Brook et al., 1999; Rasbury and Aharon, 2006). The lag may also be caused
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by a shift in the age model caused by missing layers. An extremely dry year could result in no calcite
being deposited. Analysis of trace elements in CH2 may determine the exact water residence time, as
they are known to be related to precipitation amount, productivity and the groundwater pathway
(Fairchild et al., 2000; Fairchild and Treble, 2009; Treble et al., 2003; Treble et al., 2005b).

As described above the dry and wet season 60 depletion curve are nearly identical. This similarity
indicates the data set possibly shows an annual signal rather than a seasonal signal. This annual
signal could be caused by a combination of sampling limitations and mixing in a water reservoir
between seasons. The combination of this annual signal and the lag in the age model diminishes the

use of CH2 to identify individual tropical cyclones.

Kinetic isotopic fractionation will lead to simultaneous enrichment of 0 and "*C in a stalagmite as
well as more heavy isotope enrichment towards the edges of the stalagmite (Hendy, 1971). With a
maximum difference of 0.584 %o in 6*°0 along a single calcite layer, CH2 passes the first criterion of
the Hendy test (e.g. <0.8%o difference along a single layer) (Hendy, 1971). However, the second
criterion is not met due to covariance of the "0 and 6"*C records (Hendy, 1971). Though the Hendy
Criteria are widely used, an increasing number of studies indicate that §'0 and §"C covariance does
not necessarily imply kinetic fractionation and alternative methods to exclude kinetic fractionation
have been suggested such as replication (Dorale et al., 1998; Dorale et al., 1992; Dorale and Liu,
2009; Genty et al., 2006; Griffiths et al., 2010; McDermott, 2004; Treble et al., 2005a). Moreover, the
Hendy test assumes no climate-driven changes in 8§°C, however many studies have indicated §'C is
often influenced by environmental factors such as precipitation and vegetation type (C3 and C4
plants have distinct different 86"C values). A high amount of precipitation will lead to more
production of the vegetation, taking up more **C from the surrounding soil. This leaves the soil
enriched in *C which is subsequently transferred to the groundwater and eventually incorporated in
the stalagmite. (Denniston et al., 1999; Dorale et al., 1998; Dorale et al., 1992; Frappier et al., 2002;
Genty et al., 2001; Hellstrom et al., 1998; Linge et al., 2001; Verheyden et al., 2008).

Multiple environmental factors have been found to influence 20 in stalagmites. Previous studies
have often linked 6'0 to precipitation amount, where a higher amount of precipitation leads to
more "0 depletion (Fleitmann et al., 2004; Frappier et al., 2007; Hellstrom et al., 1998; McDermott,
2004; Nott et al., 2007; Treble et al., 2005a; Treble et al., 2007; Verheyden et al., 2008). Figure 13a
shows the comparison between the §'0 depletion curve from CH2 and instrumental seasonal
rainfall data from Chillagoe Atherton Street Station The precipitation and 8§20 depletion curve (see
Figure 13a) show no apparent correlation. The seasonal rainfall curve shows mainly seasonal

oscillations, whilst the §'®0 depletion curve mainly shows oscillations with a period of 1-5 years. The
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two curves also differ in amplitude. Large changes in precipitation amount do not correspond to
large changes in §'0 and vice versa. The differences are most obvious between 1910-1926, 1941-
1956 and 1977-1982. The absence of correlation between high amounts of rainfall and low &0
values indicates 830 changes in CH2 can not be explained by amount effect.

Former studies have also linked 60 to temperature changes (Denniston et al., 1999; Dorale et al.,
1998; Dorale et al., 1992; Goede, 1994; Lauritzen and Lundberg, 1999; Linge et al., 2001; Spotl et al.,
2002; Thompson et al., 1976). Figure 13b shows the comparison between the §®0 depletion curve
from CH2 and the mean seasonal maximum temperature record from Herberton White Street
Station. The 60 depletion curve is very different from the seasonal mean maximum temperature.
The long term (10-24 years) variations in the 6'30 depletion curve are not seen in the temperature
curve. On the other hand, the seasonal variations in mean maximum temperature show no
correlation to the 60 depletion curve. If temperature alone would influence the 60 curve, the
range in 620 (-1.6%o to -7.5%o) would indicate a change in temperature from 18 to 5°C respectively.
Neither such a change in temperature nor the absolute values are seen in Figure 13b indicating

temperature is not the driving force for §'30 changes in CH2.

