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Abstract

Australia’s climate is characterised by high intra and inter annual; decadal and longer term
variability of such elements as temperature and rainfall. Various drivers are responsible for
variability at these tempos, for example: the Madden Julian Oscillation, El Nifio Southern
Oscillation (ENSO) and Pacific Decadal Oscillation respectively. Rainfall variability
dramatically impacts on the nation’s economy and efforts to understand it can assist in
drought mitigation and safeguard farming and infrastructure from its associated weather

extrema.

1. A Pearson’s “r” technique incorporating Lanczos filtering to track the
correlation of 24 globally diverse, monthly climate indices with spatially
resolved Australian summer rainfall (December, January and February) for the
11 decades from 1900 — 2008.

2. Relationship was scored (ranked) in terms of four criteria:

a. population variance was assessed as non-biased indicator,
b. interdecadal variance change,
c. the area of significant correlation
d. and the temporal stability of a significant correlation pattern.
3. Finally each index was ranked by its overall score.
The highest scoring index was the BEST index a combination of the Southern Oscillation
Index (SOI) and the Nifio3.4 Index.

A novel aspect of this study is the use of Simple Ocean Data Analysis (SODA) datasets
where necessary to overcome poor availability of ocean climate data prior to the satellite age.
High correlations were from some of the oceanic warm pool (WP) indices that captured the
size/volume of the WP regions adjacent to the Australian continent, either in terms of ocean
heat content, or a Sea Surface Temperature metric. A WP index based on the Pacific Warm
Pool (PWP) region achieved a much higher variance than the Southern Oscillation Index
(SOI) and the Warm Water Volume West (WWV_W) index achieved equal second rank in
score. There are no pre-existent studies that correlate WP indices with Australian decadal

rainfall.

A large variety of climate indices were also correlated against South East Queensland rainfall
where an unexplained reduction in summer rainfall had been observed since 1980. The de

facto El Nifio index, Nifio3.4 and SOI fared worse than they do for other regions of Australia.



A WP index based on the Warm Water Volume East (WWV_E) was by far the highest

scoring index. Derived ENSO indices also scored well.

The thesis expands on the existing literature and a subsequent paper will highlight the
significance of WP indices and further investigations and applications.
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Chapter 1  Introduction

1.1 Motivation for the Study

The inhabitants of the east coast of Australia, particularly in South East Queensland (SEQ),
were left reeling in the wake of a series of extreme rainfall events in the latter months of 2010
and early 2011. This caused extensive flooding and loss of life (Hansard 2011). The episodes
ended a decline in SEQ rainfall since 1980 (Cai et al. 2010) and a ten year period of drought
in some areas, marking the establishment of a major global climate mode known as La Nifia.
It was the biggest such positive rainfall anomaly that had occurred in more than a hundred
years. Yet this rainfall has made little difference on the long term decline. Other regions of
Australia for example SW Western Australia continued to suffer from long term rainfall

deficiencies in a changing climate (Figure 1.1) (BoM 2011; Hope, Timbal & Fawcett 2010).
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Figure 1.1: Australian trend in annual total rainfall (mm10yr™) during 1970 — 2012 (BoM
2013a)

While it is true that until recently Australia has been regarded as a country of “droughts and
flooding rains” (Mackellar 1908) these climate extremes should be viewed in the light of
Australia’s vulnerability to climate change (Palutikof 2010). Such extrema are expected to

get worse (Cleugh et al. 2011). This can often mask the simultaneous effect of reduced water



supply (Connor et al. 2009) and more subtle modes of climate variability (Cai et al. 2011),
hence begging the question; how will Australian society adapt to the challenge of climate
change (Wolter & Timlin 2011)?

It is in the nation’s best interest to predict rainfall and climate as far ahead as possible. This
would be of great benefit to the people of SEQ and Australian society in general. Farmers
would be better able to forward manage their type, variety and mix of crop. Timely
intervention in terms of resource allocation, physical planning and organisational

infrastructure changes would be a great boon to policy makers.

1.2 Towards Longer Range Rainfall Prediction

Australia’s climate varies on many different levels from the intraannual to geological time
scales. Human knowledge becomes less in comparison as the scale increases possibly
implying a limit to climate prediction (Dessai et al. 2009). One of the most important climate
element for Australia is rainfall. A worthwhile goal would be to strive to predict rainfall
variability in Australia out to as far into the future as possible and predictive ability out to the
decadal scale might just become possible in the not too distant future. Advances in human
understanding of climate processes driving decadal climate variability, plus building on
predictive statistical and physical modelling capability and improvements in computer
technology would play a role. Previous attempts at such prediction have met with little
success (Power et al. 2006) and currently for conditions over land are limited to a few years
(Meehl et al. 2014). This work does not seek to provide a methodology for decadal
prediction, but signpost the way forward via review using many climate indices from all over

the world in their correlation with decadal Australian rainfall.

1.3 Brief Historical Background

From 1904, the new director of the Indian Meteorological Office, Sir Gilbert Walker,
initiated research into the causal factors of the Indian Monsoon using empiric, mathematical,
but mainly statistical methods (Walker 1997) and went on to introduced the Southern
Oscillation Index (SOI) (Walker & Bliss 1937) as a measure of the Southern Oscillation
(SO). SOl is the statistical difference of mean sea level pressure between Tahiti and Darwin



and is an indicator of the strength of a global scale equatorial zonal atmospheric and ocean

system referred to as the Walker Circulation.

Stone, Hammer and Marcussen (1996) linked global precipitation to the SOI using a
combination of principal component analysis and a non-parametric statistical technique
known as k-means (iterative partitioning) cluster analysis to turn the SOI into an important
widely used predictor of Australian rainfall first used by (Stone & Auliciems 1992). Here the
SOl enabled future rainfall patterns to be predicted three months ahead both in Australia and
on other continents. This practical and reliable method is is popular with both farmers and

decision makers alike.

A different approach is numerical modelling where mathematics and physics are used to
construct a virtual climate system from which rainfall predictions can be made. For example
the Pacific Ocean Atmosphere Model for Australia (POAMA-2) has recently demonstrated a
full seasonal forecasting ability (Wang et al. 2011).

Regression methods are a third methodology harking back to Walker’s initial work; more
specifically a Pearson’s correlation coefficient test which is more suited to contemporary high
resolution gridded data (Cai, Whetton & Pittock 2001). Cai, Whetton and Pittock (2001) used
the SOI correlated decadally to the most accurate gridded rainfall data (1889 to 1998)
available to them at that time (Nicholls & Lavery 1992).

This current study uses the latter method.

1.4 Rationale of the study

This study does not deal with the way climate indices affect Australian rainfall in a predictive
sense in terms of interannual and intraannual variability, but compares relationships on a
decadal time scale. The Literature review (Chapter 2) shows that previously very few climate
indices have been used in correlation with Australian rainfall. Correlation analysis of rainfall
and for the more familiar climate indices are however quite prolific and this study essentially
used that adopted by (Cai, Whetton & Pittock 2001). In view of the fact that all indices of
climate correlate with each other to a greater or lesser degree (de Viron, O., Dickey, J. O. &
Ghil, M. 2013) two question must be asked:

Why have a wide variety of climate indices not been previously investigated in their

correlation with Australian rainfall?



Are there indices of climate that can outperform those currently in use for the prediction of

Australian precipitation?”

The hypothesis for this thesis is therefore is that of the many extant climate indices
irrespective of their source region some may exist which can outperform indices currently in
use as predictors of Australian and SEQ precipitation, but hitherto have never been used for
this purpose. Climate indices used in this thesis are shown in Table 1.1 giving; their name and
alias if appropriate, their descriptive acronym and a reference to the authorship of their
introductory paper. A very similar table is shown in Chapter 3 but differs in showing the

origin of the data series used for analysis.

Table 1.1: List of climate indices used in this study and their authorship

Climate Index Acronym Author(s)
Acrctic Oscillation Index aka AOI (Baldwin, Cheng & Dunkerton
Northern Annular Mode 1994)
Cold Tongue Index CTI (Mitchell 1999)
Combined Nifio 34 and Southern BEST (Bamston, Chelliah & Goldenberg
Oscillation Index 1997)
El Nifio Modoki Index EMI (Ashok et al. 2007)
Equatorial SOI EQSOI (Kistler et al. 2001)
Five Variable Nifio Index FIVEVAR (Kuleshov et al. 2008)
Indian Ocean Dipole IOD (Saji et al. 1999)
Indo Pacific Warm Pool IPWP (Wang & Mehta 2008)
Inter Decadal Pacific Oscillation IPO (Folland et al. 1999)
Multi-variant Nifio Index MEI (Wolter 2009)
North Atlantic Oscillation NAO (Hurrell 1995)




Northern Oscillation Index NOI (Schwing, Murphree & Green

2002)
Pacific Decadal Oscillation PDO (Mantua et al. 1997)
Pacific Warm Pool PWP (Hoerling 2009)
Quasi Biennial Oscillation QBO (Baldwin, M. P. et al. 2001)

Sea Surface Temperature Anomaly Nifo34 (Bamston, Chelliah & Goldenberg

in Nifio 3.4 region 1997)
Southern Annular Mode SAM (Marshall 2003)
Southern Oscillation Index SOl (Walker & Bliss 1937)
Trans Pacific Nifio Index TNI (Trenberth & Stepaniak 2001)

Tropical Pacific Ocean Empirical TPEOF (Weare, Navato & Newell 1976)

Orthogonal Function

Warm Water Volume WWV (Meinen & McPhaden 2000)
Warm Water Volume East WWV_E "
Warm Water Volume West WWV_W "
Western Hemisphere Warm Pool WHWP (Wang & Enfield 2001)

In this context a preliminary investigation was conducted which led to this more detailed
investigation whose results are shown in Chapter 4. The preliminary study correlated 13
climate indices to rainfall in ten strategically placed Australian towns (Figure 1.2) over a 32
year (1978 — 2010) time period (BoM 2010c). The preliminary analysis showed superficial
agreement with previous work (Baird et al. 2011) as to how different indices perform (Table

1.1).

It is intriguing that the oldest but elegantly, simple index the SOI (Walker & Bliss 1937),

whose apparatus consists of just two barometers and a link so that the pressures might be



compared, is able to outperform some of these other sophisticated modern indices. A
probable reason why the SOI competes so well is because unlike many other indices which
rely on near Equatorial Pacific climate elements the SOI uses as one of its elements the mean

sea level pressure in Darwin (12°24'S 130°52'E) immediate to our location.

Table 1.2 makes an obvious but critical point that different indices do better in different
regions of our continent supporting the work of previous authors (Cai, Whetton & Pittock
2001; Schepen, Wang & Robertson 2011) and that forecasting for a particular region should
use the most appropriate highest correlation index. This study will therefore try to also

identify the better performing indices in terms of SEQ rainfall correlation.

Broome

Figure 1.2: Strategic Australian sites for preliminary study



Table 1.2: Investigation showing statistically significant correlation (# indicates p<0.05) of

13 monthly climate indices to rainfall in ten strategically placed Australian towns (1978 —

2010).
Adelaide| Alice |Brisbane|Broome|Cairns|Darwin|Kalgoorlie{Melbourne|Perth|Sydney
Springs
SOl # # # #
TNI # # #
ONI # # #
EMI # # #
El #
LI # # #
ESPI #
MEI # #
FIVEVAR # # # # #
BEST # # # #
WHWP # # # #
TPEOF # #
EQSOI # #

1.5 Aims of the Study

The aim of this study is to investigate how 24 indices of climate taken from all over the world

compare in their correlation with Australian monthly rainfall for the 11 decades from 1900 to

2008. The end of each decadal period was set as the eighth year to enable results from this

study to be compared with previous work, for example see Cai, Whetton and Pittock (2001).

Initially the whole year period was used but this was later refined to Australian summer,

December, January and February (DJF) when it was realised that different indices could fare




marked differently under the two regimes. This procedure results in a “Road Test” of
differing climate indices and how they compare with Australian rainfall at a decadal
resolution for the summer months. Key to the study is the fact that climate everywhere on the
Earth’s surface is related to climate elsewhere (Walker 1928) so no one index should be

favoured or discarded when being compared to another.



Chapter 2 Literature Review

2.1 Introduction to Climate Indices and Rainfall

Australia is an extremely dry continent (Figure 2.1) where approximately 60% of the land
area has less than 400 mm-yr™ of rainfall. A more detailed decadal rainfall anomaly graphic is

shown later (Figure 4.1).
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Figure 2.1: Australian annual total average annual rainfall (mmyr™) 1900 — 2008 over land
areas (Jones, Wang and Fawcett (2009)

Without discussing the basic climatology of Australia too deeply, details of which are widely
available; for example in Sturman and Tapper (1996), the similarity of the rainfall contours
shown in a map of Australian rainfall between 1900 — 2008 (Figure 2.1) matches quite
closely the Koppen climatic regions of Australia BoM (2005) (Figure 2.2). The summer
months allude to Monsoonal rainfall conditions in the tropical regions and weak rainfall
conditions in the South’s temperate climate. In winter the temperate regions are associated



with enhanced rainfall due to Northward progress of the sub-tropical ridge allowing westerly

storm tracks to impinge on to the mainland (BoM 2010b) .
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Figure 2.2: Australian climatic regions based on the Képpen classification after BoM (2005).

Rainfall in Australia is extremely variable (Nicholls, Drosdowsky & Lavery 1997) and
affected by various climate modes from the intra-annual, for example the Madden Julian
Oscillation (MJO) (Madden & Julian 1972) that provides an underlying 30 — 60 day influence
and up to and beyond the Inter Decadal Pacific Oscillation (IPO) (Folland et al. 1999; Power.
et al. 1999) and can cause variability over a period greater than 30 years. It should be noted
however that nothing stops these climate modes in working interactively with each other
(Risbey et al. 2009). With the exception of intraannual variability these climate modes are

discussed more fully in section 2.9.

With respect to South East Queensland (SEQ) the region itself is sub-tropical; precipitation is
influenced by the position of the sub-tropical ridge in summer that provides a moist onshore
flow. In many summers the presence of the East Coast Trough enhances this rainfall and
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provides steering for La Nifia ex-tropical cyclones that have their genesis in the warm waters
of the Coral Sea SE of New Guinea (BoM 2010b; Klingaman, Woolnough & Syktus
2013).The region is sufficiently south to have significant winter rainfall.

The Southern Oscillation Index (SOI) via extended statistical analysis is a very important
tool, if not the most important one for Australian seasonal climate forecasting (Hammer,
Holzworth & Stone 1996). Many sectors of our society and economy, for example; farming,
policy making/ planning, emergency services, finance and insurance are severely affected by
climate extremes due to variability at the intra and inter annual scale (Nelson et al. 2010).
Such climate extrema might also mask the initial effects of climate change affecting society
at a longer temporal scale. It is therefore self-evident that any increase in the predictive
ability of forecasting to identify the probability of climate extrema and climate trends would
have great benefits for Australian society.

One potential avenue for improvement in forecasting is to investigate how indices other than
the SOI perform as predictors of Australian climate. There have been a great number of
studies of the correlation between individual indices and rainfall, Cai, Whetton and Pittock
(2001) investigated the correlation between the SOI and Australian rainfall between 1899 and
1998. However, only one significant study was found in the literature that has used a
multiplicity of indices for this purpose (Schepen, Wang & Robertson 2011) and then not to

any great scope over a 28 year period.

This literature review is focused on the potential of a diversity of indices of climate that have
not been previously used in Australia and irrespective of their source region. Northern
hemisphere indices as discussed in Section 2.7.2 which independently show a strong
teleconnection to Australian climate (Cai, Whetton & Pittock 2001; Sun et al. 2014). Oceanic
heat content indices, for example the Warm Water Volume (WWV) (Meinen & McPhaden
2000) are also considered. Potential for using thermal energy contained within the near
Australia warm pools are also considered, an example being the Indo Pacific Warm Pool
(IPWP) (Wang & Mehta 2008).

Literatures reflecting how different climate indices, that are driven by or have a
teleconnection with various climate modes, have been used to gain insight into the evolution
of the climate system from the intra-annual to multidecadal scale are therefore discussed in

this chapter. This was done as part of the attempt to identify if there are as yet unidentified
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climate indices which can potentially outperform those currently in use for prediction of

Australian climate.

The review also focusses in on the fact that regions close to Australia which have immense
effects on World climate (Chen et al. 2004), but have not been used for the prediction of
Australian rainfall. The recurrent observation made by many authors for example Tsonis,
Swanson and Kravtsov (2007) that climate does not evolve in a smooth manner but is subject
to aperiodic shifts in regime is discussed. This review also amplifies observations that climate
indices do not have to be geographically adjacent to the area of interest (Cai, Whetton &
Pittock 2001), that different regions are best depicted by different indices (Murphy & Ribbe
2004) and that some regions are devoid of any usable correlation with any index (Schepen,
Wang & Robertson 2011).

Statistical climate prediction methods are not the only methods available. In passing it is
noted that an alternative is numerical modelling, where mathematics is used to construct a
virtual climate system from which rainfall predictions can be made. For example the Pacific
Ocean Atmosphere Model for Australia (POAMA) (Wang et al. 2004) run by the Bureau of
Meteorology (BoM 2010a) in Australia used a virtual Earth divided up into a latitude
longitude grid of 0.7° (=80 km) side with 50 levels in the atmosphere. A complex system of
partial differential equations known as Navier Stokes Equations has to be solved at each grid
point to provide a weather forecast up to ten days ahead. For medium term forecasting such
model scenarios have to be continually updated with observational data of seven atmospheric
variables. In such a complex system without such seeding over time the model predictions
gradually diverge from reality (Lorenz 1963). Such evolution is also affected at the sub grid
level by perhaps meso scale convection and stochastic processes potentially involving huge
amounts of computing power for the solution of the resultant large dynamic systems of
differential equations (Hirsch, Smale & Devaney 2012) unless parametric techniques are
used (Stephens 1984). Progress is however being made and recently a full seasonal
forecasting ability has been demonstrated with the updated POAMA-2 system (Wang et al.
2011) which has become the operational seasonal forecasting tool for the Australian Bureau

of Meteorology.

It should be noted however that models, be they mathematical or statistical are at best an
analogy not a theory, as a model is something like the system but is not the system (Derman
2011).
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Climate indices are ubiquitous, inhabiting all parts of the World and for and all of them have
a correlation with each other (de Viron, O., Dickey, J. O. & Ghil, M. 2013). The inference to
be drawn from this is that all climate indices have a correlation with Australian climate to a
greater or lesser degree. There might well be climate indices as yet unused that give better

correlations with climate in particular regions of Australia than those currently in use.

The structure of this literature review tries to adhere to chronology wherever possible but
with such a diverse subject matter this is not always possible. Inherent in the chronology is
the development and relevant importance of indices of El Nifio Southern Oscillation (ENSO)
for not just Australian but World climate as they underpin the development of climate
prediction methods. The review therefore covers historical development and discussion of

these indices before moving on to indices from further afield.

Climate indices used in this thesis are shown in Table 1.1 giving; their name and alias if
appropriate, their descriptive acronym and a reference to the authorship of their introductory
paper. A very similar table is shown in Chapter 3 but differs in showing the origin of the data
series used for analysis. This literature review uses as its base key drivers of climate; the
Southern Oscillation (SO) and El Nifio Southern Oscillation (ENSO) because historically
they are also the drivers of all the major developments that have occurred in climate

prediction methods.

2.2 Historic Availability of Climate Data

The current plethora of climate data springs from the era of space exploration. Consider that
prior to this era only sparse SST data were available from ship’s logs and more recently by
instruments carried by ships of opportunity (Goni et al. 2010). The famous “Blue Marble”
photograph of the Earth taken from space by the Apollo 17 crew (Przborski 1972) helped
change the situation, inspired a whole generation to care more for our environment and
heralded a paradigm shift from reductionism towards the holistic study of Earth System
Science. In this new enlightened era there was a commensurate increase in remote sensing
applications with an explosion in the availability of accurate data (Sarewitz & Pielke Jr 1999)
with such programs as the Tropical Ocean Global Atmosphere (TOGA, 1985-1994) project
(McPhaden et al. 1998). Even then there were problems because at least 80 years of data were

required to obtain the required degrees of freedom for statistical analysis (McPhaden et al.
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2006) resulting in over fitting concerns (Kug et al. 2010). These articles stress the importance

of the time scale of the data series used.

Running parallel to the increased availability of data better use of previously more sparse data
was achieved in 1995 by the use of Empirical Orthogonal Functions (EOFs) derived by a
mathematical method known as Principal Component Analysis. Such methods enabling the
climate record to be extended back into the past to produce Pacific Ocean SST anomaly data
from 1950 — 1992 (Smith et al. 1996).

EOFs consist of a matrix system of eigenvalues that enable the highest variance data to be
identified (Bjornsson 1997). The Smith et al. (1996) data came from the Comprehensive
Ocean Atmosphere Data Set (COADS) (Woodruff et al. 1987), the UK Met Office Global
Sea Ice and Sea Surface Temperature (GISST) (Parker et al. 1994) and optimally interpreted
data from ships, buoys and satellites (Reynolds & Smith 1994). Initially the Optimum
Interpretation (Ol) method (Gandin 1960) was used to which a least squares smoothing

technique was applied to get an accurate 1982 — 1993 climate analysis.
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Figure 2.3: Hovmoller diagrams showing 1982 — 1993 SST reconstructed anomalies. a) with
b) Ol and c¢) GISST data for between £5° latitude. Contours are at 1°C with an inclusion of +

0.5°C and shading applied to anomaly greater than 2°C (Smith et al. 1996).
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All data values were then converted to anomalies by the removal of their monthly
climatologies. EOF data were then regressed by least squares fit to the other series (Ol and
GISST). Finally a complete SST field was reconstructed from the spatial and temporal

modes. Figure 2.3(a) shows that the reconstructed data are smoother than the (b) GISST
alluding to a greater coherence but the size of the anomaly is bigger in the (c) OIl. Smith et al.
(1996) therefore assert that although the product is a marked improvement on previous
material it cannot make up for lack of satellite data. The Ol for its part is subject to larger
errors as are the GISST data. The reconstructed data therefore is more accurate overall but are

less so in regions of intense sampling.

An extension of the method followed using climate models incorporating those past, sparse
records of “ships of opportunity” SST data from commercial vessels, plus satellite data to
weave them into more reliable long term merged data series some of which reach back as far
as 1856 (Rayner et al. 2003; Reynolds & Smith 1994).

A further improvement ensued with the introduction of a recursive, retrospective method to
obtain a very accurate time series of ocean related variables including SST, salinity and later
ocean heat content from the Simple Ocean Data analysis (SODA) (Carton et al. 2000) based
on a general circulation ocean climate model (GCM). The model uses data contained in the
World Ocean Atlas 1994 (WOA — 94) (Levitus & Boyer 1994) with additional SST data
(Reynolds & Smith 1994), Geosat, ERS-1 and TOPEX/Poseidon between latitudes 62°
North and South to provide a record of ocean variables between 1950 — 1996. Later on this
method was used to extend the ocean data in the period 1871 — 2008 (Giese & Ray 2011).

Starting out with observational data subject to the Ol method Carton et al. (2000) used the
GCM to obtain a first guess of mass and momentum at each junction of the model matrix
whilst statistical errors were computed a priori. Then the observed data were used to calculate
error in the first guess and the effect of model bias so that the SODA algorithm could then
apply continuous error updating to maintain results close to geostrophic equilibrium for the

product.

An exciting recent development is Linear Inverse Modelling (LIM) (Solomon & Newman
2012) based on Principal Oscillation Pattern ( POP) analysis (von Storch et al. 1995), where
disparities in the output of climate models of the Indo Pacific Ocean temperature trends
from the past 111 years (1900 — 2010) can be reconciled. EOFs are used where a linear

(truncated) transform time series at time t is used as an index to see how it evolves at time t +
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T where 7 is the lag period. Checking is then done by sampling the data at a 10 year interval
and computing the resultant variables for the next interval in rather a similar fashion to the
SODA method. Solomon and Newman (2012) have been able to verify that the Had1SST
(Rayner et al. 2003) and KAPLAN SST data series (Kaplan et al. 1998) have negligible

residual errors for the whole period.

An Australian precipitation and temperature record in the form of the Australian Water
Availability Project (AWAP) whose records span between 1900 — 2008 on a 0.25° latitude
longitude grid (Jones, Wang & Fawcett 2009) are applied in this research and described in

section 3.1.

2.3 Brief Description of a Climate Index

A climate index is a diagnostic tool used to describe the state and changes of a climate system
(University Hamburg 2012). Climate indices are most often represented with a time series,
each point in time corresponds to one index value. An index can be constructed to describe
almost any geophysical event, from summer monsoon rainfall in India, to pressure
differences at two locations in the Pacific Ocean, or spatially-averaged sea surface
temperatures (Emanuel 2009). Each index is created for a specific purpose: to monitor some

aspect of climate.

2.4 El Nino Southern Oscillation

The EI Nifio Southern Oscillation (ENSO) is an approximately eight year cycle of alternating
warming and cooling events of the Equatorial Pacific Ocean (Giese & Ray 2011)
accompanied by commensurate atmospheric changes. The oceanic warming and cooling are
termed EI Nifio and La Nifia events respectively whilst the atmospheric change is called the
Southern Oscillation (SO). This coupled atmosphere/ocean phenomenon is the most
dominant year-to-year climate signal on Earth (McPhaden, Zebiak & Glantz 2006) affecting

every region of the globe but is more evident in the Equatorial region.
The Southern Oscillation

“He decided that since he saw no prospect of treating the weather as

a subject to which mathematical reasoning from well-established
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premises could be applied (at the time), he would collect all the
relevant information which had been recorded and treat it statistically

without attempting to trace physical connections between cause and
effect”,
thus said G. L. Taylor (1962) of Sir Gilbert Walker. Taylor (1962) was referring to the

appointment of Sir Gilbert as Director of the Indian Meteorological Office in 1904 and his
research into the causal factors of the Indian Monsoon. Walker’s reasoning was sound
because it took until the late 1930’s for the components of the general circulation of the
atmosphere to be understood (Crutzen & Ramanathan 2000). Walker (1928) found that
climate conditions everywhere were related, how rainfall in Australia was associated both
with the Indian Monsoon and dry conditions in Canada whilst identifying three significant
global scale circulations; the Southern Oscillation (SO), the North Atlantic Oscillation and
the North Pacific Oscillation. Interest in the SO languished for nearly three decades during
which Walker’s work attracted criticism for lacking a physical mechanism to explain its

existence whilst other researchers cast about trying to distil causal linkages Allen (2006).

The thermodynamic and physical nature of the SO were eventually discovered (Bjerknes
1969) and a much simplified diagram of the ocean atmosphere system it represents is shown
in Figure 2.4 where the normal ( ENSO neutral) condition is depicted. Atmospheric
convective activity above the Western Pacific Ocean associated with low surface barometric
pressure leads to divergence at the tropopause where the Westerly component aloft is
constrained by the Equatorial Wave guide effect (Matsuno 1966). At the longitude of the
Eastern Pacific Gyres upper convergence takes place under the influence of the high
barometric surface pressure (Sturman & Tapper 1996). The circulation is then completed by
the Easterly trade winds which entrain and advects cold water from the abyss produced by
Ekman Pumping adjacent to the West coast of the Americas (Thorade 1909). During this
16,000km advection the water is warmed by insolation to contribute to the West Pacific
Warm Pool (WPWP).
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Figure 2.4: Simplified schematic of the Equatorial Pacific Ocean and Walker Circulation
showing convection above the WPWP which is shown in red (PMEL 2008).

By way of a tribute to Sir Gilbert Walker, Bjerknes (1969) referred to the atmospheric part of
system as the Walker Circulation; a term that has entered common usage.

El Nifo and La Nifa

The Walker Circulation via the SO led eventually to the understanding of ENSO and its
components; El Nifio and La Nifia (Bjerknes 1961, 1966, 1969; Wyrtki 1975). Bjerknes
(1961) first associated the SO to the anomalous warming and cooling of the East Pacific
Ocean which occurred on average every 4.5 years (Giese & Ray 2011). He showed that
anomalous sea surface temperature (SST) increase in the central and East Pacific was related
to the destruction of the trade winds a component of the Walker Circulation (Figure 2.5).
This SST variation led to the understanding of the EI Nifio (Christ Child) which occurs near
Christmas time, an ironic colloquialism invented by the poor fishermen of Chile and Peru
who suffer food shortages when their sardine fishing industry collapse (Pontecorvo 2001)
and devastating floods (Wells 1990). In Australia, EI Nifio is often associated with drought,
although this is not always the case as often other causal factors come into play(BoM 2013b;
Risbey et al. 2009).
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Figure 2.5: El Nifio conditions where Walker Circulation has collapsed, convective area
moves east as has the WPWP which has cooled somewhat but adverted heat eastwards
towards the central and E Pacific (PMEL 2008).

La Nifa (The Girl) (Figure 2.6), a more benign regime for the fishermen (Pagés et al. 2001),
is also normally associated with above average rainfall in eastern and northern Australia. It is
difficult to conject which of the two extreme phases La Nifia or El Nifio impacts more
adversely on society for both conditions can impact adversely on society dependent on the
region of the globe considered (Glantz 2000). Though other factors besides La Nifia or El
Nifio also influence drought (Risbey et al. 2009).
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Figure 2.6: La Nifia conditionsshowing enhanced Walker Circulation with vigorous
convection over an anomalously warm WPWP (PMEL 2008).

Southern Oscillation Index

The Southern Oscillation Index (SOI) (Walker & Bliss 1937) followed as a natural
development of the SO concept, being its descriptive index that reflects the state of the
Walker Circulation and trade wind strength. SOI is based on Mean Sea Level Pressure
(MSLP) differenceanomaly between Tahiti (=17°S, 149°W) and Darwin (=12.5°S, 131°E)

which enjoy the same MSLP to give normal conditions (Figure 2.4).

In Australian usage this result is multiplied by 10 to produce the "Troup SOI" (Troup 1965)

which provides a non-decimal output.

With respect to Australia ENSO neutral conditions (SOI = 0) is normally associated with
average rainfall. SOI < 0 can be indicative of what is known as an El Nifio or ENSO warm
event (Rasmusson & Wallace 1983). A converse situation known as a La Nifia or ENSO cold
event (pressure anomalously greater in Tahiti than Darwin and SOI >0) tends to produces
greater than average probability in Australia (Glantz 2000).

Southern Oscillation Index history

It has been widely accepted that there is a robust association between SOI and the Equatorial
Sea Surface Temperature (SST) field (Rasmusson & Carpenter 1982). Wright et al. (1988)

confirmed a correlation between pressure and SST in one of the first works to establish the
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concept of a distinct predictive Equatorial region of SST (Figure 2.7) where regions14 and 15
approximate to regions known as the Nifio’s 1 and 2 regions. Nifio regions are discussed in
Section 2.6.
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Figure 2.7: Regions 7, 14, 15 and 16 represent SST; regions 1, 10, 11, 12 and 13 pressure;
regions 2,3 and 6 zonal wind; regions 4, 5, 8 and 9 rainfall, from Wright et al. (1988).

Wright et al. (1988) used the Comprehensive Ocean-Atmosphere Data Set (COADS)
(Woodruff et al. 1987) a climate record based on data from ships of opportunity to obtain
regression fields across the tropical Indian and Pacific oceans to produce climate indices
based on SST, zonal wind, rainfall and MSLP. A Darwin Pressure Index (DPI) was chosen
rather than the SOI although the SO signature was apparent in COADS. Reflecting the
paucity of data the DPI was compared with non-parametric (ranked) seasonal rainfall data for
the whole tropical Indo-Pacific region to produce correlations maps. The results are
reproduced in Table 2.2 and probably represent one of the earliest examples of a multiple
index study and show quite remarkable correlation of 0.78 between the DPI and rainfall at
Line Island some 3500 km distant from Darwin. With respect to East Pacific Ocean MSLP
measured at 6600 km distance from Darwin the correlation was -0.75 but improved to 0.82
for rainfall at Line Island when a type of index akin to the SOI based on DPI minus the E
Pacific MSLP was used (Wright et al. 1988). The most significant outcome is the correlation
of DPI and central Pacific SST of 0.88 which alludes to the interchangeability of pressure and

SST indices as first asserted in (Berlage 1966) as cited in Rasmusson and Carpenter (1982).

Table 2.1: Correlation matrix of the indices depicted in Figure 2.4 in the Equatorial belt
based on averages from July — November for each of the 30 years 1950 — 1979 and are

arranged from west to east (Wright et al. 1988).
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1 2 3 4 5 & 7 8
Line Island Central Darwin minus

Indian Ocean Darwin West Pacific rainfall Pacific East Pacific E. Equatorial Puerto
zonal wind SLP zonal wind index 88T SLP Pacific Chicama
(110-B0O°E) (L31°E) (160-140°E) (L60°W) {170-160"W) {110=-90°W) SLP 58T

(1 1.00 -84 —.86 —.64 =17 .61 =79 -.61
{2} -84 1.00 B8 T8 §.1 =76 95 80
3 —.86 88 1.00 84 84 —.80 90 B2
(4) —.64 T8 84 1.00 75 -.75 B2 90
(5) -7 88 84 5 1.00 - T8 90 80
(6) 61 =76 —.B0 =75 =78 1.00 -92 — 86
{7) -.79 95 90 52 90 92 1.00 B8
(8) =61 B0 82 90 A0 —86 B8 1.00

It took until 1987 for a robust SOI time series to be obtained (Ropelewski & Jones 1987).
Ropelewski and Jones (1987) utilised new pre 1935 Tahiti data as it had been found that prior
to 1935 the existing Tahiti MSLP time series data were unsuitable for accurate use suffering
as they did from missing values and a datum error of one hPa. Trenberth and Hoar (1996)
cast doubt as to the veracity of the pre 1935 Tahiti data. However, as it was shown that the
correlation of Tahiti to Darwin MSLP anomalies was only -0.19 prior to 1935 but improved
to -0.35 for post 1935 (Trenberth & Hoar 1996). It should be noted however that the SO
underwent a marked amplitude change during the 1920s and 1930s (Wang & Wang 1996).

2.5 Southern Oscillation Index Contemporary Usage

In 1996 SOI pressure relationship was utilised as a predictor for global, but more specifically
to this study, Australian seasonal rainfall (Stone, Hammer & Marcussen 1996). Stone,
Hammer and Marcussen (1996) reasoned that a good predictive model of global rainfall
would lead to better management of world agricultural production. Stone, Hammer and
Marcussen (1996) went on to describe a system based on the phase of the SOI with respect to
ENSO able to predict the lagged probability of rainfall variation from three to six months in
advance. Such a system would minimise risks to farmers in years subject to inadequate
rainfall, so that they might change their planting requirements in advance and maximise

profits for them in years where rainfall amount is suitable for their requirements.
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Figure 2.8: Rainfall forecast probability values for Queensland for September - November
2011 (Stone, Hammer and Marcussen (1996)).

For their data Stone, Hammer and Marcussen (1996) used a 120 year rainfall record and the
Troup SOI. SOI data were subject to Principle Component Analysis (PCA) to provide PCA
scores which were then subject to k-means Cluster Analysis. Cluster Analysis, a non-
parametric procedure that puts things or events into different taxonomic groups, of the data
which enabled five distinct phases of the SOI (Stone & Auliciems 1992) to be categorised:
consistently negative, consistently positive, rapidly increasing, rapidly decreasing and
consistently near zero. The historical Australian monthly rainfall records were then
incorporated into an atlas of these SOI regimes to produce a rainfall probability forecast for
various regions. A typical forecast for Queensland for September — November 2011 is shown

in Figure 2.8.

Applications of the SOI have been used for cereal crop yield prediction (Potgieter, Hammer
& Butler 2002) and risk management for farmers (Stone, Best & Sosenko 2008).

There is no barrier to this method being used for other indices should they prove to have
greater predictive ability than the SOI. SOI has been found to have less fidelity in prediction
of some of the more important ENSO warm events prompting the Climate Prediction Centre
(CPC) at the National Oceanic and Atmospheric Administration (NOAA) to produce the
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Equatorial SOl (EQSOI) based on Eastern Equatorial Pacific and near Indonesia barometric
pressure difference (Kistler et al. 2001). One would imagine that due to the regions
remoteness to Darwin that this index would be less sensitive to Australian precipitation but
this is not necessarily the case as Figure 2.9 shows, where on the whole EQSOI appears to
respond more assertively to wetter than average conditions than does SOI. This is a most
interesting and unusual point extending the predictive reference frame eastwards to 90°E
(almost to the Mascerine High) within the Pacific Warm Pool (PWP).

Equatorial SOI and SOI: Past 20 Years
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Figure 2.9: Comparison of EQSOI and SOI (IR1 2011).
2.6 Development of the ElI Nifio Southern Oscillation

ENSO is recognised as the most important year to year climate fluctuation on Earth
(McPhaden 2004) which possibly explains why there are at least ten actual ENSO indices in

existence based on eight different combinations of the five Nifio regions (Figure 2.10).
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Figure 2.10: The basic Nifio regions (Climate Prediction Centre 2005a)

The Nifio34 Index (Bamston, Chelliah & Goldenberg 1997) is the five month running mean
of SST anomaly in the Nifio3.4 region of +5°N and S latitude and 120 — 170°W longitude
(Figure 2.11) became accepted as the standard ENSO index (Trenberth 1997). For predictive
and definition purposes the National Oceanic and Atmospheric Administration (NOAA) an
arm of the US government may also define this index as a three month running mean known
as the Oceanic Nifio Index (ONI) (Kaplan et al. 1998; Reynolds & Smith 1994). The ONI
defines EI Nifio as five consecutive three month periods of greater than + 0.5° C SST
anomaly and La Nifa as five consecutive three month periods of less than — 0.5°C SST
anomaly. In Australia the Troup SOI is used to define ENSO phases where values greater
than 8 are associated with La Nifia conditions whilst values below -8 are associated with El
Nifio conditions(BoM 2013b).

It was found that climate descriptions based on a single index did not do justice to the
complexity of climate variability over the Equatorial Pacific during the Tropical Ocean
Global Analysis (TOGA) decade (Wallace et al. 1998). Further complications arose with the
so called, May, June and July “spring barrier” (Torrence & Webster 1998) which causes a
lack of forecasting skill for Boreal Summer possibly due to a combination of the ENSO
phase locking to the annual cycle of Pacific SST variability which involves the March-May
movement of tropical convection moving northwest from the WPWP and the Boreal winter
peak of ENSO warm events (Rasmusson & Carpenter 1982) varying interdecadally.

Attempts followed to increase the predictive ability of ENSO indices; A multivariate El
Nifio Index (MEI) followed (Wolter & Timlin 1998) which utilised the six most important

prognostic variables of ENSO in an attempt to most accurately depict EI Nifio; it included the
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first principal components of surface pressure, surface air temperature (SAT), u and v wind,
SST and total cloudiness fraction of the sky. Subsequently the cloudiness fraction has now
been superseded by the use of outgoing long wave radiation (OLR) (Wolter 2009). The MEI

is regarded as a more complete and flexible descriptor of the El Nifio than any single index
(Wolter & Timlin 2011).

MEI was also found to better able reflect Monsoon rainfall in India on an overall basis than
the SOI (Singh 2001) Correlation of the univariate SOI was found to vary substantially over
different parts of the sub-continent whereas the MEI correlation coefficients achieved
consistently higher values. Digressing somewhat it is worth noting that Monsoon prediction
currently uses a multivariate technique using a variety of GCM products (Singh et al. 2012).
Significantly, (Singh 2001) also postulated that different indices of climate might be used for
rainfall correlation in different parts of the country. This example shows how the MEI might
be utilised to successfully predict Indian Monsoon Rainfall (IMR)India (Figure 2.11).

Table 2.2: Grid point variance ratios for La Nifia and EIl Nifio phase for winter Pacific North

Western regional temperatures in the US; after Smith and Sardeshmukh (2000).

Grid point location Index
Best SOl Nifio34 MEI
37.5°N 105°W 1.8 1.33 1.64 154
25°N 65°W 0.58 0.53 0.57 0.55
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Figure 2.11: a) Correlation coefficients between May — June SOI and July Indian South
Western Monsoon anomaly. b) Correlation coefficients between May — June MEI and July

Indian South Western Monsoon anomaly

Irrespective of their ability to track Pacific SST variation a wide variety of ENSO indices
were developed for quite different purposes, for example a bivariate index was introduced in
1998 as a predictor of United States mainland climate (Smith & Sardeshmukh 2000) known
as the BEST index consisting of a combination of the SOI and the Nifio34 index. Smith and
Sardeshmukh (2000) developed the BEST index because it was thought that having both an
atmospheric (MSLP) and an oceanic (SST) component the index would be more robust than a
univariate index that just used either an atmospheric or an oceanic component. The index was
used to investigate the relationship between ENSO and the boreal (DJF) winter-time
temperature of the Pacific Mid-West of the United States (US). The results, some of which
are shown in Table 2.3, shows the variance ratios at two grid points between La Nifia and El
Nifio temperatures were of great interest to the energy and heating industries for energy

demand applications in that region.

The FIVEVAR index was developed to be better able to predict tropical cyclone activity in
the South Pacific and South Indian oceans. (Kuleshov et al. 2008). FIVEVAR is also a
multivariate index consisting of the first principle components of: Darwin Mean Sea Level
Pressure (MSLP), Tahiti MSLP, Nifio3, Nifio3.4 and Nifio4 SST anomalies. Kuleshov et al.
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(2008) were able to show that both FIVEVAR and MEI achieved equal ranking in the
identification of ENSO warm and cold events but assert that FIVEVAR is preferential

because it can consistently be extended further back in time.

As will be discussed later in Section 2.9 FIVEVAR has also been shown to be an excellent

predictor of Australian rainfall (Baird et al. 2011).

All El Nifio events are not the same, sometimes the SST anomaly occurs in the eastern
Pacific and sometimes in both the eastern and central Pacific simultaneously. In 2001 it was
mooted that at least two indices of ENSO were necessary to depict these “two flavours of El
Nino” (Trenberth & Stepaniak 2001) and the Trans Nifio Index (TNI) was introduced. The
TNI uses the SST anomaly for the Nifio 1 and 2 regions compared to the Nifio 4 region
(Figure 2.11). (Trenberth & Stepaniak 2001) expressed an opinion that the TNI was clearly
involved with the low frequency behaviour of ENSO the combined index seeming to point
more readily to Torrence and Webster’s (1998) inter-decadal variation of ENSO with
Monsoon variance. The central Pacific EI Nifio concept was pursued further when it was
realised that effect on precipitation in many parts of the World was different to those of an
ordinary El Nifio event and it was named EIl Nifio Modoki (Ashok et al. 2007) an index based
on the 2" EOF of Sea Surface Temperature Anomaly (SSTA) in the Central Pacific Ocean.
Ashok and Yamagata (2009) also found, as an interesting aside, that this EI Nifio Modoki
Index (EMI) was highly correlated to the TNI (coefficient of 0.8). Effect of EMI on
Australian rainfall as opposed to the more conventional El Nifio was found to delay the
Australian Monsoon so that precipitation peaked a month later (March) in an El Nifio Modoki

(Taschetto et al. 2010) although time of termination was not affected.

A recent innovation is the introduction of hybrid prediction systems for climate. A technique
of comparing statistical climate predictions with both observational and climate model
outcomes has been used (Yang & DelSole 2011). In this work the Nifio3.4 index was
correlated to the National Centre for Environmental Predictions (NCEP) data for the air
temperature at 2m above land and land area precipitation both on a 2.5° grid between 1948
and 2010. These actual data were then in turn compared with the integration of a five climate
model hindcast known as ENSEMBLES (Weisheimer et al. 2009). ENSEMBLES are 1960 —
2005 predictions from the European Centre for Medium-Range Weather Forecasts (ECMWF)
which were integrated with a seven climate model reconstruction known as DEMETER
(Palmer et al. 2004) between 1958 — 2001. Four ensembles were chosen; two from the
ECMWF coupled model (ECM) and two from the Météo Francaise coupled model (MET).
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Yang and DelSole (2011) show that correlation between the Nifio3.4 index and global land
precipitation could be described as robust, moderate, weak or insignificant (Table 2.4) and
only two of the six continents analysed are shown not to have statistically significant
teleconnections; Europe for both variables in DJF and JJA and North America for both
variables in JJA. For the Australian continent it was found that the correlation with
precipitation was robust at the 5% significance level for both models. For the 2m above land
elevation temperature correlation was also robust at the same confidence level with ECM
hindcast, but correlation was only moderate using the MET model. The results of the
correlations Yang and DelSole (2011) found are shown in Figure 2.12 (refer to the key for
details) including canonical correlation, p?, values. Results for the other continent are also

included in Table 2.4 for comparison.
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Figure 2.12: Comparison of statistical forecasting, actual data and climate model output for

Australia; modified from Yang and DelSole ( 2011) (a — c) refers to DJF precipitation whilst
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(d — 1) refers to JAS. Across from left to right with canonical correlation is (a and d)

obsevational results, (b and €) ECM model output and (c and f) MET output.