As discussed above, kinetic fractionation, temperature and precipitation amount are excluded as the
main influence on the 60 record. Consequently the only influence on the 60 depletion record is
the isotopic composition of precipitation, which in turn is extensively affected by tropical cyclone
activity. Table 2 shows an overview of all cyclones passing within 450km of the Chillagoe Caves
between 1907-2008 in 50 km increments. In total, 149 tropical cyclones passed within 450 km of the
site. As discussed before, the dataset is most reliable between 1955-2006, therefore we focus mainly
on the tropical cyclone data in this period. Between 1955 -2006, 87 tropical cyclones passed within
the 450 km study area.

Table 2: Overview of the number of tropical cyclones passing within range (0-450 km) from the Chillagoe Caves

from 1907-2008
Year | 0-50 0-100 0-150 0-200 0-250 0-300 0-350 0-400 0-450
1907-2008 5 20 37 55 77 90 110 132 149
1955-2008 3 12 20 31 42 51 64 77 87

In Figure 14, the frequency and category of tropical cyclones passing within 450 km have been
plotted per year. The figure shows a slight increase in the number and strength of tropical cyclones
from 1907 to 2008. Most of the tropical cyclones are a category 1 cyclone (i.e. above 985 hPa central
pressure (see table 3)). The most intense tropical cyclones within this study area are category 4 (i.e.
920-945 hPa central pressure) and occured in 1918, 1991, 2005 and 2006. The highest frequency

within 450 km of Chillagoe is 4 tropical cyclones per year (between 1907-2008), as was the case in
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Figure 13: Comparison between the seasonal 5”0 depletion curve (%o vPDB) and a) instrumental seasonal
rainfall from the closest weather station (Chillagoe Atherton Street) between 1901-2005. b) instrumental
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1911, 1934, 1940, 1976, 1977, 1979 and 1985. In only 2 of these 7 high-frequency years has a tropical
cyclone exceeded category 2. On the other hand, within this study area, category 4 tropical cyclones
only occur in years with 2 cyclones per year or less between 1907-2006. Table 4 shows the total
number of tropical cyclones per category within the study area between 1955-2005 and confirms
that low intensity tropical cyclones occur more frequent than high intensity tropical cyclones.

Table 3: Category of tropical cyclones based on central pressure

Category Central Pressure (hPa)
1 >985

2 970-985

3 945-970

4 920-945

5 <920

Table 4: Total number of tropical cyclones passing within 450 km of the Chillagoe Cave between 1955-2005,

sorted by category
Category | Tropical cyclones
1 56
2 18
3 8
4 3
5 0

A comparison between the wet season 60 depletion curve and the frequency of tropical cyclones
passing within 450 km of Chillagoe between 1955-2005 is shown in Figure 15. The two records show
strong similarity in general trend. Both curves show long-term oscillations, with peaks between 1970-
1987 and 1995-2003. The tropical cyclone frequency record increases first in both cases, followed
shortly after by the 6'®0 depletion curve. When considering the 1-3 year lag noted previously, a good
correlation exists between tropical cyclone frequency within 450 km of the sample site and the §'°0

depletion within the stalagmite.

The value of 620 for precipitation becomes more negative with increasing tropical cyclone intensity
and longevity and from the outer wall towards the eye (Lawrence and Gedzelman, 1996; Lawrence et
al., 1998). The less frequent occurrence and the more negative 6'®0 values of intense cyclones
combined could explain the correlation between &0 and tropical cyclone frequency. A higher
amount of weak tropical cyclones per year will lead to less §'30 depletion compared to a lower
amount of strong tropical cyclones per year. Tropical cyclone frequency only explains part of the 6'%0
fluctuations, other influences may include tropical cyclone central pressure, distance to the cave and
longevity before entering the study area as all of these factors affect the isotopic value of

precipitation (Lawrence and Gedzelman, 1996; Lawrence et al., 1998).
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Relationships between SST, SOI, IPO and the isotopic record are to be expected due to the SST
dependence of tropical cyclone formation and its relationships with SOI (Allan, 1988; Chan, 1985; Fan
and Liu, 2008; Holland, 1997; Nicholls, 1979; Ramsay et al., 2008). The Southern Oscillation Index is
the air pressure difference between Tahiti and Darwin. A negative SOI coincides with an El Nifio year
(ENSO warm phase) and colder SST temperatures around Australia and the Nifio-4 area.