Not only does the El Nifio Southern Oscillation (ENSO) cause climate anomalies throughout
the World (Kumar et al. 2006) but also affects the health and wellbeing of the World’s

population (Kovats et al. 2003). Kovats et al. (2003) were able to show apart from the

flood/drought impact of ENSO epidemiologically the SOI became a significant index of

cholera and malarial type diseases throughout the World.

Indices of ENSO are not a panacea for accurate climate prediction and other indices can

outperform them (Steinbach et al. 2006). 1 were able to show by the use of cluster analysis

that hitherto unused oceanic climate indices could be defined that outperformed the normal

ENSO climate indices and SOI over certain regions of the globe.

This section reviewed the status quo of our understanding of ENSO, the use of the SOI and

current research activities. Particular focus was on this, since ENSO is the most significant of

the global climate drivers (McPhaden 2004) and has been successfully used in managing

societal activities (Stone, Hammer & Marcussen 1996). In the following section other climate

processes and their indices are reviewed.

Table 2.3: Significance and correlation for six continents constructed from Yang and

DelSole, (2011) for Boreal Winter; DJF and summer; JAS for precipitation and temperature

at 2 m elevation.

Precipitation T2m
Observed ECM MET Observed ECM MET
Continent | Significance DJF JAS Significance DJF JAS
Africa 5% Low Low 5% Moderate Moderate
Asia 5% Mod Low 5% Mod Low
Australia 5% Robust Robust 5% Robust Moderate
Europe insignificant | insignificant | insignificant | insignificant | insignificant | insignificant
S America 5% Low Moderate 5% Robust Low
N America 5% DJF Not stated | insignificant 5% DJF Not stated | insignificant
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2.7 Worldwide Climate Indices

In this section the focus moves out from the ENSO phenomenon; climate indices and other
processes are reviewed that drive climate/rainfall in Australia and other parts of the world.
The indices which monitor these climate processes are discussed including; Northern
Hemisphere, other meridional and latitudinal indices and most importantly indices connected

with the near Australia oceanic Warm Pools (WPs).

de Viron, O., Dickey, J. O. and Ghil, M. (2013) revisits and extends Walker’s (1928)
hypothesis of a completely coupled global climate system, since some of the climate modes
discussed by de Viron, O., Dickey, J. O. and Ghil, M. (2013) were not fully described or
known by Walker (1928). Large scale phenomena for example; ENSO, the Asian Monsoon,
North Atlantic Oscillation (NAO) and MJO being oscillatory in character at greatly different
temporal scales, were shown by de Viron, O., Dickey, J. O. and Ghil, M. (2013) to be inter-
related and can be monitored by a number of climate indices. Some 25 globally diverse
climate indices associated with different climate fields were used and irrespective of location
when any two of these indices were compared they were shown to correlate with each other
at the interannual level. For example, a teleconnection between the NAO and Australian
rainfall might well exist based on the strong coherence between the SOI and mid latitude
northern hemisphere mean sea level pressure variability (Cai, Whetton & Pittock 2001) . The
SOI can be used to predict global rainfall probability values (Stone, Hammer & Marcussen
1996). MJO, a 30 to 60 day tropical, Equatorial variability, apart from its well-known local
effects of modulating Monsoon rainfall variability, controls rainfall in the western, high
northern latitude United States via the “Pineapple Express” (Gottschalck et al. 2010) where it
appears to reposition the jet stream (Weickmann & Sardeshmukh 1994) and modulate mid
latitude pressure fields. Weickmann and Sardeshmukh (1994) also note that MJO forces
global angular momentum affecting day length. Other effects are mostly confined to the
northern hemisphere where it forces a persistent high pressure anomaly in the lee of the
Himalayas and a modulation of the circumpolar vortex. These studies and summaries indicate
that the entirely of global climate and weather is linked. It is logical to assume given the
extensive linkages between the different mechanisms governing Earth’s climate that indices
tracking the changes in these phenomena will correlate. If correlations between these indices
are robust then regardless of the mechanism they represent they might be able to be used to

predict climate and weather at a time and place (Walker 1928). Further research into the
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causality behind these indices is essential for the future development of: models of Earths

weather and climate, and new or improved climate indices.

2.7.1 Meridional Indices

The phases of Quasi Biennial Oscillation (QBO) which is an approximately two year
reversal of the tropical stratospheric zonal wind (Baldwin, M. et al. 2001) and ENSO were
found to coincide (Van Loon & Labitzke 1987). Additionally, the QBO was found to have a
signal in the 11 year solar cycle in boreal winter (Mason & Lindesay 1993; Naito & Hirota
1997; Williams & Stone 2009). It is worth noting that the relationship of decadal climate
variability and the 11 year solar cycle has at times been an intense area of debate as it was
found that the solar cycle effects winds and temperature in the upper stratosphere (Baldwin,
M. et al. 2001). In addition Labitzke (2004) also noted QBOs relationship with SAM which
has an affect on south-eastern NSW rainfall.

2.7.2 Northern Hemisphere and Latitudinal Indices

Mitchell and Wallace (2004) suggested that Australian rainfall might be able to be linked to
an index based on the Arctic Oscillation (AO). This supposition was never confirmed, but
Cattiaux and Cassou (2013) however did find that in addition to a relationship between AO
and Arctic Ocean sea ice fluctuation that there was a completely unexpected strong
teleconnection between warming of the West Pacific Warm Pool (WPWP) region and AO in
Austral summer. Cai, Whetton and Pittock (2001) noted that ENSO exerts a strong effect on
mid to high latitude atmospheric circulation in the Northern Hemisphere. Lau (1997) showed
that as well as the tropical effect of ENSO that there is also an extra-tropical driver, also that
ENSO related SST anomalies in the tropical Pacific are well correlated with changes
elsewhere in the world’s oceans. It was found that the effects of the NAO were statistically
indistinguishable from that of the AOI (Feldstein & Franzke 2006) and Sun et al. (2014)
found a decadal scale teleconnection whereby the NAO led eastern Australian rainfall by 15

years.

The Northern Oscillation Index (NOI) (Schwing, Murphree & Green 2002) based on the
MSLP difference between the North Pacific High (=35 — 45°N, 150°W) and Darwin
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represents climate extremes that are not well represented by the tropical SOI and undergoes
an approximate 14 year cycle. NOI represents the climatic forcing in the North East Pacific

Ocean.

2.7.3 The Warm Pools

With respect to the near Australia oceanic Warm Pools (WPs) I will now discuss some that
have been demonstrated to have relationship with temperature and rainfall elsewhere, but
have not been used for Australia to date.

PWP

Figure 2.13: Relationship of near oceanic warm pool regions to Australia. In black the WWV
region consisting of WWV_West (£5° latitude, 120°E — 155°W longitude) and WWV_E (£5°
latitude, 155°W — 80°W longitude); as defined by McPhaden (2003) and TAO Project Office,
NOAA/PMEL. In ochre the Pacific Warm Pool (PWP) region (x15° latitude, 60°E — 170°E
longitude) as defined by Hoerling (2009). In blue the Indo Pacific Warm Pool (IPWP) (x20°
latitude, 90°E — 180°E longitude) as defined by Wang and Mehta (2008). The Western
Hemisphere Warm Pool (WHWP) (Wang & Enfield 2001) (7° — 27°N latitude, 110°W —
50°W longitude) a more remote warm poll is also included.
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These indices will be subsequently applied to the Australia Climate data. The strongest
source areas for continental precipitation are located adjacent to the continents in question
(van der Ent & Savenije 2013). van der Ent and Savenije (2013) found that in Australia, both
local SST and the Nifio 3.4 region appear to have a big influence on precipitation. They also
noted that ENSO related SST variations also played a role. The effect of the local ocean on
Australian climate was noted by (Taschetto et al. 2011). For correlation to precipitation; in
addition to purely oceanic properties atmospheric oceanic coupling also plays a role (Kumar,
Chen & Wang 2013). Kumar, Chen and Wang (2013) found that in some regions where
atmospheric phenomena drive the oceanic coupling strongly the SST correlation with
precipitation became weaker tending towards being weakly negative. On the other hand, with
a slowly changing oceanic driver, correlation was more reliable being robustly positive an
indication of the primary role of SST. Li, Yu and Li (2013) showed that increased SST in the
tropical west Pacific accounts for 50% of the rainfall increase in North Australia over the past
33 years. The work done by these authors' points to an examination of correlations between
indices from regions near to Australian rainfall, examples of these regions are shown in
Figure 2.13. It must be stated that a contra view does exist however that in general regional
SST has only a weak relationship with Australian rainfall (Watterson 2001, 2010).

WHWP furthest away of the WPs, laying on the most Eastern fringe of the Nifio regions and
in terms of surface area (though variable) is the second largest oceanic warm pool on Earth
(Wang & Enfield 2001). Contained within the WHWP is a region of global density driven
circulation that experiences very large freshwater fluxes into the atmosphere (Rahmstorf
2006). WHWP undergoes the largest annual cycle and interannual departures in area and
intensity and causes large fluctuations in the Hadley and Walker Circulation hence effecting
global climate (Wang & Enfield 2001). Wang and Enfield (2001) also state that WHWP
variation is associated with large changes in; tropospheric heat, moisture and stability over
the Tropical Americas, perhaps driven by feedback from Outgoing Longwave Radiation
(OLR) and variation in cloud cover. Unlike the West Pacific Warm Pool (WPWP) (Cravatte
et al. 2009) it is not associated with large zonal flux changes or Kelvin Wave propagation and
is entirely N of the Equator. Having stated this, Figure 2.14 shows that there is a similarity
between the SST anomalies of the WHWP time series and that of the Nifio3 region.
Extending from the Eastern North Pacific to the Gulf of Mexico and the Caribbean the
WHWP is characterised by SST greater than 28.5° C (Wang & Enfield 2001) and despite the

incursion of the tropical American mainland responds as a monolithic whole. There is a
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marked correlation of the WHWP and precipitation from Northern South America to the
Southern US. An index based on the WHWP could potentially be used for rainfall prediction
in the Eastern Pacific and Atlantic. If such potential is realised it could lead to improvements
in both seasonal climate forecasting and hurricane forecasting in both the Pacific and Atlantic
regions of the Americas. This is beyond the scope of this thesis but could be an very

important area of future research.
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Figure 2.14: Comparison of: b) above, the WHWP SST anomaly and d) below, the Nifio3
anomaly (from Wang & Enfield (2001)).

WHWP has the potential to perform quite well as a predictor of Australian rainfall when the
WHWP intensity index (WHWPII) is used (this current study, using the WHWP area index

as described in Section 3.1.2). The WHWPII is defined as the average SST over the region:

7°N — 27°N latitude and 50°W — 110°W longitude (Wang & Enfield 2003).

Drosdowsky and Chambers (2001) used sea surface temperature anomaly (SSTA) patterns
over the Indian and Pacific Oceans to forecast lagged rainfall anomalies in Australia. The
region and methodology more nearly mimics that for the Tropical Empirical Orthogonal
Function (TPEOF) a concept which follows on from much earlier work (Weare, Navato &
Newell 1976); here the region of interest was from £30°N and S by 120°E to 60°W and uses
the first principle component of SST anomaly enabling 40% of its variance to be explained
(Hoerling, Kumar & Xu 2001). The thrust of this research was to gauge the robustness of the
climate system response to ENSO extreme phases. With respect to North American winter
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climate; strong correlation between the TPEOF and rainfall was apparent but there was lesser
correlation with temperature. The geopotential height of the 500 hPa level was also found to
be predictable for warm and cold phases of ENSO alluding to a weather forecasting potential
(Hoerling, Kumar & Xu 2001).

The Pacific Warm Pool (PWP) (Figure 2.13) has a coincident Rain Pool (RP). PWP and RP
are portrayed as being situated at the heart of the global climate system and described as its
ventricle and atrium respectively (Chen et al. 2004). A PWP index is available from the
NOAA climate indices web page (ERSL 2011) (Hoerling 2009) using the first EOF of SST
from £15°N and S and 60 — 170°E .

The Indo Pacific Warm Pool (IPWP; Figure 2.13) encompasses the oceans of tropical
Australasia (De Deckker, Tapper & Van Der Kaars 2003). IPWP contains some of the
warmest water on Earth stretching from £20°N and S and 90 — 180°E, it includes all water
above the temperature of 28°C (Yan et al. 1992), the threshold for atmospheric deep
convection. The IPWP can vary in extent by: 25%, 22% and 11% at the; seasonal, interannual
and decadal time scale respectively. Energy contained within the IPWP drives significant
atmospheric ocean variability; the Madden Julian Oscillation (MJO), ENSO and the Asian
Monsoon at interannual, annual and importantly interdecadal scales (Wang & Mehta 2008).
Increase in SST in the IPWP is shown to actually cool the planet thorough an intensely
complicated causal linkage that has its origins in increasing the depth of deep atmospheric
convection (Fu 2013; Garfinkel et al. 2013). The IPWP index is based on satellite derived
data which first became available circa 1983 is the area contained within the 28.5°C isotherm
and used for American climate prediction (Wang & Mehta 2008) where it was attributed with
forcing rainfall anomalies from Florida, through Texas, Arizona and the West Coast in Boreal
winter. In Boreal summer these anomalies were maintained in the Midwest and Southeast.
Another study shows how the IPWP affected the East Asian Monsoon over the last two
millennia (Tierney et al. 2010). The IPWP straddles Australia and this index should attract a
high priority for use in prediction of Australian climate. A word of caution is appropriate
because there is a tendency to confuse between the PWP and the IPWP. In view of the
potential importance of the IPWP for Australian rainfall prediction a IPWP index from 1900
— 2008 is constructed for this study using Simplified Ocean Data Assimilation analysis
technique (SODA) (Carton & Giese 2008).

As discussed in Section 2.9 an ocean heat content index bearing a relationship to Warm
Water Volume (WWYV, Figure 2.13) using the Central Pacific 20°C isotherm anomaly was
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tentatively used for Australian rainfall prediction, but not pursued in any great detail, as the
record extended from only 1980 onwards (Schepen, Wang & Robertson 2011). However
WWYV has been successfully used as an indicator of Indian Summer Monsoon Rainfall
(ISMR) activity onset (Rajeevan & McPhaden 2004) where it compared favourably to the

Nifio3 index.

WWV is the volume of warm water contained between the ocean surface and the 20°C
isotherm used as a proxy for the thermocline between £5°N and S latitude and 120°E and
80°W longitudes. Rajeevan and McPhaden (2004) used a 1980 — 2004 time series of this
data augmented by SODA (Carton et al. 2000) to extend the time series further back in time
to 1950. The results using WWYV data were a dramatic improvement compared to the Nifio3

index with respect to correlation with ISMR activity (Figures: 2.15 — 2.16).

Figure 2.16 shows that the WWYV predicts ISMR onset at a greater correlation and lead
(>99% level and five months) than does the Nifio3 index (<95% and five months) (Figure
2.15) whose results are too weak to be used in forecast models. As an indicator WWYV might
show great promise for rainfall prediction. The WWV region is also divided into two
portions; the Eastern arm, 155 — 80°W termed WWV_E and the Western arm 120 — 155°E
(Meinen & McPhaden 2001) WWYV_W the latter of which suggests itself for climate

prediction purposes in Australia.

In comparison PWP has never been used for Australian climate prediction except at the
micro-scale (Catto, Jakob & Nicholls 2012; Smith & Timbal 2012).
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Correlation between NINO-3 SST and ISMR (1950-2003)
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Figure 2.15: Lagged correlation of ISMR with Nifio3 SST with lag shown on abscissae (from
Rajeevan and McPhaden (2004)).
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Figure 2.16: Lagged correlation of ISMR with WWYV with lag shown on the abscissae (from
Rajeevan and McPhaden (2004)).

There would appear to be a strong incentive to investigate correlation of these Major WP

indices with Australian climate.

38



2.8 Decadal and Multidecadal Scale Climate Variability

Intra-annual and interannual climate modes have the ability to affect climate at far greater
temporal scales. Interannual Very Low Frequency (VLF) modes of the shallow water
equations exist as part of the coupled recharge oscillator theory for ENSO (Jin 2001). Jin
(2001) was able to demonstrate greater than decadal length VLF modes were produced by
extremely low velocity off Equatorial Rossby Waves, extending the interannual realm of
ENSO like phenomena, allowing periods of between four and fourteen years to exist.
Importantly such off Equatorial region solutions are independent of wind stress forcing, so
not subject to the normal ENSO control mechanism allowing the tropical Pacific to be subject
to feedback mechanisms outside the remit of the recharge/discharge theatre. It might
therefore be seen that this region might be under the influence of phenomena from the MJO

level of 30 to 60 days to the PDO level of 30 years and beyond.

Decadal capability of predicting Australian climate variability was found to be virtually non-
existent Power et al.(1999)and that it was doubtful if any success would ever be achieved in
this endeavour. Nonetheless, Power et al. (1999) examined high quality Australian
temperature and rainfall records 1910 — 1993 to quantify relative importance of decadal
variability to see if there was any relationship with SST (Mehta & Dubey 1995) over the
adjacent oceans in the same period. By use of an eight year low pass filter it was found that
area averaged Australian rainfall over east Australia (Lavery, Joung & Nicholls 1997) were

shown to have an association with Indian Ocean SST south of 40°S.

Ansell et al. (2000) found that a quasi-decadal variability of Australian JJA rainfall from
many regions (Hennessy, Suppiah & Page 1999; Jones & Beard 1998; Lavery, Joung &
Nicholls 1997) including southwest Western Australia (SW WA), parts of South Australia
(SA) and Tasmania were found to correlate with MSLP variation (Basnett & Parker 1997).

Meinke et al. (2005) although pointing out the importance of ENSO in relation to rainfall
variability document a large numbers of authors who have described a relationship between
global lower frequency phenomena and rainfall. Here bandpass filtering was used to isolate
MSLP and SST data into five distinct temporal regions; 2.5 — 8 yr, 9 —-13 yr, 13 — 18 yr and
18 — 39 yr. Interaction between ENSO at the quasi-biennial, classic interannual and decadal
level was evident in the 9 — 13 yr band. The delayed oscillator mechanism of ENSO seemed
to operate up to the decadal level (Battisti & Hirst 1989).
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The work of Wang and Mehta (2008) later discussed in Section 2.7.3 in respect of the near
Australian Warm Pool (WP) regions is mentioned here in respect of decadal correlation of a
long term SST time series reconstructed using Simple Ocean Data Analysis (SODA).
Temperatures greater than 28°C, in the Indo Pacific Warm Pool (IPWP) region (Carton &
Giese 2008) force rainfall anomalies in the United States (Higgins et al. 2000) southern states

in Boreal winter when subjected to a seven year low-pass filter.

Risbey et al. (2009) were able to show that Australian rainfall (Lavery, Joung & Nicholls
1997) at a specific location varied decadally when subjected to many different climate drivers
based on SST (Rayner et al. 2003). These climate drivers were shown not to be independent
of each other especially the relationship between ENSO and IOD. It was therefore difficult to
separate the effect of each individual mode on rainfall.

The fact that such climate modes tend to evolve at a different rate was used to provide a
possible explanation for the climate shift of the 1970s where SST cooling occurred in the
central Pacific Ocean and warming off the coast of Western North America (Tsonis, Swanson
& Kravtsov 2007). This climate shift, of which the causes are unknown, has been observed
by many (Graham 1994; McPhaden & Zhang 2004; Meehl, Hu & Santer 2009). Tsonis,
Swanson and Kravtsov (2007) used monthly indices of North Atlantic Oscillation (NAO),
North Pacific Oscillation (NPO), PDO and ENSO constructed using data mostly obtained
from the Joint Institute for the Atmosphere and Oceans (JISAQ). Additionally the NPO was
used from the University Corporation for Atmospheric Research (UCAR) and all data were
treated as non-linear sub components of the climate system. The four climate modes were
then modelled into an N x N distance matrix (N, 1: 4) and treated as a network of four
intersecting nodes whose topology is subjected to a sliding window technique where the
behaviour of the nodes represented the dynamics of the system. The absolute distance
between nodes may be thought of as the averaged correlation between all possible pairs of
nodes as a measure of their synchronisation. The outcome is six phase states which by a
“nearest is two neighbours” technique (Figure 2.17). The points in each triplet represent three
consecutive points in a time series and their relative vertical position to each other indicates

their respective values. (Tsonis, Swanson & Kravtsov 2007).
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Figure 2.17: The six possible phase states corresponding to three consecutive points in a time
series where the relative vertical position indicates the values; after (Tsonis, Swanson &
Kravtsov 2007).

A graphic of Tsonis, Swanson and Kravtsov (2007) results are shown in Figure 2.18 where
the vertical lines represent where the indices are synchronised at a 95% confidence interval to
a null hypothesis of red noise. The network is synchronised in 1910 where at the time
coupling strength increased but came out of the synchronous state as shown by the vertical
line in 1912. This coincided with a sharp global temperature rise and the tendency for
stronger, more frequent ENSO warm events. A new synchronous state occurred in the early
1920s but this was not followed by an increase in coupling strength so no major climate shifts
occurred. In the early 1940s an extant synchronous state was subjected to an increase in
coupling strength which soon destroyed it (vertical line) causing a new shift resulting in
cooling global temperatures and less prevalent El Nifios. In the 1950s synchronicity occurs
once more but was followed by a decrease in coupling strength so no major climate swing
occurred. In the 1970s however synchronicity is followed by an increase in coupling with a

change in climate.

Checking of these results was achieved by bootstrapping to two climate models that
interestingly also showed similar climate variation to occur in the 21 century, the first of
which occurs in 2017 so will soon be verifiable. Tsonis, Swanson and Kravtsov (2007) were
also able to conject that the 1970s warming event may have been superimposed on a Global

warming trend.

The significance of this work is the possible ability to explain how the temporal relationship

between an index and climate evolves.
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Figure 2.18: (a) shows network distance of the four climate modes as a time function, (b)
coupling strength between modes, (c) global surface temperature record and (d) global ENSO
index (from Tsonis, Swanson and Kravtsov (2007) ).

Several articles shown in the timeline (Figure 2.19) document observed changes in the
Pacific environment both tropical and extra tropical that could have an effect on Australian
climate in the latter half of the 20" century and also provides a time line as to when the
observed changes occurred. These changes are summarised symbolically in Figure 2.20.
There is always a potential that it might be possible to follow the teleconnections between

indices by studying variation of correlation of climate indices with Australian rainfall even at

decadal resolution.

In terms of rainfall; Murphy and Ribbe (2004) noted that there had been a change in
Australian rainfall conditions in 1946 and Shi et al. (2008) noted that Australian rainfall had

decreased since 1951.
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In terms of atmospheric pressure; Trenberth and Hoar (1996) detected a long term negative
trend in the SOI from approximately 1976 whilst Nicholls (2008) seems to indicate that this
trend was extant since the mid 50s by virtue of Darwin MSLP increasing. Latterly a decrease
of the mean SOI was confirmed (Power & Smith 2007).
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Figure 2.19: Timeline of articles examining late 20th century Pacific climate shift.

Many authors have remarked on changes with respect to Pacific SST including; Cravatte et
al. (2009) who noted that the West Pacific Warm Pool (WPWP) had warmed since the mid-
50s with a decrease in salinity and an increase in its Warm Water Volume (WWV). This
latter change corroborated the results of Wang and Mehta (2008). Furthermore Meehl, Hu
and Santer (2009) detected that the North Pacific Ocean SST had increased in the mid-70s.

Cai et al. (2010) noted from the 1980s the IPO/PDO index had been in a positive phase but
decreased to below zero by 2000. McPhaden and Zhang (2004) noted a drop in the PDO

index from 0.84 in 1992 to -0.36 in 1998 and associated the decrease with a restoration of the
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Pacific Meridional Overturning Circulation (MOC) since 1998 to levels experienced prior to
1975.
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Figure 2.20: Convergence of late 20th century changes to the tropical Pacific Climate system

as discussed in the literature over time.

A long term negative trend in the SOI was first noted in 1996 (Trenberth & Hoar 1996).
Others observed that over a 68 year period Darwin MSLP had increased but that Tahiti
MSLP had remained constant (Suppiah & Hennessy 1996). This situation was partially
accounted for by the 1983 and 1997 ENSO warm episodes. Solomon and Newman (2012)
partially support these arguments where it was found that in the 1900 — 2008 period there had
been a slight decrease in the SO pressure gradient (Figure 2.21). Even with the unfiltered data
(Figure 2.21a) by interpolation a representative change in SOI (MSLP [Tahiti — Darwin])
would be less than 0.5 hPa.

It is expected that these multi-decadal changes will be evident in this research, perhaps
spreading more light on the mechanism(s) as to their cause.
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Figure 2.21: HadSLP2r 1900-2008 linear trend patterns, in units of hPa/100 years. (A)
Unfiltered. (B) ENSO-residual with the SLP-only optimal perturbation filter. (C) Unfiltered
minus ENSO-residual. Stippling indicates trends are significant beyond the 95% confidence

level (Solomon & Newman 2012).

2.9 Australian and South East Queensland Decadal and

Regional Climate

In this section climate drivers that have an effect on Australian and South East Queensland
(SEQ) are reviewed. Until comparatively recently it was believed that of the climate modes
that affect Australian precipitation three of the five most important ones; Indian Ocean
Dipole (IOD) (Saji et al. 1999), the Southern Annular mode (SAM) (Limpasuvan &
Hartmann 1999) and the El Nifio Southern Oscillation (ENSO) (Bjerknes 1969) have such an
impact that they have been likened to Cerberus the mythical three headed dog (Cai 2011)
which barks in three different directions at once, but their interactions have been somewhat

downplayed (Cai, Sullivan & Cowan 2010). Comparatively recently a paradigm shift has
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occurred as Zhao and Nigam (2015) have analysed the mooted structure of 10D and can only
find scant evidence for a basin wide zonal dipole structure in the Indian ocean inferring that
the 10D does not exist. The situation as it was believed to exist prior to the Zhao and Nigam
(2015) paper are shown in Figure 2.22 depicting the effect of these modes on Australian
climate. ENSO affects Australia’s climate all year round whilst the effect of SAM is in winter
and the 10D makes its presence known in winter and spring (Cai 2011). Marshall (2003)
asserts that SAM is the dominant mode of climate variability in the Southern Hemisphere.
High SAM index polarity is associated with an increase in mid latitude baroclinic eddies
especially in the Austral winter (Rao, do Carmo & Franchito 2003) thereby providing a

seasonal effect to the climate of Southern Australia.

It was believed that the IOD was more ENSO-like in character (Risbey et al. 2009), but was
independent of it (Cai, Sullivan & Cowan 2009) and based on the difference of SST between
the Western Indian Ocean adjacent to Africa and the East adjacent to Indonesia (Saji et al.
1999). An ENSO-10D connection was not currently discernible (Cai, Sullivan & Cowan
2009).
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Figure 2.22: Cerberus; the three headed dog of ENSO, 10D and SAM, Cai (2011).
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It was also postulated that variability in the Indian Ocean (absence of a negative 10D) results
in poor rainfall in Australia and may be responsible for south east Australia’s worst droughts
(Ummenhofer et al. 2009) (Figure 2.23).
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Furthermore, it has been suggested that the Inter Decadal Pacific Oscillation (IPO) and the
Madden Julian Oscillation (MJO) should be included as drivers of Australian climate
(Klingaman, Woolnough & Syktus 2012; Risbey et al. 2009).

Stone, Hammer and Marcussen (1996) using Principle Component Analysis and k-means
cluster analysis determined five phases of the SOI and were able to predict the probability of
world and Australian rainfall. This constitutes a powerful tool for Australian seasonal climate
forecasting (Stone, Hammer & Marcussen 1996). Many sectors of our society and economy,
for example; farming, policy making/ planning, emergency services, finance and insurance
are severely affected by climate extremes due to variability at the intra and inter annual scale
(Nelson et al. 2010). Such climate extrema might also mask the initial effects of climate

change affecting society at a longer temporal scale.
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Figure 2.23: Relationship between; above 10D and below SE Australian rainfall from
(Ummenhofer et al. 2009)

Although there have been many studies on seasonal and interannual variation of Australian
climate this cannot be said for decadal variability. Statistically, the significance at the decadal
resolution is far less than at the seasonal level but has a profound impact on agricultural
production with great hardship for agricultural communities during drought (Power et al.
1999). This motivated Power et al. (1999) to attempt to move towards the very difficult goal
of forecasting decadal climate variability to the same skill as seasonal variation so that better
advantage could be taken of existing climate conditions for the benefit of society. Power et al.
(1999) pointed out that at that time decadal scale climate predictive ability was practically

non-existent and used area averaged data of the whole of Australia for rainfall and
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temperature; (Lavery, Joung & Nicholls 1997; Torok & Nicholls 1996) and Pacific and
Indian Ocean SST data (Mehta & Dubey 1995). The data were subject to an eight year low
pass filter to remove sub decadal variability. Power et al. (1999) found that the first EOF of
Interannual Pacific SST is associated with Australian rainfall and was out of phase with the
SOI. At the decadal level variability of Indian Ocean SST south of 40°S was associated with
rainfall over eastern Australia. An out of phase relationship between decadal rainfall and
temperature was also apparent but below the 95% significance level. Phase relationships
between the SOI and both interannual and decadal rainfall were also apparent but did not

achieve the same significance.

The SOI was used to show that the relationship between ENSO and Australian rainfall
fluctuated interdecadally (Cai, Whetton & Pittock 2001) which supported the work of Power
et al. (1999) and also showed that this relationship tended to weaken when the globally
detrended mean temperature was rising or particularly high. In North East (NE) Australia
prior to any weakening an increased correlation to El Nifio was noted in North Western (NW)
Australia followed by an increase in Eastern and South East Australia before finally NE
Australia. The ENSO rainfall relationship weakened before reversing followed by a rapid
recovery during one period between 1931 and 1945. Cai, Whetton and Pittock (2001) also
noted that a similar dynamic was observed during a time of global elevated temperature and
that during the course of El Nifio events the South Pacific Convergence zone moved
eastwards as previously observed (Philander 1990). Cai, Whetton and Pittock (2001) also
speculated that Australian rainfall correlated with the North Atlantic Oscillation (NAO)
(Hurrell & Van Loon 1997) via an unexplained causal chain including the Pacific North
American (PNA) pattern. A most significant observation was that there might not be a “one
size fits all” solution which supports the earlier assertion in this text (Singh 2001). It is worth
noting here that the Arctic oscillation (AO) (Climate Prediction Centre 2005) has also been
shown to have a correlation to the ENSO (Zhou et al. 2001). In addition it was found that
ENSO signals project strongly on to the SAM (Cai, Sullivan & Cowan 2010; Fogt,
Bromwich & Hines 2011).

A changing relationship between Australian rainfall predictability and ENSO was also
detected to occur in 1946. SEQ rainfall was most subject to breakdown in the correlation than
elsewhere in Australia (Murphy & Ribbe 2004) whilst simultaneously SE Australian rainfall
remained at the same degree of correlation. 1946 was identified by other authors (Cai,
Whetton & Pittock 2001; Power. et al. 1999) as being when the Inter Decadal Pacific
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Oscillation (IPO) changed from a positive phase to negative at the same time as ENSO
impact on climate was weak. The period 2000 — 2002 was shown to be the lowest rainfall on
record and Murphy and Ribbe (2004) set out to correct the lack of previous study on climate
variability in SEQ. Murphy and Ribbe (2004) found that SEQ rainfall was best represented
by the Nifio4 index whereas the Nifio3 and SOI indices produced successively weaker
correlation. The SOI relationship was weak in the pre-1946 period but stronger later and both
the other indices showed smaller change than the SOI. The Pacific Ocean second EOF of SST
(PEOF2) and the Indian Ocean second EOF of SST (IEOF2) were used as indices. PEOF2
has a large percentage of the WPWP variance, and has recently been dubbed as “The Warm
Pool Mode”, (Park, Yeh & Kug 2012). Table 2.5 shows a collation of Murphy and Ribbe’s
(2004) results.

Table 2.4: Correlation of Nifio4 (N4), Nifio3 (N3), SOI, EOF2 Pacific Ocean SST and EOF2
Indian Ocean SST with SEQ rainfall, (Murphy & Ribbe 2004).

Index SE QId rainfall correlation coefficient
1891-2000 18911945 1946-2000
N4 —0.57 —0.59 —0.65
N3 —0.49 —0.48 —0.533
501 0.42 0.06 0.72
PEOF2 —0.33 —0.33 —0.33
IEOF2 —0.39 —0.39 —0.41

Variability between SEQ rainfall at multidecadal teleconnections to ENSO was also linked to
an eastward shift in the SPCZ associated with the positive phase of the Interdecadal Pacific
Oscillation (IPO) since 1980 (Cai et al. 2010). SEQ rainfall decreased in this same period
with a commensurate breakdown of the ENSO rainfall relationship. The teleconnection was
also subject to an asymmetry whereby the summer La Nifia rainfall relationship was robust,
but with EI Nifio it was weak (Cai et al. 2010). These latter observations agree in general
terms with those of Wang and Hendon (2007) who put it quite succinctly that “Australian
rainfall tends to linearly increase with the strength of La Nifia, whereas the decline with El

Nifo is much less linear.” In other words, while La Nifia conditions build there is
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commensurate increase in positive rainfall anomaly, but with EI Nifio conditions building the

magnitude of the associated rainfall reduction is not assured.

To examine the increasing trend in north western Australian rainfall (Shi et al. 2008) with a
commensurate decrease in south eastern Australian rainfall the output of the CSIRO Mk 3a
global coupled (atmosphere and ocean) climate model plus Empirical Orthogonal Functions
(EOF)s of Australian rainfall was regressed against the Nifio3.4 index. In the latter case,
summer rain increased under the influence of the SAM whilst winter rain was still under the
influence of SAM but decreased amounting to overall decline that fell under the influence of
the 10D.

This review has pointed to the assertion of Wallace et al. (1998) that no one index can
represent the complexities of tropical Pacific climate. This emphasised the significance of the
work of Baird et al. (2011) who used four climate indices; the MEI, SOI, ONI and FIVEVAR
in an attempt to rank the severe La Nifia event of 2010 — 2011 in comparison with other
similar occurrences that had affected Australia in the previous 110 years. This La Nifia had
the most profound effect on climate with the wettest end of the year in Australia’s recorded
history (Baird et al. 2011). Perusal of Table 2.6 shows that not only do the rankings vary but
different indices highlight entirely different events within their rankings. In the table
according to the SOI the largest event in the previous 110 years was the La Nifia of 1917 but
none of the other three indices ranked this event at all and the ensemble aggregate points to
both 1955 and 2010 having equal ranking for being the strongest event!

Table 2.5: Past 110 year ranked La Nifia events compared to 2010 — 2011 from Baird et al.

(2011). Shown are five month averaged August-December values of the indices.

MEI SOl ONI 5_VAR
Year Index Year Index Year Index Year Index
1955 -1.86 1917 +24.6 1955 -1.73 2010 -17.90
1975 -1.83 2010 +21.1 1973 -1.70 1988 -17.55
2010 -1.77 1975 +18.8 1975 -1.60 1975 -17.45
1973 -1.64 1973 +16.8 1988 -1.60 1955 -15.85
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Remote sensing applications have played a role since 1974. Baird et al. (2011) showed that
Outgoing Long Wave Radiation (OLR) anomalies used as a proxy for cloudiness between
September and November 2010 indicated a very strong Walker Cell, La Nifa situation. Baird
et al. (2011) also showed a greater negative anomaly in east Australia in 2010 compared to

1975 commensurate with greater precipitation.

Increase in Australian summer rainfall during the 2011 La Nifia has been linked to the PDO
turning negative once more (Cai & van Rensch 2012) asserting that high SEQ rainfall and
SOl values only occur in negative PDO phases. There have only been three such summers
where SEQ rainfall anomaly exceeded + 300 mm in the past 111 years and none when the
IPO was positive. The phalanx of SEQ summers prior to 1980 (Figure 2.24) were all
associated with negative PDO. OLR anomaly shows development towards a condition typical
of a negative PDO. The 2011 event re-establishes a 13 year ENSO rainfall relationship above

the 95% confidence level that represents transition to a negative PDO phase.

(a) SOI & SEQ Rain 13 year correlation, with PDO & Eq.WP OLR
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Figure 2.24: Time series of the SEQ rainfall-ENSO teleconnection calculated as correlations
(black curve), using a 13 year sliding window of SEQ DJF rainfall with the DJF SOI over the
period 19002011 (statistically significant correlation at the 95% confidence level is 0.55,
indicated by a solid grey line). A PDO index is overlayed in green [Mantua et al., 1997]
(uncertainty values are shown as a thinner curve). The correlation between the rainfall-ENSO
teleconnection and the PDO is _0.41. Time series of normalised OLR (blue), averaged over
the equatorial Western Pacific (= 5°N and S, 137 —175°E), has a correlation of -0.47 with the
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evolution of rainfall-ENSO teleconnection (statistically significant above the 95% confidence
level); (Cai & van Rensch 2012).

The results in Figure 2.24 show a PDO time series (Mantua et al. 1997) using a 13 year
running average. The correlation through 2011 cannot be confirmed (Cai & van Rensch
2012) until 2017 (half scale of the windowing technique used), but it alludes to the important
concept of evolution of climate modes at different rates as discussed in Section 2.8 (Tsonis,
Swanson & Kravtsov 2007)

It was recognised that more than just a few climate indices might have a significant
relationship to seasonal Australian climate and rainfall (Schepen, Wang & Robertson 2011).
Schepen, Wang and Robertson (2011) hypothesised that seasonally, Pacific SST might have a
better relationship to Australian climate than the Indian Ocean region and that some regions
of the continent were poorly served for practical climate prediction. Five existent and eight
constructed climate indices of: Pacific and Indian Ocean SST, zonal wind and one ocean heat
content index similar to Warm Water Volume (WWV) (Meinen & McPhaden 2000) were
correlated against Australian seasonal climate using a Bayesian cross validation technique to
see how they compared. The indices shown in Figure 2.25 are their significant results for
Summer DJF rainfall. As can be seen great areas of the Australian continent seem not to have
any significance with any of the selected indices. Unfortunately perhaps through taking a
very cautious approach the authors did not utilise their ocean heat content index due lack of

data so they discounted those particular results.
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Figure 2.25: Correlation of significant climate indices with Australian Summer (DJF) rainfall
using as a comparison the classical Bayes factor (from Schepen, Wang and Robertson
(2011)). Indices A — F are the indices as labeled; G is average SST anomaly over 90 —110°E
and 08°N —10°S ; J is average SST anomaly over 120 — 130°E and 08°N — 10°S and K is
average SST anomaly over 150 —160°E and 30 — 40° S; (only indices with any real

significance are identified).

Schepen, Wang and Robertson (2011) might be regarded as the most comprehensive study
yet, having gone some way to relating different indices in correlation with Australian climate.
It remains for a study with a true multiplicity of climate indices to be produced. This aspect in
conjunction with close scrutiny of the pointers in the rich field of literature provided the

motivation for this current study.

2.10 Investigations indicated by a summary of the literature

In view of the wide ranging number of climate indices visited in this study the scope of this
chapter is necessarily large. An attempt has been made in this chapter to link climate modes
from all over the world to Australian climate. However, in many cases the literature does not
have an Australian focus so this is not always possible and so the term teleconnection has to

suffice highlighting the deficiency of current knowledge.
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This chapter briefly reviews the climate of Australia before discussing the major climate

modes affecting the continent.

A large fraction of the literature reviewed in this chapter covers the development of statistical
climatology for Australian climate prediction and a brief introduction of numerical climate
models. A combination of both methodologies has been used in a variety of recursive
techniques to extend the climate record back before the satellite age to make long term data

sets available. The climate index is loosely defined.

The chapter describes the EI Nifio Southern Oscillation (ENSO) phenomenon: its relationship
to World and Australian climate through the Walker Circulation and historical development
of the Southern Oscillation Index. Due to its importance; the spin off from ENSO in terms of

the climate indices produced is reviewed.

Other worldwide climate indices are then discussed including those from the large oceanic
warm pools adjacent to Australia. These warm pools have been subjected to intense study
due to their intimate connection with global climate, but have never been seriously used for

Australia wide climate prediction.

Multidecadal variability of major climate modes affects Australian climate and this is
discussed. The chapter ends with a review of studies of Australian and South East
Queensland climate noting that there is still much scope for using a multiplicity of indices for

Australian rainfall correlation.
The extant literature has indicated the following points:

e Climate is globally linked
e Correlations between indices vary with time and space. Robust correlations can

imply the existence of deeper climatic mechanisms.

The literature reviewed has indicated methods and background which will allow the

following interrelated points to be investigated and amplified within this thesis:

e Using the literature to pinpoint indices previously unused for correlation with
Australian rainfall.

e Postulating how climate indices have a correlation with Australian rainfall.

e Using bandpass filtering in recognition of the nonlinear evolution of climate modes

to find correlations.
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Identifying, if possible, the longer term effect of variation of climate modes on

correlations.
Using the results obtained to broadcast the suitability of these indices as pointers for

other research.
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Chapter 3 Data and Methods

3.1 Data

3.1.1 Rainfall Data

The rainfall data used in this study consist of Australian precipitation depicted in mm-day™,
on a 0.25° geographic, Cartesian graticule for the contiguous Australian continental land
mass, at monthly intervals from 1900 — 2008, (Jones, Wang & Fawcett 2009) as part of the
Australian Water Availability Project (AWAP) (Raupach et al. 2009). A typical
representation of the data series is shown in Figure 2.1 (mean rainfall over the period of
interest). Some authors, for example Ummenhofer et al. (2011) and Gallant et al. (2013) point
out that the AWAP data tend to be unreliable in certain remote regions (approximately 122
—132°E and 30 — 20°S) prior to the 1950s where rain gauges were sparsely situated so that
seasonal rainfall climatologies and their anomalies had to be used. This current study deals
with decadal resolution material so reliance on temporal averaging as used in Jones, Wang &
Fawcett (2009) has less of an effect, where for example the daily rainfall is actually derived
from the monthly rainfall. It should also be noted that Figure 2.1 shows that less than 27 mm
of rain have fallen in these regions per decade for the 111 years of the study so the veracity of
correlation results for this region prior to the introduction of remote sensing methods should
be treated with some caution. It should be noted however that Cai et al. (2014) used the
AWAP data for their study of Australian rainfall trends without any such restriction.

3.1.2 Climate Indices

Attention is drawn to Table 3.1 which lists the various climate indices used, their acronyms
and a reference to their source. This should not be confused with Table 1.1 which refers to

the authorship of the indices therefore please consult Table 1.1 for authorship details.
Unless otherwise stated the source for the climate indices are:

US Department of Commerce, National Oceanic and Atmospheric Administration, Earth

System Research Laboratory, Physical Science Division
http://www.esrl.noaa.gov/psd/data/climateindices/list/

For these indices the reference is omitted from the table.
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Following Table 3.1, brief descriptions of the indices and figures of their standardised raw
(unfiltered and undetrended) time series are included. In the results section, the indices used
are at decadal resolution and have been appropriately treated to bandpass filtering. Their
generic derivation shown in section 3.2 and the correlation results of the method may be

viewed in Chapter 4 Results.
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Table 3.1: Climate Indices used in this study with their acronyms and source reference to the

data series.
Index Acronym Data source
Arctic Oscillation Index AOI
Cold Tongue Index CTI (Mitchell 1999)
El Nifio Modoki Index EMI (Ashok 2013)
Equatorial SOI EQSOI
Five Variable Nifio Index FIVEVAR (Fawcett 2014)
Indian Ocean Dipole 10D (Yu 2013)

Inter Decadal Pacific Oscillation IPO (Folland et al. 1999) Met Office, Hadley Centre
Indo Pacific Warm Pool IPWP (APDRC 2014)
Multi-variant Nifio Index MEI
North Atlantic Oscillation NAO

SST Anomaly in Nifio 3.4 region Nifio3.4/ONI
Northern Oscillation Index NOI
Pacific Decadal Oscillation PDO (Mitchell 2012)

Pacific Warm Pool PWP
Quasi Biennial Oscillation QBO
Southern Annular Mode SAM
Southern Oscillation Index SOl (Jones & Salmon 2010)
Trans Pacific Nifio Index TNI
Tropin Pt Qo Bl | oo
Western Hemisphere Warm Pool WHWP
Warm Water Volume wWwv (APDRC 2014)
Warm Water Volume East WWV_E «“
Warm Water Volume West WWV_W «“
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It is customary for such climate data to be processed using a computational recipe (CR) as
laid out in von Storch and Zwiers (2001) and Box, Jenkins & Reinsel ( 2013) amongst many.
For this study this procedure was dispensed with as it was found to be superfluous as the
filtering method guarentees stationarity of the data series (see Appendix 1) analogous to
using a long term running mean. It was observed that the majority of climate indices selected
for the study had been standardised so all indices were dealt with in this fashion. An index

value was transposed into a Z score:

where Z the transformed variable of the original series, y, with mean, Z = 0, and standard
deviation, o;, = 1. This method has the advantage of potentially providing better conditioned

matrices in any subsequent correlation calculations, see Kreyszig (2006 ), p 855.
AOl

The AOI is the daily 1000hPa height anomaly polewards of 20°N projected on to its loading
pattern (1 EOF pattern) which is the leading mode of the Empirical Orthogonal Function
(EOF) of monthly mean height of the 1000hPa of the 1979 — 2000 base period. This index
does not adhere to the conventional computational recipe methods (Box, Jenkins & Reinsel

2013) using instead normalised values for both variables.