Figure 16 and 17 show the results of wavelet analysis on the 80 and 6'C depletion record, layer
thickness, SST (Nifio-4 area), Southern Oscillation Index (SOI) and Interdecadal Pacific Oscillation
(IPO). Wavelet analysis does not pick up any strong spectra for the 60 record and layer thickness
(16a,c). Nevertheless, the main period for the oxygen isotope record lies between 10-50 years, whilst
for the layer thickness this lies between 17-32 years. For the 6"3C record the spectrum is strongest at
periods ranging between 8-30 years (Figure 16b). For SST this is at periods from 3-17 years (17a), for
SOl at periods from 3-10 years (Figure 17b) and finally for IPO at periods between 40-50 years (17c).

Though previous studies have shown a strong link between SST and tropical cyclones and this study
shows a positive relationship between tropical cyclones and 60, no strong similarities are seen
between SST and §'20. This may be caused by environmental influences on tropical cyclone genesis
other than SST, such as surface air pressure, low-level relative vorticity, and deep-tropospheric
vertical wind shear (Holland, 1997; Ramsay et al., 2008). In previous studies, 8C and SOI have been
seen to covary (Frappier et al., 2002; Frappier et al., 2007). In this study a long-term relationship
appears to be present between &2C, SOI and SST. All three wavelet power spectra show the
presence of an 8 yr period between 1901-1910 and in 2005 and a 10 yr period between 1975-1985.
The wavelet power spectrum of IPO shows similar periods, though less strongly. The short-term
variations may have been lost in the 6"°C record due to the lag and yearly groundwater mixing. It
may also be that §°C is controlled by other environmental factors besides tropical cyclones such as

vegetation type, though covariance with §'%0 indicates differently.

The 60 depletion record of stalagmite CH2 correlates with instrumental tropical cyclone frequency;
in comparison other studies show oxygen isotopes accurately record tropical cyclones in high detail.
580 values of tree rings accurately record tropical cyclones in the southeastern USA. Between 1940-
1990 all negative excursions in 8'30 correspond to instrumental records for hurricane activity as do
most excursions between 1770-1939 (Miller et al., 2006). A monthly 6'20 record from a stalagmite in
Belize shows clear negative excursions corresponding to individual tropical cyclone events between
1977-2000. This has primarily been linked to intensity rather than distance (Frappier et al., 2007). An
annual §'%0 record from a stalagmite in Queensland shows negative excursions in years with tropical

cyclones. The stalagmite records 67% of the tropical cyclones passing within 200
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Compo, 1998)
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km of the cave in the last 100 years. The remaining 33% were either too small or too short-lived to be
recorded (Nott et al., 2007). In comparison, CH2 gives an annual §'0 record with positive correlation
to tropical cyclone frequency between 1955-2005. Though the lag and possible mixing diminish the
use for individual tropical cyclones, trends in tropical cyclone frequency are recorded and CH2 can be

used to determine long term trends in tropical cyclone activity.
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Conclusion

Peat core Qui-1 and stalagmite CH2 show a high potential for tropical cyclone reconstructions. The
peat core accurately recorded environmental summer temperatures from 1907 until 1949, after
which reconstructed MAT shows a cooling trend whilst instrumental temperatures remain stable.
Stable isotopes in CH2 will be useful for trends in tropical cyclones, due to their correlation with
tropical cyclone frequency. However, due to the lag, identification of individual events will be
difficult. Tropical cyclone frequency appears not to be the only factor controlling 0. Covariance
between carbon and oxygen isotopes in the stalagmite indicates both are controlled by comparable
environmental factors such as tropical cyclone activity. Some long-term relationship exists between
SST of Nifio-4 & SOI and the isotopic composition of CH2. To accurately reconstruct tropical cyclones
and compare the two records further research is needed. Hydrogen isotopes from core samples
should be compared to the tropical cyclone dataset and a more accurate relationship should be

established between 60 values from a stalagmite and tropical cyclones.
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Appendix 1:
Chemical structures of the branched glycerol dialkyl glycerol tetraether (GDGT) membrane lipids
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