ADI 1950 - 2010
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BEST index

The BEST index is a bivariate mixture of normalised SOI and Nifio3.4 indices and as in the
case of the AOI does not adhere to CR, (see SOI and Nifio3.4 indices for details)(Smith &
Sardeshmukh 2000).
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BEST index 1949 — 2010

Index value
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___________

_____________________________

CTI

The CTl is the average Sea Surface Temperature (SST) anomaly over £6°N and S, 180° —

90°W region minus the global mean SST between 1840 and 2011. This relates to the region

of cold water upwelling as part of the Walker Circulation (Mitchell 1999).

CT1 1900 — 2008
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The term Modoki in EMI means; “similar but different” and refers to EMI tracking a central

Pacifc El Nifio phenomenon rather than an Eastern Pacificone and is based on equatorial

pacific sea surface temperature anomalies (SSTAS) (Ashok et al. 2007). It follows that:

EMI = |SSTA|, — 0.5 % |SSTA]z — 0.5 = |SSTA| -

Within the bracket are the area averaged SSTA for:

A = (¥10° lat and 165E - 140°W),
B = (15%S-5°N and 110W - 70°W)

C = (10S-20°N and 125-145°E).

(Ashok 2013).
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EMI 1900 -- 2008
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The EQSOI consist of the difference in monthly mean sea level pressure (MSLP)
standardised anomalies between the Eastern Pacific (EPAC) region (£5°N and S 150 — 90°W)
and Indonesia (INDO) region (£5°N and S 80 — 130°E).
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FIVEVAR or 5_VAR

The FIVEVAR index was introduced to investigate tropical cyclone frequency in the
southern Hemisphere, Indian and Pacific Ocean regions between 30°E to 120°W. A
multivariate ENSO index FIVEVAR is based on the first principal component of monthly
Darwin mean sea level pressure (MSLP), Tahiti MSLP, and the NINO3, NINO3.4 and
NINO4 SST indices (Fawcett 2014).

FIWEWVAR 1950 - 2010
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The Indian Ocean Dipole (IOD) is defined by the difference in SST between two areas (or

poles, hence a dipole) — a western pole in the Arabian Sea (western Indian Ocean) and an
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eastern pole in the eastern Indian Ocean south of Indonesia. The poles are (SST) anomalies
in the western (50°E to 70°E and 10°S to 10°N) and eastern (90°E to 110°E and 10°S to 0°S)

equatorial Indian Ocean (Yu 2013).

10D 1958 -- 2010
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The IPO is the Pacific wide SST aspect of the PDO (see below) as given by the 3" EOF of
Global SST. IPO is symetrical about the Equator providing variance up to 55°S although the
east Pacific is shows less variance than the W Pacific (Folland et al. 1999).

IPC index 1900 — 2008
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IPWP

The IPWP index is a derived index of the area of SST entirely within the 28.5°C isotherm in

the region £20° latitude and between 90°E — 180°E longitude in the Indian and Pacific Ocean

(APDRC 2014).
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MEI

The MEI is a multivariate El Nifio index which included the first principal components of
Pacific: surface pressure, surface air temperature (SAT), u and v wind SST and total
cloudiness fraction of the sky. Subsequently the cloudiness fraction has now been superseded

by the use of outgoing long wave radiation (OLR).

MEI 1950 — 2010

Index value

NAO

The NAO consists of a see-saw pattern in change of atmospheric mass between the Azores
High and the Icelandic Low and is defined in this instance as the normalised MSLP

difference between Reykjavik and Ponta Delgada.

MAO 1950 — 2010
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Nifo3.4/ONI are respectively; the five month and three month running mean of SST anomaly
in the Nifio3.4 region of £5°N and S latitude and 170°W — 120°W (shown is Nifio3.4). Nifio

indices are extensively described in the Literature Review Section 2.6.

Nifio34 index 1900 — 2008

Index value
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NOI

The NOI is based on the MSLP difference between the North Pacific High (=35 — 45°N,
150°W and Darwin).

NOI 1948 — 2007
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PDO

The PDO is derived as the leading Principal Component (PC) of monthly SST anomalies in
the North Pacific Ocean, polewards of 20°N. The monthly mean global average SST
anomalies are removed to separate this pattern of variability from any “global warming”

signal that may be present in the data (Mitchell 2012).
FPDO index 1900 — 2008
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The PWP is the 1 EOF of (+15°N and S, 60 —170°E), SST.
PWP 1948 — 2008
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QBO
The QBO is based on an approximately 24 — 28 month cycle of the Equatorial stratospheric

wind which occurs at approximately the 30 hPa level.
QBO 1950 — 2010

Index valug

SAM

The SAM or AAO index tracks the north—south movement of the westerly wind belt that
circles Antarctica, dominating the middle to higher latitudes of the southern hemisphere. The
SAM is the daily 700 hPa height anomaly poleward of 20°S projected on to its loading
pattern (1 EOF pattern) which is the leading mode of the Empirical Orthogonal Function
(EOF) of monthly mean height of the 700 hPa during the 1979 — 2000 base period.

SAM 1958 - 2011
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The Southern Oscillation Index (SOI) is a standardized index based on the observed sea level
pressure differences between Tahiti and Darwin expressed as a five month running mean
(Ropelewski & Jones 1987) and describes the strength of the Southern Oscillation and hence
the state of the Walker Circulation trade wind strength. SOI can be based on Mean Sea Level
Pressure (MSLP) difference between Tahiti (=17°S, 149°W) and Darwin (=12.5°S, 131°E)
which nominally enjoy the same MSLP to give normal conditions (Figure 2.6). The SOl is

formally defined as:

(APy—AP,)
oAP,

S0I =

where: AP, is the standardised mean sea level pressure of Tahiti and , AP, is the standardised

mean sea level pressure of Darwin and oAP. is the standard deviation of the 1951 — 1980
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climatological pressure difference. This produces values of SOI between ~+3.5 with no units
(Jones & Salmon 2010).
Normally in Australian usage this result is multiplied by 10 to produce the "Troup SOI" and

is described comprehensively in the Literature Review Sections 2.4 and 2.5.
S0 time series 1900 —- 2010

%]

Index value
(=]

TNI
TNI uses difference in SST between the Nifiol,2 region and Nifio4 region using the normal
CR:
= Compute area averaged total SST from Nifio 1+2 region.
= Compute area averaged total SST from Nifio 4 region (Nifio regions defined in
Section 2.6).
= Compute monthly climatologies (1950-1979) for area averaged total SST from Nifio
1+2 region, and Nifio 4 region, and subtract climatologies from area averaged total
SST time series to obtain anomalies.
= Normalize each time series of anomalies by their respective standard deviations over
the climatological period 1950-1979.
= Define the raw TNI as Nifio 1+2 normalized anomalies minus Nifio 4 normalized
anomalies.
= Smooth the raw TNI with a 5-month running mean.
= Normalize the smoothed TNI by its standard deviation over the climatological period
1950-1979. (The smoothed TNI has a standard deviation of 0.818 over the
climatological period 1950-1979.)
= Thus, TNI = (Nifio 1+2y - Nifio 4y) s Where N indicates normalized and S smoothed.

(Trenberth & Stepaniak 2001).
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The WHWP is the surface area of water contained above the 28.5° C SST isotherm in the
region; 7° — 27°N latitude, 110°W — 50°W longitude .
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The WWYV is a measure of upper ocean heat content analogous to the volume of water
contained within the oceanic mixed layer in the region between; £ 5 °N-S, and 120°E to
80°W. Refer to the Literature Review Section 2.7.3 for fuller details of all WWYV indices.
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3.1.3 Reanalysis Data

Very many climate data series use reanalysis data as a matter of course these days, for
example the TNI uses HadISST (Rayner et al. 2003). Two of the indices used and which
figured prominently in this study; WWYV and IPWP are constructed using Simple Ocean Data
Analysis (SODA) (Carton & Giese 2008). This was discussed in Chapter 2. Some authors,
including Schepen, Wang and Robertson (2011) thought that SODA data was not reliable
enough to be used in their study of climate indices. Other authors (Giese & Ray 2011;
Rajeevan & McPhaden 2004) have used SODA data with some success however. In fact for
their decadal study of Pacific Subtropical Cell (STC) and its linkages with the PDO (Hong et
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al. 2014) used SODA 2.2.4 the same as used in this current study and took the reanalysis back
prior to 1880.

To investigate in a little more detail, data for WWYV and its variants; WWV_E and WWV_W
from the Tropical Atmosphere Ocean Project (TAO 2011) from 1980-2008 inclusive
(Meinen & McPhaden 2000) were regressed with the same data as computed from SODA
reanalysis (Figure 3.1). As can be seen very high ‘r’ values are obtained giving one a high
confidence in the quality of the product. In respect of IPWP the SST (temperature at 5m
depth) is part of the same data series so enjoys the same confidence.

SODA reanalysis data was correlated decadally with Australian rainfall for the first time to

allow this research to expand significantly on previous studies.
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Figure 3.1: Scatter plots of SODA data regressed against TOA data (1980-2008): a) WWV

b) WWV_E and c) WWV_W

3.2 Method

3.2.1 A priori Investigation

Initially the standardised climate indices time series were subjected to a Fast Fourier
Transform (FFT) technique in MATLAB (MathWorks 2007) to examine their frequency
domain spectral characteristics using the FFT function nested within the MATLAB Graphical
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User Interface tstool. It was expected that this analysis might reveal fundamental differences
in the characteristics of different climate indices. This procedure produced periodograms to

separate the indices into distinct generic groupings dependent on spectral characteristics.

The MATLAB FFT function is included for completeness:
. i—1)(k—1
X® =3 x(hwy P,
where wy = e(“2™)/N an Nth root of unity.

The periodograms revealed two major generic types of results depicted in Figure 3.2a)
showed an SOI pattern and b) showed an EI Nifio pattern. EI Nifio patterns are evident by
their large amplitude annually recurrent signal and an otherwise overall lack of noise. In
comparison SOI type signals have two or more low frequency spectral peaks; for example
SOl has peaks at approximately 44 and 23.75 months as well as having a more uniform but
enhanced background noise throughout the spectrum. Two other less dominant types of
spectrum were also evident; one exhibited a mixture of the characteristics of the former two,
having low frequency spectral peaks but with an annual signal. This has been termed the
Mixture type as exemplified by the IPO (Figure 3.3a). Another more chaotic, type associated
with indices whose poles were meridionally dispersed did not fit into any clear category due
to a lack of low frequency dominance, but exhibited enhanced background noise throughout
the spectrum is termed the Meridional type. An example of this Meridional type is the AOI
(Figure 3.3b). A unique type also exists with the Quasi Biennial Oscillation as its sole

member with a solitary spectral peak at 27.97 months (not shown).
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Figure 3.2: Typical SOI and El Nifio pattern fast Fourier transforms (FFT’s). a) the SOl and
b) Nifio34 for the time domain greater than 2.2 months (0.185 yr).

Inspection of the FFT periodograms for WWYV type indices (Figure 3.4) shows how they
have the same characteristics as Nifio3.4. WWV and WWV _E (Figures 3.4a and b) are most

similar whereas WWV_W (Figure 3.4c) captures some of the low frequency variability of the

SOl power spectrum.
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Figure 3.3: Fast Fourier transforms (FFT’s). a) The IPO a typical mixture type pattern
containing both SOI and Nifio characteristics and b) the AOI (NAM) a typical cluttered
Meridional type pattern for the time domain greater than 2.2 months (0.185 yr).
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The climate indices are shown separated into their generic groups in Table 3.2. Most
surprisingly certain indices did not fit with where they would normally be assumed to fit as
perusal of column 1 in Table 4.1 shows. At first glance an informed observer would think that
for example; Multivariate EI Nifio (MEI) and similar indices are members of the El Nifio
category, but their spectral signatures place them in the SOI generic group. The WWV
indices although generically in the Nifio group have very good consistent correlations with

rainfall that warrants them being dealt with as a separate entity.
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Figure 3.4: FFT periodograms of SODA data for: WWV types: a) WWV, b) WWV _E and c)
WWV_W.

In terms of the correlation between index and rainfall many indices showed a marked change,

for example changing from positive to negative in the last two decades of the 20" century
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before reverting to the original configuration at the millennium, so this variation is noted as a

matter of course in the analysis.

Table 3.2: Indices separated into their generic types as indicated by FFT periodograms. SOI
types have low frequency spectral peaks and are generally noisy. Nifio types lack noise but
have an annual peak. Mixture types have both characteristics of SOl and Nifio. Meridional

types have their pole meridionally disposed and with enhanced background noise throughout

the spectrum. QBO signal is unique with just a single biennial peak.

SOl Nifio Mixture  Meridional  Unique
SOl Nifio3.4 IPO AOI (NAM) QBO
BEST NAO PDO NOI
CTI WHWP SAM
EQSOI WWV IPWP
I0D WWV_E
MEI WWV_W
EMI
FIVEVAR
TNI
TPEOF
PWP
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3.2.2 Basic Method

In this section the fundamental operation of the method is introduced.

-

Figure 3.5: Schematic flow diagram of data processing

Figure 3.5 shows a schematic diagram of the fundamentals of the method used; the more
involved technical aspects of which are amplified elsewhere in this chapter. Climate indices
(Section 3.1.2) are subjected to Lanczos bandpass filtering (Section 3.2.3.1) and correlated
(Section 3.2.3) with rainfall using Ferret (PMEL 2011) to produce gridded decadal
correlation maps between the index and Australian rainfall. The correlation results of
different indices are then compared with each other using non-parametric means (Section
3.2.4) to assess the relative potential of different indices for their suitability as possible

predictors of Australian rainfall.

3.2.3 Correlation

The method used to process the indices and Australian monthly rainfall time series was the

Pearson product moment correlation stated thus:

2(x=x)(y-y)
— (n—-1)
T(x-%)2% [T(y-¥)
n—1 n-—1

= (Walford 2011),
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where x and y might represent the sample index and rainfall covariance divided by the
product of their standard deviations and n the number. For simplicity this expression may be

written:

. nYxy-Cx)(Ey)
JnEx)-C 02/ (nTy?)-Ey)?

For a significance test the t statistic may be used:

_Irl(n-2)
t= (1-12)

(Wackerly, Mendenhall & Scheaffer 2008).

The actual climate data series are of 10 years duration or n =120 months at (n — 2) or 118
degrees of freedom (df). It is found that for a 95% confidence interval r is 0.1509 and t is
1.658 (calculated in R) (Ihaka & Gentleman 1996). Calculations were performed in “Ferret”
(PMEL 2011) in the LINUX environment to produce a graphical output of correlation for the
Australian continent where necessary. To make interpretation of significant data easier all r
values of less than 0.15 have been made white in colour so that they may be disregarded by

the viewer.

3.2.3.1 Detrending/Windowing

In this study a departure from the method of Cai, Whetton and Pittock (2001) is made as
linear detrending does not faithfully reproduce real life situations (Wu et al. 2007). An
example of this is given in the development of SEQ rainfall variability where Klingaman,
Woolnough and Syktus (2013) found that the time series of rainfall is dominated by
variability rather than a slowly evolving trend. The effects of detrending of the SOI are
discussed further in Section 5.4.3 where it was found that the effects of a linear trend had no
significant effect on correlation results. Some authors (Suppiah 2004; Trenberth & Hoar
1996) detected a 50 year change/decrease in the SOI. Figure 3.6 shows the small effect of
detrending the SOI data. Figure 3.6a) compares raw 1965 — 2005 data (black) with linearly
detrended data (red) which displays most of the same characteristics of the unmodified data.
Figure 3.6b) shows a scatterplot of the data overlayed with the trend line representing a 0.8%

decrease in SOI per decade. As can be seen the difference is extremely small.
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Figure 3.6: a) Comparison of raw SOI data 1965 — 2005 (black line) and linearly detrended

(red line). b) Scatterplot of raw SOI data with the trend line overlayed in red.

When decadal apertures are used the difference is even less detectable (see Section 5.4.3).

Initially, for the whole year case both the precipitation time series and the climate index were
both subject to band pass filtering using a moving Fourier windowing technique. The
windowing technique used is inherent in the Ferret program and is known as a Lanczos filter

as fully described in Duchon (1979). The Lanczos function parameters are as follows:
Lanczos (A, F1, F2, N)

where A is the data series in the x, y and z axis along the time vector, the cut off frequency
(F1), high frequency cut off and number of weights (N). F1 was selected to remove sub
decadal variability and approximates to an eight year period (95 months) or = 0.0105
cyclesmonth™ as used by Power et al. (1999). F2 was chosen at the high end of interannual
variability (62) months or as or = 0.016 cycles.month™.  Ideally the filter response is zero up
to F1, unity between F1 and F2, the filter span and zero elsewhere. Filter span can be

problematic as its width combined with the number of weights determines how much ringing
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IE distortion to the Fourier transform by the Gibbs Phenomenon. Figure 3.7 shows the ideal
lowpass filter (red line). Too wide a span gives a narrow frequency response band, but results
in ringing occurring, whilst too narrow a span (solid black line), although reducing data loss
results in a wider frequency transition width (data falling away too slowly above the cut off )
(Cokelet 1999).

Response

0.00 0.10 0.20 0.30 0.40 0.50

Frequency

Figure 3.7: Effect of filter span width on ringing.

The number of weights (N) was selected as 19, which was a compromise between total
variance for a high number of weights but loss of data or loss of variance and high data

retention at the ends of the data series.

3.2.3.2 Skewed Data

One potential limitation of the method is possible skewness of the rainfall data (Schepen,
Wang & Robertson 2011). To check for any untoward effects of this nature, logarithmic
transforms both to base;o and natural logarithms were tried but had little or no effect on the

integrity of the resultant correlation coefficients.
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3.2.4 Data Analysis

The basic method and windowing techniques as discussed earlier in this chapter produced a
series of spatially defined correlation maps between climate indices and rainfall for the
Australian continent. Just one procedure alone cannot easily describe all aspects of the
relationship however, so as an aid to assist interpretation five further analyses were

undertaken.

The large sample of correlations between a climate indices and Australian rainfall occupied a
110 year period and was divided into 11 samples each of one decade duration. Some data
series were only available for sixty years so were divided into six decades. The DJF
correlation data for both Australia and SEQ was assessed with respect to five different criteria

which were deemed to be important:

1. Strength in respect of the range of correlation for the whole range of data expressed as
sample variance.

2. Persistence, how the correlations (using the decadal sample variance) varied
interdecadally.

3. Area of significant correlation.

4. Temporal stability, as to how the predominant pattern of correlation varied
interdecadally.

5. The overall ranking of the indices.

Ranking as a method was chosen for its computational simplicity in its ability to express
large amounts of data in a comparatively small data series (Legendre & Legendre 2012). In
each category the range of data was divided into equally sized intervals so that a mark (rank)
from 1 to 10 in increasing significance could be assigned for the performance of each index.
These criteria are not always complimentary as they have been designed to emphasise
different aspects of the relationship, each of which might be of value to other researchers. It
should be noted in relation to the spread of data true population variance cannot be known,
but Wackerly, Mendenhall and Scheaffer ( 2002) (page 424) show that sample variance may
be used as an unbiased indicator of the spread of a population and is used here. Variance in
this case refers to the square of correlation standard deviation over the entire area under

consideration:

79



2 _ Z?I:l(yi_y)z
s¢ = === (Wackerly, Mendenhall & Scheaffer 2002),

N-1
where s is the sample standard deviation, y the sample mean, N the number of units in the

sample and y; the i-th unit in the sample.

A description of each of the criteria and rationale for their usage follows:

1. Strength is indicated by the sample variance of the correlation for the whole 11
decades. Australia occupies several different climate regions from the Equatorial to
Mediterranean. An index with a large variance represents a large range of correlations
and different climate regions will not all have the same correlation and sign. This
implies strong anti-correlation in some regions and strong correlation in others, either
way this index is strongly linked to rainfall or some other parameter if chosen.

2. Persistence, the interdecadal power of the variance, was analysed by constructing
histograms of the sample variance of correlation (loosely analogous to
heteroscedasticity) for all decades where it was found that variance had the potential
to fall into five regions: 0.2 — 1.2 with intervals of 0.2 on the probability function.

Persistence may then be expressed as:

Number of decades

Number of bins occupied’

If there was no significant changing correlation ie if the variances generated were
entirely random there would be equal likelihood of all variances being obtained (a
uniform distribution). The expected value (mean) would not be suitable as a
descriptor if the distribution was not normal. The mode (the value that appears most
often in the distribution) might be a better descriptor but it only describes the position
of a proportion of some values on the probability function and was regarded as
lacking in sensitivity to adequately describe interdecadal power. A similar logic
showed that skewness did little in describing power. An extremely stable correlation
would show all the sample variances occupying only one bin. This could be likened to

a leptokurtic distribution but without the disadvantages of kurtosis.

Kurtosis deals with the peakiness and the thickness of the tails of the distribution

(DeCarlo 1997) and is given by the expression:

Yo = Z— — 3, (Walck 2007),
2
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shown here for completeness, where y, id the kurtosis, i, and u, are the fourth and
second moment respectively. In this study the persistence method shown was
preferred to kurtosis because kurtosis is normally associated with symmetrical
distribution as a skewed distribution is always leptokurtic (Hopkins & Weeks 1990).
Another disadvantage of kurtosis is that it becomes more unreliable with a small

number of degrees of freedom (Snedecor & Cochran 1967).

A consistently performing index, even if it has low correlation, will yield a higher
number indicating that correlation is less likely to change over time with the potential
of making it a good predictor of interdecadal stability.

Frequency
O B N W b U1 O

=

0.02 0.04 0.06 0.08 0.1 0.12 More
Bin

Figure 3.8: Histogram of SOI variance for 11 decades

Take the SOI as an example as shown in Figure 3.8, it can be seen that four bins were
occupied so a measure of persistence was obtained by dividing the number of decades

by the number of occupied bins to deliver:
11/4 = 2.75.

If this was compared to another higher performing index, say the TNI where it was
found only three bins were occupied resulting in a score of:

11/3 = 3.67.

This method was deliberately chosen so as to penalise the shorter six decadal time
series due to their relative lack of information. For example the Best Index sample
variance also occupies the same number of bins as the SOI, but would give a value of
6/4=1.5.
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The area of significant correlations for Australia within the whole time period was
obtained. The larger the area then the greater confidence one could have in any
predictive outcome over a wide region. This was determined numerically from the
Ferret application as the ratio of areas (pixels) containing a significant correlation to
the total number of pixels expressed as a percentage:

Number of occupied pixels

X 0,
Total number of pixels 100(%)

Temporal stability relates to how correlation changed by decade. Ideally an index should
have the same significant pattern for every decade in the whole time series. This was
assessed by visual examination of the correlation maps thus:

Number of decades with a specific significant pattern

0,
Total number of decades X 100(%).

Again consider the SOI, it was noted that the same significant pattern occurred in
seven of the 11 map panels to give a score of 7/11x 100 =~ 64%. Of all the tests this is
one most liable to subjectivity as it relied on visual assessment of the patterns on the
correlation maps. To avoid subjectivity as much as possible four assessments were
made each after altering the colour palate of the correlation maps. These included the
normal colour palate, an inverse colour scheme, a black and white scheme and a
negative black and white scheme. This result thus amplifies that obtained in criterion

2 in describing interdecadal stability.

Finally the scores for each criterion for each index were added together (von Helmholtz
1977) and an overall, unbounded ranking of each index obtained where 1 was highest

ranking.

Taken together these criteria enable a comprehensive assessment as to the relative
performance, both spatial and temporal of different climate indices with respect to Australian

rainfall to enhance the information obtained from the correlation maps.

3.3 Comparing SOI and Nifio3.4

Subsequent to the spectral analysis technique described in Section 3.2.1, which separates
indices into different spectral classes, methods that compare indices from different spectral
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groupings were also considered necessary. Such methods including Cross Correlation and

Wavelet Analysis do not form part of the main thrust but are included for completeness.

3.3.1 Cross Correlation

If two indices are correlated together it enables them to be compared producing a range of
correlation coefficients between them, at various lags over the whole spectral range in vector
form. As an example of this is SOI and the Nifio3.4 time series which are essentially part of

the same phenomenon to analyse their fundamental differences and similarities:

( N-m-1
~ X Y, m>0
ny(m) = i ; n+min

ﬁ;x(_m) m<0,

The output vector ¢ has elements given by c(m) = Ryymm-n)m=1,..2nv-1. (MathWorks 2007)

The vector may be plotted in MATLAB or using the MATLAB tstool Graphical User
Interface (GUI).

Cross correlation SOl to Mino3 .4
02 ! ! ! | | | !

DA% y-4------- P mmms P mmmeaon . R +-{--1--}--F--]--4-
H H H | | |

Y SRR RN S G 0 O 0 0 O O ]

P S S N S0 SO O §

Carrelation coefficient

N S S 50 0 S S O i

i It Atk S S et H et It B e e »
H H H i Blue Horizontal lines;are at 1
! ! : ' standard deviation
B S e R e e .

(4]
=1 ..
=
—_
o

06 i i i | | | i
-20 -15 -10 5 0
Lag months

20

Figure 3.9: Cross-correlation of SOI and Nifio3.4 showing high correlation at one month lag
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Cross correlation (Figure 3.9) also found that SOI and Nifio3.4 were highly correlated with
each other with a lag of Nifio3.4 to SOI of only one month. Evidence of this slight lag may
also be observed in the Wavelet pattern (Figure 3.12).

3.3.2 Wavelet Transforms

Further spectral treatment to compare SOI and the Nifi03.4 time can be performed using

Wavelet decomposition.

At the heart of Wavelet Analysis in a Wavelet Transform which is a bandpass filter of
uniform shape but of varying location and width (Torrence & Compo 1998) (Figure 3.10d).
Note the difference to the Fourier window (Figure 3.10b) as used in the periodogram. It may
also be described as a microscope whose magnification is 1/ 1 where A is a scale factor and
whose optics are the waveform (Kumar & Foufoula-Georgiou 1997). The Wavelet Transform
is used to analyse time series x,,with equal time spacing &, (n=0, 1, 2...N-1) calculating the
scalar (dot) product of the wavelet function and the series of interest. It also assumed that a
Wavelet function W, (n) depends on a nondimensional parameter n which must have zero

mean and be local in time and frequency space.
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Figure 3.10: Basis of time frequency decomposition; Kumar and Foufoula-Georgiou (1997)
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Figure 3.11: Two types of Wavelet function, at a; the Morlet and b; its transform and c; the

Dog and d; its transform, modified from Torrence and Compo (1998) Figure 2.

Figure 3.11 shows two types of Wavelet Transform, on the left is the functional

representation in the time domain and at right is their transform (hatted) in the frequency

domain. The upper example (a) shows the Morlet Transform which has both a real part (solid

line) and an imaginary part (shown dotted) it is this quality that enables phase related data to

be represented. Below is shown an example of a derivative of a Gaussian (DOG) distribution

known as the "Mexican Hat" for obvious reasons (Table 3.3). Wavelet function refers to all

wavelet functions both continuous and discrete but the term orthogonal Wavelet function

refers only to the discrete cases.

Table 3.3: Wavelet functions shown in Figure 3.11 (reproduced from Torrence and Compo

(1998))
e-folding Fourier
Name Yo(n) Yo(sw) time 7,  wavelength A
Morlet —1/4 jiwon ,n2/2 —-1/4 —(sw—wp)?/2 4drs
(wo = frequency) & ertle = Hw)e ’ v2s wot+/2+w?
DOG (=™t gm im m,—(sw)?/2 2ms
(m = derivative) [r(m+3) ™ r(m+1) (@) e V2s /m+1
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Rainfall data in climate data series are usually discrete in nature and therefore the discrete or
orthogonal Wavelet transform is used. Modern accurate climate data series are usually quite
short so it is customary to pad the ends of the data series. This means to add a series of zeroes
to each end of the series that are slightly wider than the window interval so that all of the data

can be analysed.

The Wavelet decomposition for the Southern Oscillation Index (SOI) and Nifio34 was
conducted in the Matlab Wavelet Toolbox GUI (MathWorks 2007).

The two premier indices, the components of ENSO; SOI and Nifio3.4 were also compared
using a Wavelet decomposition technique (Torrence & Compo 1998) again in Matlab (figure
3.12). Initially it appeared as if the two signals were completely different, a point not borne
out by closer examination. Apart from the smoothing; five months in the case of Nifio34 and
a statistical smoothing for the SOI, the two signals are almost the inverse of each other as the

top line “a3” the third residual signal, shows by close scrutiny.
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Figure 3.12: Wavelet decomposition of: bold blue and green colour is Nifio3.4 and pastel
shades the SOI time series 1900 — 2010 (conducted in MATLAB). Top row shows; a3 the
third residual.
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The final residual at a10 also show a distinct inverse relationship as does d10, the final noise
exclusion. The reversal is less apparent, but still discernible at noise exclusions; d7, d6, d5
and d4. It is only at noise levels below four months as depicted at; d3, d2 and d1 that the
relationship is not really apparent.

3.4 Summary

The best, most accurate and longest time series data were selected in a procedure that takes
into account the non-linear evolution of rainfall time series. Initially correlations were
conducted in groupings relating to spectral similarity. The method used a moving spectral
windowing technique that removed sub decadal variability and intra-annual noise whilst
preventing truncation of the data series at its beginning and end to make maximum use of the
available data. Non-statistically significant results were masked by careful selection and
design of the graphics key. The method attempted to remove subjectivity wherever possible.

Spectral cross correlation and Wavelet decomposition are tools that enable indices from the
different spectral groupings to be compared. These techniques were used to analyse the
differences between the Nifi03.4 and SO indices which are both indicators of essentially the

same phenomenon.
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Chapter 4 Results

4.1 Introduction

This chapter is by necessity full of acronyms so it is suggested that the reader refers to the
introductory glossary in Table 1.1 for assistance if necessary. Contained in this chapter are
the results after correlating December, January and February (DJF) Australian summer
rainfall with 24 monthly climate indices at decadal resolution 1900 — 2008. No previous
study has been conducted with such a wide variety of indices. Schepen, Wang and Robertson
(2011) came near to doing a comprehensive study, but conducted at a 29 year resolution and
on just 13 indices and without pursuing the promising topic of ocean heat content indices in

any great depth.

Decadal resolution was chosen as it has previously been shown that decadal variation in the
Indian Ocean SST is associated with rainfall variability in parts of Australia (Power et al.
1999) and that it varies in symaltaneously with an interdecadal oscillation in the Pacific (Cai,
Whetton & Pittock 2001). The relationship of decadal climate variability and the 11 year

solar cycle has also at times been an intense area of debate (Baldwin, M. et al. 2001).

From a practical standpoint climate prediction using a decadal timespan if possible is highly
desirable providing more certainty in all aspects of human endeavour by minimising socio
economic impact especially for primary production (Keenlyside & Ba 2010). This chapter is
structured by initially using the spectral signatures of climate indices divided into distinct
spectral types as described in Chapter 3, Section 3.3.1 "A Priori Investigation™, and later,
Section 4.2 “Initial analysis”.

A particular focus is on the analysis represented in section 4.4 and subsequent discussion in
Chapter 5 of these results for South East Queensland (SEQ). Such a comparative analysis of
all available climate indices and rainfall relationship is currently lacking for SEQ, although

previous analysis by Murphy and Ribbe, (2004) noted that SEQ is more prone to periods of

weaker correlation than any other region in Australia.

A most significant outcome was how well indices constructed using the near Australia Pacific
warm pools (WPs) performed in comparison to the more traditionally used indices. Using the
spectral signatures also revealed a surprising linkage between the SOI and the Interdecadal
Pacific Oscillation as alluded to previously (Cai, Whetton & Pittock 2001; Cai & van Rensch
2012).
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In short the analysis and presentation of results concentrate on:

e Expanding the work of Schepen, Wang and Robertson (2011), extending it to 24
different climate indices
e Decadal resolution

e Making SEQ an area analysed with a multiplicity of indices

The material presented in Section 2.1 links climate indices with Australian rainfall to a
greater or lesser degree, a starting point for this research. Correlation between indices and
rainfall will be performed as a basis for future investigation of links between pressure and
temperature phenomena and Australian Climate. It is expected that a spread of correlations
will be observed due to correlations between indices (de Viron, O., Dickey, J. & Ghil, M.
2013).

The Oceanic Nifio Index (ONI) (Kaplan et al. 1998) was discarded as it was found that its
correlation pattern using a three month running mean was indistinguishable from the five

month running mean of the Nifio3.4 index (Bamston, Chelliah & Goldenberg 1997).

Contextual descriptions of indices where appropriate are found in Chapter 3, Section 3.1.2.
Correlations between climate indices and annual (January — December) rainfall are not
included unless significant apart from WWYV variants and the Nifio3.4 and SOI indices; the
latter two of which exhibit a poorer correlation at summer resolution than annual (January —
December) resolution. Thus to prevent this document becoming too unwieldy, correlation
maps for other indices for the (January — December) are contained in the attached library on
compact disk. The inclusion of Warm Water Volume correlation with annual (January —

December) rainfall is included because of the remarkable consistency of this product.

The rainfall graphic (Figure 2.1), although interesting is of limited application. Figures 4.1
and 4.2, summer (DJF) decadal rainfall anomaly maps, gridded actual anomaly and area
averaged standardised anomaly respectively are included to help the reader make
comparisons between rainfall and correlation when assessing the results. For accurate
assessment it is suggested that Figure 4.1 might be used and for a more rudimentary, less
accurate initial assessment Figure 4.2 is recommended. Australian rainfall in this period has
varied about its mean by ~ + 1 mmrday™. In terms of standard deviation at decadal
resolution, Australian rainfall anomalies for the period are varying only by ~ +0.3 standard

deviations on average.
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Figure 4.1: Summer (DJF) decadal Australian rainfall anomaly 1900 — 2008 (mmday™).

Significant changes in the relationship of climate indices and Australian rainfall over 11
decades are documented in this study which uniquely includes a 110 year subset of Simple
Ocean Data Assimilation (SODA), a measure of tropical Pacific Ocean heat content. SODA
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is used to investigate decadal rainfall variability and allow the extension of Warm Water

Volume and Indo Pacific Warm Pool indices beyond the directly observed data.

Standardised area averaged mean decadal summer (DJF)
Australian rainfall anomaly (1900 - 2008)

15

0.5

Standardsed anomaly

-1.5
1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005

Decade

Figure 4.2: Standardised Australian area averaged summer (DJF) decadal rainfall anomaly
(1900 - 2008).

4.2 Initial Analysis

An initial analysis was conducted on the indices using a fast Fourier transform (FFT)
technique in Matlab to produce periodograms as described in Chapter 3 section 3.3.1; A
Priori Investigation. Like Spectral signatures are grouped as shown in Table 3.2 and their
correlations with rainfall are shown. The groupings (Spectral class) are: SOI type, Nifio type,
mixture type, meridional type and a unique type. Absence of a decadal correlation panel on a
decadal correlation graphic reflects the unavailability of index data for that decade.

4.2.1 Southern Oscillation Index Types

4.2.1.1 Southern Oscillation Index (SOI)

The SOI is an index which has been comprehensively dealt with in the literature and overall,
generally shows a positive correlation with DJF rainfall (population mean 0.256. The decade
with the highest mean correlation was the 1970s at 0.49 (Figure 4.4). In the last two decades
of the last century the correlation was of opposite sign than previously and markedly weaker
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achieving 0.3 in the 1980s even though rainfall for the continent was near average. No
distinct isoline of zero correlation apparent. Area coverage was also poor for seven of the 11
decades and in the 1980s and 1990s especially so where less than 30% of the land area
achieved a correlation significant at the 95 % Confidence Interval (CI). SOI does show a

weak positive correlation in SW Queensland and the adjacent Northern Territory.

A decadal graphic of the monthly SOI at an annual scale (Figure 4.3) show comparably
greater significant correlation. The correlation tracks the index in a weak fashion in north-east
(NE) Australia including Queensland, SEQ and north-west (NW) Australia. It is interesting to
note that Power et al. (1999) SOI correlation results (their Figure 5 1910 — 1992) are very
similar to panel 1 in Figure 4.3 which is based on 1900 — 2008.

4.2.1.2 BEST index

The BEST index (Figure 4.5), is only available from 1949 — 2008 and the missing panels in

this and other graphics reflects on the unavailability of data for the relevant decades.

Overall pattern was the inverse of the SOI (positive correlation where SOI is negative and
vice versa). The index exhibited a mean negative correlation with rainfall Area averaged
correlation (not shown) was quite high at -0.5 in the1970s. Variance altered significantly
interdecadallty, its histogram occupying four bins in six decades. Worst correlation range was
in the 1980s. Within Australia this correlation tracks weakly to index except in Western
Australia and enjoys quite a high area average of correlation of 37% for the whole period.
Temporally the same approximate configuration of correlation pattern persists for five of the
six decadal panels. For the whole year (not shown) correlation is similar with a much greater

significant area.

95



1900—2008

1923—1938

1969—-19768

1900—1303

" 193%— 1948
oo, W

1943—1358

1959 — 19868

Figure 4.3: Correlation of rainfall with SOI.
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Figure 4.4: Correlation of DJF rainfall and SOI.
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4.2.1.3 Cold Tongue Index (CTI)

The CTI exhibits an average negative correlation of — 0.22 generally opposite to that of the
SOI but differing markedly in the 1930s and 1940s where it swings positive. There is some
evidence of a multidecadal oscillation and the pattern is more in keeping with the IPO (Figure
4.26). Population variance was low and showed poor decadal stability. Overall significant
area coverage of correlation was 38% which was especially low in the 1980s and 1990s
(approximately 15%). Temporally stability for a significant pattern is 73%. Compared to
other indices correlation (Figure 4.6) does not track well to its index and whole year

correlation (not shown) is slightly weaker.

4.2.1.4 Equatorial Southern Oscillation Index (EQSOI)

Figure 4.7 indicates that the EQSOI has a very similar correlation pattern to the SOI. In

respect to its other atributes all were less robust apart from area coverage of 39%.

4.2.1.5 The Indian Ocean Dipole (I0OD)

The 10D correlation maps (Figure 4.8) appeared unique in appearance not matching the
pattern of any other index and all atributes fell mainly in the lower ranks especially the area
of significant correlation at 13%. Population mean was very low at -0.013 and temporal
variability ill-defined. Whole year correlation (not shown) was similar and showed an
weakly-defined zero isoline of correlation running ESE — WNW dividing the continent in

two.
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Figure 4.6: Correlation of DJF rainfall and the CTI.
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Figure 4.7: Correlation of DJF rainfall and the EQSOI.
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Figure 4.8: Correlation of DJF rainfall and the IOD.
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4.2.1.6 El Nifio Modoki (EMI)

Figure 4.9 shows the DJF correlation of the EMI and Australian rainfall with population
mean correlation of -0.238. Average area coverage was 39% and temporal stability of the
predominant pattern was 55%. At all year resolution (not shown) EMI correlation was
broadly similar but positve correlation was weaker whilst negative correlation was stronger.
The correlation tracks weakly to EMI and rainfall anomaly in Queensland. EMI correlation is

similar to the EQSOI (opposite sign) after the millennium.

4.2.1.7 Multivariate El Nifio Index (MEI)

Correlation for the MEI and Australian DJF rainfall is shown in Figure 4.10. Average
correlation range for all decades was very similar to the Nifio3.4 index which it marginally
outperformed due to its higher population variance. The correlation pattern reverses in the
1980s and 1990s. For the whole year (not shown) correlation range was similar. MEI
correlation is similar to BEST in the 1950s, the EMI in the 1970s and to the EQSOI in the
1960s and 1990s.

4.2.1.8 FIVEVAR

Correlation pattern for the FIVEVAR index (Figure 4.11) was generally similar to Nifio3.4
having a mean value of -0.283 and achieving a maximum value in the first decade of this
century. Mean area coverage was 37% whist a significant correlation pattern existed for 50%
of the time. Other indices having an overall correlation similar to FIVEVAR were the BEST,
MEI and EQSOI. The EMI had a similar correlation from the 1970s onwards.

4.2.1.9 Trans Nifio Index (TNI)

The TNI (Figure 4.12) as already alluded to in Chapter 2 as having a high correlation with the
EMI (Ashok & Yamagata 2009) so that its pattern is almost its inverse (Figure 4.9). With
respect to decadal consistency of variance TNI is the highest performer of any indices whose
mean is ~ 0.072 whilst aveage area coverage was 29%. Temporally the same significant
pattern was achieved on 45% of the time. TNI correlation has an oveall similar pattern to
MEI and BEST in the 21% century.
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Figure 4.9: Correlation of DJF rainfall and the EMI.
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Figure 4.10: Correlation of DJF rainfall and the MEI.
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Figure 4.11: Correlation of DJF rainfall and the FIVEVAR index.
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Figure 4.12: Correlation of (DJF) rainfall and the TNI.
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4.2.1.10Tropical Pacific Empirical Orthogonal Function (TPEOF)

For most decades the TPEOF correlation (Figure 4.13) moderately tracks the index (not
shown) in SEQ and weakly for NE and NW Australia. Mean correlation was - 0.235 and
signifcant area of correlation 31%. All year resolution (not shown) was of similar strength.
TPEOF has an overall similar correlation pattern to the EQSOI, BEST, CTI, FIVEVAR and
MEI.

4.2.1.11 Pacific Warm Pool (PWP)

PWP (Figure 4.14) had the highest population variance of any index as well as the highest
mean decadal variance of 0.092. There is strong evidence of multidecadal variability and the
correlation is similar to the IPO hence the low temporal variability (50%) and mean (-0.11).
Mean significant area coverage of correlation was 28%. The correlation does not match the
significant increase in SST that the region underwent during that period as indicated by its
index (Figure 4.43). PWP has a mean correlation range of 1.6 increasing to 1.7 after the year
2000. The all year perspective (not shown) has a slightly weaker correlation and multidecadal

variation.
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Figure 4.13: Correlation of DJF rainfall and the TPEOF index.
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4.2.2 Summary of SOI Spectral Type Results

Results for indices with SOI spectral types as identified in Section 3.2.1 are shown in Table

4.1. Overall the BEST index achieved the highest ranking when all criteria were taken into

consideration although there was very little to choose between the first five indices in this

spectral group. PWP index (joint fourth rank) had extremely population variance and mean

decadal variance.

Table 4.1: Performance (correlation) results of SOI type indices. The last four columns

show the ranking of the index in terms of; strength, area coverage, consistency and overall

performance of their major attribute (positive or negative) between decades.

Population Decadal Correlation Temporal )

Variance Variance Area Stability Final Score

Index Global | Score | Global | Score | Global | Score | Global | Score | Total | Rank
BEST 0.0238 4 1.5 1 37 10 80 10 25 1
CTI 0.0132 1 2.2 4 38 10 73 8 23 3
EMI 0.0137 1 2.75 6 39 10 55 3 20 4
EQSOI | 0.0151 2 2 3 39 10 50 2 17 9
FIVEVAR | 0.0241 4 2 3 37 10 50 2 19 6
10D 0.0196 3 1.67 1 13 2 60 5) 11 11
MEI 0.0242 4 1.5 1 34 9 50 2 16 10
PWP 0.0517 10 1.5 1 28 7 50 2 20 4
SOl 0.0177 2 2.75 6 38 10 64 6 24 2
TNI 0.0112 1 3.67 10 29 7 45 1 19 6
TPEOF | 0.0252 4 1.5 1 31 8 67 6 19 6

4.2.3 Nifio Types

Here a reminder that white space on the correlation maps means that the correlation

coefficient is less than approximately 0.36 so not significant at the 95% confidence level.

4.2.3.1 Nifio3.4

Correlation results for the de facto El Nifio index, the DJF Nifio3.4 index (Figure 4.15) which

is the five month running mean of SST anomaly in the Nifio3.4 region are described here.
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Oceanic Nifio Index (ONI) is almost identical to Nifio3.4 in every respect except that it is a

three month running mean so is omitted from the analysis.

Average correlation range for Nifio3.4 was found to be -0.247 and it achieved the best
correlation of -0.48 in the1970s. The lowest value of -0.01 was obtained in the 1940s and
1990s. Average area coverage was found to be 38% and the most significant temporal pattern
existed for 45% of the time. Correlation is better on the east side of the continent for most

decades.
For whole year resolution (Figure 4.16) the N — S correlation pattern is similar.

Nifo3.4 correlations at decadal DJF resolution were were slightly less than and
approximately the obverse of the SOI except for the 1930s. Many other indices were also
found to have a similar correlation pattern: BEST, CTI, EQSOI, FIVEVAR, MEI and
TPEOF. The MEI showed similarities in the 1960s and 1970s whilst WWV_E and WWV_W

were similar in the first half of the 20" century.

4.2.3.2 North Atlantic Oscillation (NAO)

NAO (Figure 4.17) data are available from 1950 and is the worst performing index in this
category having an overall weakly positive correlation of 0.066 and had a maximum in the
21% century of 0.32. Mean area coverage was 12% and significant temporal pattern achieved

on 50% of occasions. Annually NAO correlation (not shown) is similar to DJF but weaker.

In terms of an NAO/ENSO relationship there is slight evidence of NAO variability with
respect to the 15 year lagged relationship with subtropical eastern Australian rainfall (SEAR)
as postulated by Sun et al. (2014). NAO correlation (Figure 4.17) appears to leads SOI
(Figure 4.4) correlation by 10 years for the 1950s, 1970s and 1980s. Similarly NAO leads
Nifio 3.4 (Figure 4.15) in the same decades if it is remembered that the signs are reversed.
Currently such north Atlantic connections to southern hemisphere climate relationship are of

great interest judging by the proliferation of such literature.
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Figure 4.15: Correlation of DJF rainfall with the Nifio3.4 index.

113



1900—2008

1929— 19238

19689 —14978

1905—14918

1945— 1950

1959 — 14998

Figure 4.16: Correlation of rainfall with the Nifi03.4 index.
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Figure 4.17: Correlation of DJF rainfall with NAO index.
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Figure 4.18: Correlation of DJF rainfall with WHWP index.
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4.2.3.3 Western Hemisphere Warm Pool (WHWP)

WHWP (Figure 4.18) has a mean correlation of -0.121 and population variance of 0.0221.

Mean area coverage is at 23% whilst temporal stability of the most significant pattern
occurred on 50% of occasions and bears a similarity to the IPO, MEI , TPEOF and

WWV_W. At the whole year resolution (not shown) correlation is similar but weaker.
4.2.3.4 Warm Water Volume (WWV)

Figure 4.20 show the decadal DJF correlation of Australian rainfall and the WWYV index
WWYV had a poor population variance of 0.0214 and decadal variance of 0.024 but a high
stability. The highest correlation mean value (0.35) occurred in the 1910s. Mean area
coverage was 18% and the predominant correlation configuration occurred on 55% of
occasions being subject to a multidecadal variability. At annual resolution (Figure 4.19)

correlation was not as strong.
4.2.3.5 Warm Water Volume East (WWV_E)

Figure 4.22 shows the decadal DJF WWYV _E correlation to Australian rainfall. Mean area
coverage was 39% and temporal stability 64%. The WWYV _E index has a low mean
correlation of -0.223 and attained maximum value of -0.39 in the first decade of the 21

century. Annually WWYV _E (Figure 4.21) exhibits a similar correlation pattern. The MEI had

an overall similar pattern to WWYV _E whilst FIVEVAR was similar except for the 1960s and

1970s.
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Figure 4.19: Correlation of rainfall and the WWYV index.
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Figure 4.20: Correlation of DJF rainfall and the WWYV index.
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Figure 4.21: Correlation of rainfall and the WWYV _E index.
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Figure 4.22: Correlation of DJF rainfall and the WWV_E index.
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4.2.3.6 Warm Water Volume West (WWV_W)

Figure 4.24 show the DJF WWV_W index correlation to Australian rainfall. WWV_W has a
mean correlation of 0.103. Area coverage was found to be 29% with a temporal stability at
82%. This configuration for east Australia was stable but reversed during the 1980s to
recover by the next decade. As with the other two WWYV indices WWV_W correlation
(Figure 4.23) is more consistent at annual resolution but not quite as weakened as the former
at only approximately minus 0.1. Correlation tracks the WWV_W index to a medium level in
most regions of Australia, weaker in NE Australia and not at all in the S coastal region. The
Nifo3.4 was found to have an overall similar pattern for the first seven decades. IPO was

similar for many decades and BEST had similar pattern in the 1960s and 1970s.
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Figure 4.23: Correlation of rainfall and the WWV_W index.
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Figure 4.24: Correlation of Australian summer (DJF) rainfall and the WWV_W index 1900
—2008.

4.2.4 Summary of Nifio Spectral Type Results

The analysis for the three indices are summarised in Table 4.2. WHWP pattern is very similar
to the northern Hemisphere NAO pattern for the first three decades and in terms of pure
correlation range scores very favourably. Although having a small correlation range (0.48)

Nifi03.4 has the best temporal stability.
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Table 4.2: Performance (correlation) results of Nifio type indices for the whole period.

The last four columns show the ranking of the index in terms of; strength, area coverage,

temporal stability and overall performance of their major attribute between decades.

Population Decadal Correlation Temporal _

Variance Variance Area Stability Final Score

Index Global | Score | Global | Score | Global | Score | Global | Score | Total | Rank
NAO 0.0115 1 2 3 38 2 50 2 8 6
Nifo3.4 | 0.0187 2 1.83 2 38 10 45 1 15 4
WHWP | 0.0221 3 2 3 23 5) 50 2 13 5)
WWV 0.0214 3 2.75 6 24 6 55 3 18 3
WWV_E | 0.0130 1 2.2 4 39 10 64 ) 20 2
WWV_W | 0.0216 3 2.2 4 29 7 82 10 24 1

4.2.5 Mixture Types

4.2.5.1 Pacific Decadal Oscillation (PDO)

PDO (Figure 4.25) exhibits a mean correlation range of -0.154 and achieves -0.445 in the

1910s. Mean significant regional coverage was 29% and temporal stability of the most

significant pattern was at 45%. From an annual perspective (not shown) the correlation

patterns are similar but weaker.

4.2.5.2 Inter Decadal Pacific Oscillation (IPO)

IPO as shown in Figure 4.26 exhibiting a mean correlation range of -0.23 achieving a

maximum of 0.47 in the1940s. Mean area coverage was 35% and temporal stability of a

significant pattern occurred on 55% of ocasions. Annually IPO correlation (not shown) is

similar but weaker and shows a reversed pattern in the 1960s and 1990s. Overall the IPO

pattern is very similar to the PDO except in the 1980s. The BESTindex shows a similar
pattern to the IPO.

4.2.6 Summary of Mixture Spectral Types

PDO and IPO have been regarded as to all intents and purposes regarded as very similar to

each other (Cai & van Rensch 2012) for they represent equivalent description of the same

125




event even though PDO is a meridional oscillation and IPO is zonal oscillation. This tends to

be borne out by the results comparison in Table 4.3.

Table 4.3: Performance (correlation) results of mixture type indices. The last four

columns show the ranking of the index in terms of; strength, area coverage, temporal stability

and overall performance of their major attribute between decades.

Population Decadal Correlation Temporal Final Score
Variance Variance Area Stability
Index | Global | Score | Global | Score | Global | Score | Global | Score | Total | Rank
IPO | 0.0265 4 1.83 2 35 9 55 3 18 1
PDO | 0.0143 1 2.2 4 29 7 45 1 13 2
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Figure 4.25: Correlation of DJF rainfall and the PDO index.
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Figure 4.26: Correlation of DJF rainfall and the IPO index.

4.2.7 Meridional Types

4.2.7.1 Northern Oscillation Index (NOI)

The NOI (Figure 4.27) has a mean correlation range of 0.15 increasing to 0.7 in the 1960s
and decreasing to 0.4 for the 1980s and 2000s. There is evidence of an isoline of zero
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correlation running E — W in the southern part of the continent with positive correlation on
the equatorial side for most decades. This configuration reverses for the 1980s and 1990s
resulting in a temporal stability of 67%. NOI has a similar pattern for the whole year (not
shown) as it does for DJF. The correlation pattern for MEI was found to be similar in the
1960s and 1990s.

4.2.7.2 Southern Annular Mode (SAM)

The correlation pattern of the SAM index otherwise known as the Antarctic Oscillation
(Figure 4.28) is unique compared to all other indices considered and has a mean correlation
0.217 which has its highest value (0.32) in the 1970s. Mean area coverage was found to be
35% and temporal stability at 60%. Other attributes were not noteworthy. The configuration

for annual resolution (not shown) was found to be similar.
4.2.7.3 Arctic Oscillation Index (AOI)

The AOI (Figure 4.29) was found to have a mean correlation 0.11 attaining a maximum of
0.29 during the 1970s. Mean area coverage was 36% and temporal stability had the same
predominant pattern on 67% of occasions. At whole year resolution AOI correlation (not
shown) was similar but slightly weaker than DJF. The SAM the Southern Hemisphere
counterpart of AOI has a very similar configuration for the 1980s and 1990s. The NAO

which is also basically the same index also bears a resemblance throughout the range.
4.2.7.4 Indo Pacific Warm Pool (IPWP)

The IPWP (Figure 4.30) has the highest mean correlation range of any index tested achieving
0.087 an attribute that also remained moderately stable. Mean area coverage was 21% and

temporal stability of the most significant correlation pattern was 64%.
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Figure 4.27: Correlation of DJF rainfall and the NOI.
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Figure 4.28: Correlation of DJF rainfall and the SAM index.
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Figure 4.29: Correlation of DJF rainfall and the AOI.
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Figure 4.30: Correlation of DJF rainfall and the IPWP index.

The IPWP has a very similar correlation pattern to the PWP except for the 1980s and 1990s.
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4.2.8 Summary of Meridional Spectral Type Results

Table 4.4 shows the rankings of the meridional spectral types where it can be seen that the
IPWP had the highest ranking due to a significantly higher correlation range when compared
to the other indices combined with a greater temporal stability. The high population variance
of SAM (third decile) compared to its Northern Hemisphere counterpart the AOI (decile 1)
should be noted. In terms of absolute score however the AOI delivers a very similar result to
SAM.

Table 4.4: Performance (correlation) results of mixture type indices. The last four
columns show the ranking of the index in terms of; strength, area coverage, temporal stability
and overall performance of their major attribute between decades.

Population Decadal Correlation Temporal _
_ ) - Final Score
Variance Variance Area Stability
Index | Global | Score | Global | Score | Global | Score | Global | Score | Final | Score
AOI | 0.0108 1 1.5 1 36 9 67 6 17 3
IPWP | 0.0201 3 2.75 6 21 5 64 6 20 1
NOI | 0.0258 4 2 3 25 6 50 2 15 4
SAM | 0.0210 3 1.67 1 35 9 60 5 18 2

4.2.9 Unique Type

4.2.9.1 Quasi Biennial Oscillation (QBO)

Not particularly strong the QBO correlation with Australian rainfall (Figure 4.31) has a mean
correlation of -0.0214 which rises to -0.245. Area coverage was found to be 8% and temporal
stability of 50%. QBO correlation is quite similar to that other strongly quasi-periodic index
covered the 10D for the 1970s, 1990s and the 2000s. The literature once suggested that the
QBO and 10D were significantly related (Indeje & Semazzi 2000). QBO details are below
(Table 4.5).

Table 4.5: Performance (correlation) results of the QBO.

Population Decadal Correlation Temporal Final

Variance Variance Area Stability Score
Index Global | Score | Global | Score | Global | Score | Global | Score | Total
QBO 0.0115 1 2 3 8 1 50 2 7
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4.3 Summary of Australian Results

In this section the performance of indices for the whole of Australia are shown in précis

format (Table 4.6) and a pictorial summary of the better performing indices is also shown

(Figure 4.32). A key result is the outstanding performance of indices based on the

characteristics of the oceanic warm pools (WPs).
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Figure 4.32: Pictorial summary of Australian results. Abscissae shows the number of indices

in each of the score bins and ordinate shows the index name.
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Table 4.6: Summary of Index Performance with DJF rainfall

Population Decadal Correlation Temporal )

Variance Variance Area Stability Final Score

Index Global | Score | Global | Score | Global | Score | Global | Score | Total | Rank
AOI 0.0108 1 1.5 1 36 9 67 6 17 15
BEST 0.0238 4 1.5 1 37 10 80 10 25 1
CTI 0.0132 1 2.2 4 38 10 73 8 23 4
EMI 0.0137 1 2.75 6 39 10 95 3 20 6
EQSOI 0.0151 2 2 3 39 10 50 2 17 15
FIVEVAR | 0.0241 4 2 3 37 10 50 2 19 9
10D 0.0196 3 1.67 1 13 2 60 5 11 22
IPO 0.0265 4 1.83 2 35 9 55 3 18 12
IPWP 0.0201 3 2.75 6 21 5 64 6 20 6
MEI 0.0242 4 1.5 1 34 9 50 2 16 17
NAO 0.0115 1 2 3 38 2 50 2 8 23
Nifio3.4 | 0.0187 2 1.83 2 38 10 45 1 15 18
NOI 0.0258 4 2 3 25 6 50 2 15 18
PDO 0.0143 1 2.2 4 29 7 45 1 13 20
PWP 0.0517 10 1.5 1 28 7 50 2 20 6
QBO 0.0115 1 2 3 8 1 50 2 7 24
SAM 0.0210 3 1.67 1 35 9 60 5 18 12
SOl 0.0177 2 2.75 6 38 10 64 6 24 2
TNI 0.0112 1 3.67 10 29 7 45 1 19 9
TPEOF | 0.0252 4 1.5 1 31 8 67 6 19 9
WHWP | 0.0221 3 2 3 23 5 50 2 13 20
WwvV 0.0214 3 2.75 6 24 6 55 3 18 12
WWV_E | 0.0130 1 2.2 4 39 10 64 6 21 5)
WWV_W | 0.0216 3 2.2 4 29 7 82 10 24 2
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This result is not entirely unexpected as the WP regions are comparatively near to Australia
and are shown to be centres of global scale climate activity in controlling significant climate
modes. The top performing index was WWYV_W which has an exceptionally high temporal
stability score. SOI performed well due to its sound medium scores in most categories and
exhibited similarity to WWV_W in its low frequency signal. Performance of some indices
more traditionally used for the purpose, for example Nifio3.4 is very poor at summer
resolution mainly due to poor temporal stability whereas some of the derived indices based
on it: BEST and FIVEVAR fared much better. Surprisingly the northern and southern
hemisphere meridional indices; AOI, SAM and NAO is captured in this study as
outperforming MEI and TNI. The IPO appears not to be suitable due to the 20 to 30 year

signal.

4.4 South East Queensland Correlations of Significance

The treatment for SEQ is the same as the Australian analysis (Section 3.2.4). The only
difference is that the correlation maps of the previous section were scrutinised for significant
correlation results for the SEQ region. Indices that have been targeted in the literature for
South East Queensland (SEQ) were also analysed: SOI, Nifio3.4 and IPO/PDO (Cai 2011,
Murphy & Ribbe 2004). In addition due to their robust correlations Warm Pool (WP) indices
for example; PWP and WWV have also been included. The regional definition of SEQ was
determined as the land areas contained within 20.5 — 30.5°S and 150.5 — 154.5°E (Cai & van
Rensch 2012) as opposed to 27.5 — 28.5°S and 151.5 — 153.5°S (BoM, A. 2010) in Baum et
al. (2010) or the land area within 147°E, the Australian E coast and lat 29 — 22.5°S (Murphy
& Ribbe 2004) so as to make the results more similar to the latest significant work conducted

for the region.

Standardised, area averaged rainfall anomaly for SEQ is shown in Figure 4.33.a) Decadal,
annual and b) decadal DJF rainfall to enable the reader to assess how well correlation and
index tracks rainfall. All other graphics in this section, indices and correlations have been
subjected to the filtering technique as described in Section 3.2.3.1. Additionally some area
averaged correlation graphics have been included to assist the reader’s understanding. The
approximate 50 year downward trend in rainfall from the end of the 1960s also coincides
with the decrease of the SOI. Over the same 50 year period the WPWP SST has increased.
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IPO has decreased for the last 3 decades but it is difficult to determine the 20 year decrease in

tropical Pacific Meridional Overturning Circulation (MOC).
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Figure 4.33: Standardised area averaged South East Queensland rainfall anomalies 1900 —

2008 by decade.a) annual rainfall and b) summer (DJF) rainfall.

4.4.1 Southern Oscillation Index (SOI)

The SEQ correlation for the DJF SOI (Figure 4.34) shows a mean correlation of 0.42 for the
1900 — 2008 period showing a very low population variance of 0.0016 and moderately low

decadal variance pattern (4™ rank). With respect to significant area of correlation for SEQ
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SOl occupies the top position with many other indices whilst also having a moderately good

temporal stability.
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Figure 4.34: Decadal correlation of SEQ DJF rainfall and SOI.

A possible significance is that correlation tracks the decadal DJF SOl in a weak to moderate
fashion (Figure 4.35) whereas no such relationship between rainfall and correlation is

apparent.
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Figure 4.35: Decadal mean summer (DJF) SOI.
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Figure 4.36: Decadal area averaged correlation of SEQ rainfall and SOI.

4.4.2 Nino3.4

The DJF Nifio3.4 index correlation with SEQ rainfall is shown (Figure 4.37).
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Figure 4.37: Decadal correlation of SEQ DJF rainfall and Nifio3.4 index.
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Figure 4.38: Decadal mean summer (DJF) Nifio3.4 index 1900 — 2008.
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Figure 4.39: Decadal area averaged correlation of SEQ rainfall and Nifio3.4 index.

Unlike the results for the Australia wide situation SEQ whole year Nifio3.4 correlation
(Figure 4.39), still wholly negative, is generally weaker. Overall the whole year correlations
are more regular. Nifio3.4 correlation pattern was found to be the inverse of the SOI. Other

traits it shared were a large are of correlation and moderately high temporal stability.
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4.4.3 Inter Decadal Pacific Oscillation (IPO)
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Figure 4.40: Decadal correlation of SEQ DJF rainfall and IPO.
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Figure 4.41: Decadal mean DJF IPO index.

The IPO correlation with SEQ rainfall is shown (Figure 4.40) and appears more dynamic at
the decadal DJF resolution than for the whole year (not shown). In terms of the analysis

criteria score was identical to the SOI and its DJF index is shown (Figure 4.41).

145



4.4.4 Pacific Warm Pool (PWP)
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Figure 4.42: Decadal correlation of SEQ DJF rainfall and PWP.
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Figure 4.43: Decadal area averaged correlation of SEQ DJF rainfall and PWP.

The correlation of PWP and SEQ rainfall in DJF (Figures 4.42 and 4.43) does not track the
50 year increase in PWP index (Figure 4.44), a proxy for SST in the region as reflected in its

poor temporal stability. Instead a multi-decadal pattern, reminiscent of the IPO is apparent

between the 1950s and 1980s. IPO has the highest population variance value of any index in

respect to SEQ rainfall, but its decadal variability of variance is the worst.
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Figure 4.44: Decadal mean DJF PWP index.

DJF PWP index correlation exhibits summer dynamism compared to the whole year (not

shown).

147



4.4.5 Warm Water Volume (WWV)

DJF WWYV index (shown in Figure 4.46) shows a moderate positive correlation with SEQ
rainfall for the majority of the time (Figure 4.45) turning negative from the 1980s and for the
first decade of the 21% century. Area coverage of significant correlation was poor at 18% and
whilst having the highest decadal variance stability for SEQ temporal stability was poor.
Correlation for the whole year has a similar relationship but is only negative in the 1980s
(Figure 4.47).
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Figure 4.45: Decadal correlation of SEQ DJF rainfall and WWYV index.
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Decadal mean summer (DJF) WWV index 1500 - 2008
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Figure 4.46: Decadal mean DJF WWYV index.
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Figure 4.47: Decadal area averaged correlation of SEQ rainfall and WWYV index.
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4.4.6 Warm Water Volume West (WWV_W)
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Figure 4.48: Decadal correlation of SEQ DJF rainfall and WWV_W index.

WWV_W correlated with DJF (Figure 4.48) tracks the index (Figure 4.49) very well and was
the lowest ranked index for SEQ. WWV_W had a similar correlation to that of the SOI
except for the 1940s and 1980s. For whole year correlation (Figure 4.50) similarity was less

apparent, but still exhibited slight evidence of a three decadal ramp pattern.
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Figure 4.49: Decadal mean DJF WWV_W index.
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Figure 4.50: Decadal area averaged correlation of SEQ rainfall and WWYV_ West index.

4.4.7 Warm Water Volume East (WWV_E)

Decadal DJF WWYV _E index (shown in Figure 4.53), the most remote of the WWV regions
to Australia, had the most impressive correlation with DJF rainfall (Figure 4.51) of the WWV
indices In terms of the criteria WWYV _E performed the best of all indices for SEQ occupying
the highest decile for decadal variance, area of significant correlation and temporal stability.
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The whole year correlation (Figure 4.52) shows lesser evidence of this oscillation and bears

little relationship to the index (not shown).
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Figure 4.51: Decadal correlation of SEQ DJF rainfall and WWV_E index.
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Figure 4.52: Decadal area averaged correlation of SEQ rainfall and WWV_ East index.

Decadal summer (DJF) WWV_East index 1900 - 2008

£EEEEEE

B A

 Bhhh D000 RRRe

Standardksed anomaly

= bt e

P00 T e Pt TN o (5P P D00 P P VD

1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005
Decade

Figure 4.53: Decadal mean DJF WWYV _E index.

4.4.8 Indo Pacific Warm Pool (IPWP)

The DJF IPWP index (Figure 4.55) tracks the 50 year increase in temperature in the PWP
region and the commensurate increase in heat content/temperature of the IPWP region.
Correlation between IPWP (SODA) and rainfall varied in a multi-decadal pattern (Figure
4.54). Correlation between the reanalysis material, IPWP SODA was very similar to the
observational material of the PWP except for the first decade of the 21% century and shared

its high population variance.
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Figure 4.54: SEQ decadal correlation of DJF rainfall and IPWP index.
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Decadal mean IPWP (SODA) index (1900 - 2008)
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Figure 4.55: Decadal mean DJF IPWP index.

4.4.9 The BEST index

The BEST index was ranked second for SEQ indices in terms of correlation (Figure 4.56)
exhibited a moderate negative mean correlation of -0.438. Population variance was low
(0.0073) whilst decadal variance appeared good for only six decades of material. High scores
in both area and temporal variability helped elevate BEST to the second highest rank. MEI
correlation pattern was very similar and CTI, EQSOI, FIVEVAR, Nifio3.4 and SOI all bore a
resemblance. The IPO pattern looked similar between the 1950s and 1970s.
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Figure 4.56: SEQ decadal correlation of DJF rainfall and BEST index.

4.4.10 The Cold Tongue Index (CTI)

Four indices enjoyed equal fourth ranking, CTI, EQSOI, NOI and TPEOF. CTI (Figure 4.57)
exhibited a mean negative correlation of -0.337 and only turned weakly positive in the 1980s.
Population variance was low (0.0022) as was decadal variance stability which was contra to
the high temporal stability and area of significant correlation.
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Figure 4.57: SEQ decadal correlation of DJF rainfall and CTI index.

4.4.11 El Nifo Modoki (EMI) index

The two best attributes of EMI were a high area of significant correlation and a moderately
high temporal stability. EMI (Figure 4.58) bore a remarkable similarity to the TNI (not
shown) from the 1930s to the end of the record.
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Figure 4.58: SEQ decadal correlation of DJF rainfall and EMI index.

4.4.12 Equatorial SOI (EQSOI)

As previously mentioned EQSOI (Figure 4.59) is very similar in characteristics to CTI.
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Figure 4.59: SEQ decadal correlation of DJF rainfall and EQSOI index.

4.4.13 FIVEVAR index

Fivevar attributes (Figure 4.60) were almost identical to the BEST index except for a lower

population variance indicating a smaller range of correlation value.
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Figure 4.60: SEQ decadal correlation of DJF rainfall and FIVEVAR index.

4.4.14 Multivariate El Nifio Index (MEI)

A mid ranking index the MEI (Figure 4.61) performed only slightly better than Nifio3.4 and
the SOI due in part to its high population variance. Had a longer time series been available

the position might have improved with better decadal variance stability.
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Figure 4.61: SEQ decadal correlation of DJF rainfall and MEI index.
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4.4.15 Northern Oscillation Index (NOI)

As previously mentioned this index (Figure 4.62) is similar to and fits into the group of
indices led by the BEST index.
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Figure 4.62: SEQ decadal correlation of DJF rainfall and NOI.
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4.4.16 Tropical Pacific Empirical Orthogonal Function (TPEOF)

The same observation applies to the TPEOF (Figure 4.63) as to the NOI and others.
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Figure 4.63: SEQ decadal correlation of DJF rainfall and TPEOF Index.
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4.4.17 The Western Hemisphere Warm Pool (WHWP)

The two main attributes of the WHWP (Figure 4.64) were a high population variance
(0.0139), area of significant correlation (44%) and temporal variance (same pattern for 67%

of occasions).
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Figure 4.64: SEQ decadal correlation of DJF rainfall and WHWP Index.
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4.5 Summary of South East Queensland Results

Table 4.7 and Figure 4.65 summarises the results of South East Queensland (SEQ)
correlation of climate indices and decadal summer (December, January and February)
rainfall. The traditionally used indices; Nifio3.4 and SOI have performed quite differently in
SEQ than in the Australian correlations achieving a lower middle order ranking. Possible
reasons for this are discussed in Chapter 5 Discussion. Highest scoring index for SEQ was
WWYV _E by a considerable margin (Figure 4.65), but the other warm pool indices although
generally having high population variance achieved lowest overall rank. Meridional indices
AOlI, its proxy NAO and SAM do not perform well for SEQ and together with the TNI have

not been included in the analysis.
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Figure 4.65: Pictorial representation of top SEQ indices
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Table 4.7: South East Queensland decadal correlation results of climate indices and summer

monthly rainfall.

Population Decadal Correlation Temporal ]
Variance Variance Area Stability Final score
Index Global | Score | Global | Score | Global | Score | Global | Score | Total | Rank
WWV_E | 0.0083 4 55 10 58 10 91 10 34 1
BEST | 0.0073 3 3 5 60 10 83 9 27 2
FIVEVAR | 0.0027 1 3 5 61 10 83 9 25 3
CTI 0.0022 1 2.75 4 61 10 82 9 24 4
EQSOI 0.0067 3 2 2 59 10 83 9 24 4
NOI 0.0058 3 2 2 61 10 83 9 24 4
TPEOF | 0.0072 3 2 2 61 10 83 9 24 4
MEI 0.0095 5 2 2 61 10 67 6 23 8
IPO 0.0033 1 2.75 4 61 10 73 7 22 9
SOl 0.0016 1 2.75 4 61 10 73 7 22 9
Nifio3.4 | 0.0017 1 2.75 4 61 10 64 6 21 11
WHWP | 0.0139 7 15 1 44 7 67 6 21 11
EMI 0.0043 2 2.75 4 61 10 73 4 20 13
PWP 0.0207 10 12 1 35 6 50 3 20 13
WWV | 0.0116 6 55 10 18 3 36 1 20 13
IPWP 0.0172 9 2.2 3 28 5 45 2 19 16
WWV_W | 0.0034 1 1.83 2 61 10 55 4 17 17
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Chapter 5 Discussion, Conclusions and Future

Directions

5.1 Overview

Several results from this study are found to be significant, expanding on the existing
knowledge of the relationship between climate indices and rainfall. In particular the

following key features of this thesis are:
e The BEST was the highest performing index within the criteria specified

e SOl having been in use for a long time is the best known and the simplest index

which performs exceptionally well

e Many Equatorial warm pool (WP) indices adjacent to the Australian continent give

strong correlation with Australian rainfall at decadal resolution.

e Without exception all available indices of climate irrespective of their Global source

region provided a correlation with Australian rainfall at a decadal resolution.

e Derived ENSO indices, for example the BEST index highlight the relatively poor
performance of the more empirically based Nifio3.4 index.

e Changes in the atmospheric-oceanic circulations of the Pacific Ocean region have left
a signature in many of the correlation results between climate indices and decadal
DJF Australian rainfall.

This chapter discusses findings of this thesis and the extant literature. In Section 5.2, the
performance of climate indices and Australian decadal rainfall is discussed. Section 5.3 is a
discussion on how climate indices correlate to South East Queensland (SEQ) rainfall. Section
5.4 highlights geophysical considerations that effect decadal correlation and Section 5.5
investigates the factors such as bias, statistical significance and scientific rigor that have a

significant impact on the study results.

5.2 Australia-wide Index Performance

This section focuses on the summary of the findings as shown in Table 5.1 which ranks

climate indices on their performance in correlation with Australian summer rainfall at decadal
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resolution. It is hoped that this might change the focus to inferences to help close the

knowledge gap.

Columns two to five represent the comparative performance of the indices expressed as a
mark out of 10 in terms of their performance (see Chapter 3, Data and Methods, Section
3.2.4) in terms of different assessment criteria. Column two uses population variance as a
non-biased indicator of correlation range for whole time series. Similarly column three is a
non-biased indicator of the stability of the variance of the correlation between decades.
Column four represents the total area of the Australian continent for which significant
correlation values was achieved. Temporal stability in column five represents the temporal
persistence of the most significant patterns of correlation; column six is the total score

achieved for all the criteria and column seven the overall ranking.
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Table 5.1: Summary of the performance of 24 climate indices and their correlation with DJF
Australian rainfall in respect to: population variance, decadal stability of variance, total area

coverage of significant correlation, temporal stability, total score and overall ranking. Table

is a préecis of the summary in Chapter 4.

Population | Decadal Area | Temporal

Variance | Variance | Coverage | Stability Score | Restllt

Index Score Score Score Score | Total | Rank
BEST 4 1 10 10 25 1
SOl 2 6 10 6 24 2
WWV_W 3 4 7 10 24 2
CTI 1 4 10 8 23 4
WWV_E 1 4 10 6 21 )
EMI 1 6 10 3 20 6
IPWP 3 6 5 6 20 6
PWP 10 1 7 2 20 6
FIVEVAR 4 3 10 2 19 9
TNI 1 10 7 1 19 9
TPEOF 4 1 8 6 19 9
IPO 4 2 9 3 18 12
SAM 3 1 9 5 18 12
WWV 3 6 6 3 18 12
AOI 1 1 9 6 17 15
EQSOI 2 3 10 2 17 15
MEI 4 1 9 2 16 17
Nifo3.4 2 2 10 1 15 18
NOI 4 3 6 2 15 18
PDO 1 4 7 1 13 20
WHWP 3 3 5 2 13 20
10D 3 1 2 5 11 22
NAO 1 3 2 2 8 23
QBO 1 3 1 2 7 24
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In this study the BEST index gave the best overall performance when all the criteria were
considered outperforming the other ENSO indices SOI, Nifio3.4, CTI and EMI as well as the
multivariate FIVEVAR, MEI and TNI. This is a surprising result as this is index has usually
been associated with US and North American climate and there are few significant studies
linking it to Australian climate. Population variance for the BEST index occupies the fourth
decile and if the result for PWP is excluded makes it a top performer. In terms of decadal

variance stability the index sits in the lowest decile however.

SOI did remarkably well, ranking joint second in the study, its high performance in decadal
stability both for variance and temporal stability perhaps explaining its longevity as a climate
predictor for Australian rainfall. The meridionally orientated NOI (Schwing, Murphree &
Green 2002) although having a high correlation to the SOI (0.77) perhaps indicative of a
teleconnection with ENSO ranked only at 18™. Other meridionally orientated indices
generally scored poorly with SAM at 12" rank and AOI 15"

Near Australia warm pool (WP) indices (Figure 2.12) scored very highly in this study with
four of them occupying the top six rankings. The WWV_W index whose region is shown in
the left hand black rectangle, shared second rank with the SOI. WWV_W correlation maps
were remarkably similar to the SOI pattern for many decades. IPWP region (within the blue
square) and PWP region (brown square) were both ranked sixth. A little further away the
WWV_E (right hand black rectangle) was ranked fifth. Even further away the WHWP (red
dashed rectangle) achieved 20™ rank. The high performance of the near WP regions is
supported generally and to a partial extent by Schepen, Wang and Robertson (2011) who
showed that micro regions within both the PWP and IPWP areas correlated well with rainfall
in various parts of the Australian continent at a 29 year resolution. According to the literature
the PWP has never been correlated to decadal Australian climate also making the study

unique.

A very recent work does support the assertion of a strong relationship between near WP SST
with Australian climate, Li, Yu and Li (2013) were able to show that increased SST in the
tropical West Pacific accounts for 50% of the rainfall increase in North Australia over the
past 33 years. Again, but to a lesser extent this assertion is backed up by the work of van der
Ent and Savenije (2013) who found that the strongest source areas for continental
precipitation are located adjacent to the continent in question. van der Ent and Savenije
(2013) also found that with respect to Australia local SST had the biggest effect, but noted
that ENSO related SST variations also played a role.
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The PWP has a coincident Rain Pool (RP). PWP and RP are portrayed as being situated at the
heart of the global climate system and described as its ventricle and atrium respectively
(Chen et al. 2004). Considering the PWP region’s intimate position relative to Australia it is
remarkable that it has not been previously used for correlation with Australian climate.

Other authors have used IPWP data for correlation of climate in other regions, for example
Wang and Mehta (2008) showed that the IPWP controlled; shallow tropical atmospheric
circulation and the dynamics of both the Hadley and Walker circulation to affect DJF rainfall
in the southern United States. This current study is unique in correlating IPWP and Australian
decadal rainfall. There would seem to be a compelling reason to investigate parochial
phenomenon such as WP SST that effect conditions at a remote situation on other continents

but also demonstrate a profound local effect in respect to Australian summer climate.

Some indices that exhibited a long wave spectral signature, PDO and NAO did not fare well
in the study and yet the IPO obtained the 12" rank. Close examination of the IPO
periodogram shows that it has a spectral peak at ~55 months which is coincident with the SOI

(Figure 5.11) which may have influenced its performance.

5.3 South East Queensland Index Performance

The discussion in this section focuses on the summary of the findings as shown in Table 5.2,
a listing of how climate indices perform in their correlation with SEQ summer rainfall at
decadal resolution. It is hoped that this might change the focus to inferences to help close the
knowledge gap. The highest performing index for this region was WWYV_E one the furthest
away WP regions from SEQ.

Local WP indices figure less prominently for SEQ than for the whole of Australia although
IPWP, PWP and WWYV achieved a greater maximum strength than WWYV _E (Table 5.2). No
work was found in the literature that links IPWP to SEQ rainfall. A signal of strongly
increasing SST can be seen in the IPWP index (Figure 4.55) which explains its poorer
decadal variance. In the case of PWP this is far more marked with a huge increase in SST

during the period (Figure 4.44).

For the SEQ region the Nifio3.4 index was outperformed by the derived Nifio indices BEST,
FIVEVAR, MEI and by the SOI. According to Murphy and Ribbe (2004) SEQ region is the
land area within 147°E, the Australian east coast and lat 29 — 22.5°S (Figure 5.1) which
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differs to that already stated (Cai & van Rensch 2012). This is quite an important observation
because the east-west rainfall gradient is quite significant. Rainfall results vary depending on
the definition or the region used thus providing a potential for bias in the correlation results.
Klingaman, Woolnough and Syktus (2013) supports the observation of an east—west rainfall
gradient more indirectly by stating that Queensland generally is under the influence of ENSO
during the summer but in SEQ summer climate is driven more by on-shore winds and coastal
tropical cyclones. It is therefore evident that dependent on the shape of the region chosen to
represent SEQ; a different rainfall pattern might result which would help to explain the
discrepancy between results. Murphy and Ribbe (2004) found for example that; Nifio4 and
Nifo3 indices performed generally better than the SOI in the periods 1891 — 2000 and 1891 —
1945,

Figure 5.1: Typical SEQ decadal rainfall anomaly 2000 — 2010) in mm.day™ emphasising the
east-west rainfall gradient. The dashed red outline approximates the region of Cai and van
Rensch (2012) and the dashed black rectangle to that of Murphy and Ribbe (2004).
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Table 5.2: Summer (DJF) index performance for South East Queensland (land area within
20.5-30.5°S, 150.5 —154.5°E after Cai and van Rensch (2012), the red dashed rectangle in
Figure 5.1) with respect to: population variance, decadal stability of variance, total area
coverage of significant correlation, temporal stability, total score and overall ranking. Table

is a précis of the material in Chapter 4.

Population | Decadal Area | Temporal

Variance | Variance | Coverage | Stability Score | Result

Index Score Score Score Score | Total | Rank
WWV_E 4 10 10 10 34 1
BEST 3 5 10 9 27 2
FIVEVAR 1 5 10 9 25 3
CTI 1 4 10 9 24 4
EQSOI 3 2 10 9 24 4
NOI 3 2 10 9 24 4
TPEOF 3 2 10 9 24 4
MEI 5 2 10 6 23 8
IPO 1 4 10 7 22 9
SOl 1 4 10 7 22 9
Nifo3.4 1 4 10 6 21 11
WHWP 7 1 7 6 21 11
EMI 2 4 10 4 20 13
PWP 10 1 6 3 20 13
WWV 6 10 3 1 20 13
IPWP 9 3 5 2 19 16
WWV_W 1 2 10 4 17 17

5.4 Atmospheric-Ocean effects on Decadal Correlation

Several authors listed on the time line (Figure 2.19) document observed changes in the
Pacific environment both tropical and extra tropical that could have an effect on Australian
climate occurring in the latter half of the 20" century. These changes which are summarised
symbolically in Figure 2.20 include the PDO, Meridional Overturning Circulation, SST

increase in the West Pacific Warm Pool, change in the SOI and changes in Australian
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rainfall. In correlation between climate index and precipitation these multi-decadal changes

are sometimes evident in the results.

5.4.1 Meridional Overturning Circulation

A factor that affects the wind driven shallow Meridional Overturning Circulation (MOC) in
the tropical Pacific Ocean is known to be the PDO (McPhaden & Zhang 2004). MOC is
composed of the sub-surface Equatorial transport of water which takes approximately 10
years (McPhaden & Zhang 2002) with upwelling near the Equator and consequent upper
divergent flow. During the latter part of the 1970s MOC underwent a regime shift (McPhaden
& Zhang 2002) being subjected to a marked reduction causing the Cold Tongue SST to rise
in temperature by approximately 1°C. The CTI time series in Section 3.2.2, Climate Indices
CTI seems to show this. At the end of the 1990s the normal state with respect to MOC was
restored but with an associated increase in the speed of tradewinds. Unfortunately the IPCC
AR5 WG2 does not have anything specific to relate to Pacific MOC confining its comments
to Atlantic MOC (IPCC 2014). How or why this change occurred is still subject to
conjecture. Modelling appears to show that it might just be the residual of decadal
modulation in the statistics of ENSO variation (Kirtman & Schopf 1998).

In this study it was found that the majority of indices correlation with Australian rainfall
underwent a change in the last two decades of the 20™ Century. This was evident by a
significant reduction or even reversal of sign of the correlation pattern. Indices so affected
were SOI, BEST, CTI, EQSOI, IPO, IPWP, MEI, Nifio3.4, FIVEVAR, TPEOF, NOI, PWP,
WHWP, and WWV_W. It is impossible to draw a link between the change in sign of these
correlations and the MOC regime shift, but merely point out that it may possibly be a causal

factor.

5.4.2 Sea Surface Temperature Increase

The PWP and IPWP indices are both based on SST/ocean heat content and both show an
increase in SST over the last four decades of the 20" Century (Cravatte et al. 2009). It is
possible that this represents a global warming signature via greenhouse gas increase although
there is extreme doubt that a signature could be extracted from the data given how quickly the

trends can reverse due to natural variation (McPhaden & Zhang 2004). However, changes in
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IPWP SST have a profound effect on atmospheric deep convection and both the Hadley and
Walker Circulations (Wang & Mehta 2008).

5.4.3 Change in Southern Oscillation Index

A long term negative trend in the SOI was noted to begin in 1976 (Trenberth & Hoar 1996),
whilst Suppiah (2004) showed SOI had decreased strongly since the 1970s year period due to
a 20 year cumulative pressure increase in Darwin whilst Tahiti pressure had remained
relatively stable in the same period. Later this was also shown by Power and Smith (2007)
and Nicholls (2008). To see what effect, if any, such variation had on the correlation of SOI
and rainfall SOI data were modified by the removal of its decreasing linear trend as described
by Trenberth and Hoar (1996). These data were then correlated to Australian rainfall and the
results compared with the unmodified data series correlation are shown in Figure 5.2. The
difference between the two cases is almost indistinguishable. It could therefore be argued that
this change in the SOI has not materially affected correlation with Australian decadal rainfall
using the windowing technique described at 3.2.3.1. Furthermore a topical study (L’Heureux,
Lee & Lyon 2013) back up this assertion by showing that when a 10 year moving window
was used there is no significant change in MSLP either for Indonesia or for the east tropical
Pacific in respect of the SOI in the last 110 years. L’Heureux, Lee and Lyon (2013) used
outputs of 10 reanalyses of west (Indonesian) and east (east Pacific tropical Ocean) MSLPs
which are loosely analogous to the situation in Darwin and Tahiti (Figure 5.3). However
when moving windows of greater than 10 years were used, a declining trend in the
Indonesian MSLP and an increasing trend in the east Pacific MSLP emerged. This would
indicate a tendency towards a stronger Walker Circulation tending towards a greater instance

of La Nifa situations.
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Figure 5.2: Correlation of SOI with Australian decadal rainfall 1969 — 2008. a) Basic
bandpassed SOI data. b) Fully detrended, bandpassed (both SOI and rainfall matrix) data for
the period discussed by Trenberth and Hoar (1996)
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Running linear trends of SLP in Indonesia

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Initial year of trend

95% confidence = —— 20thC ERSLP —— HadSLP —— KapSLP NCEP-1
ERA40 ——CFSR —— MERRA — ERA-INT ——ICOADS — Awg

SLP linear trends for 10 and 40-year moving windows from January 1900 to December 2011.
A: trends for the region over Indonesia (110-160 °E, 10 510 °N)
and B: forthe region over the eastern Pacific Ocean (130-80 °W, 10 S-10 °N).

SLP is expressed as the change (hPa) over the window length. Grey shading represents the 95%
confidence level based on a two-tailed Student’s t-test. The dashed, horizontal lines represent the
95% range of trends based on 1,000 synthetic AR(1) time series. The x axis shows the initial year
of the trend (for 10-year windows, 1950 denotes the1950-1959 trend).

Figure 5.3: Ten year linear trends of Indonesian and east tropical Pacific Ocean MSLP using

ten sets of independent reanalysis data; L’Heureux, Lee and Lyon (2013).

5.4.4 Change in Rainfall

A decreasing SOI associated with increasing Darwin MSLP which from first principles
alludes to decreasing rainfall for north east Australia (Figure 2.5). Certainly there appears to
be some evidence for this in the SEQ decadal rainfall anomaly (Figure 4.33a) from the 1980s

onwards and a slight decrease is evident in the Australia DJF case (Figure 4.2).

With respect to Queensland this assertion is backed up by Klingaman, Woolnough and
Syktus (2013) who could not find any linear rainfall trend between 1900 — 2010 and who
instead state that it is subject to shorter term variability and not a long term evolving trend.
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5.4.5 Short Summary of Phenomena Effecting Decadal Correlation

The mid 1970s was singled out by many authors as a time for dramatic shift with the
synchronisation of major climate modes (Figure 2.21). In the previous sections some
observations have been made as to the likely effect of these climate modes acting through
their indices on Australian decadal rainfall correlation. It is however very difficult to ascribe
a particular change in conditions to any one particular event in such a complex and inter-
related system (Solomon & Newman 2012) and it falls beyond the remit of this study to
investigate the geophysical effect on Australian rainfall variability to any greater depth

beyond that already discussed.

5.5 Factors Affecting the Study Metrics

In this section factors which might affect the validity of the results are discussed in terms of
whether the decadal viewpoint is the best aperture through which to view climate variability
or if indeed a more natural interval with respect to climate mode might be better. An example
of a more natural window and its effect on results is given. The effect of a different gridding
arrangement is also considered as is the validity of the statistical significance. It is also noted

that spectral windowing can profoundly alter the representation of data time series.

5.5.1 The Observational Framework

Within the research period (1900 — 2008) the time period over which the variables of interest
are viewed is sensitive to resolution. Australian precipitation anomaly at a decadal resolution

is very feint.
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Variance of Australian decadal rainfall 1900 - 2008
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Figure 5.4: Variance of Australian area averaged decadal rainfall anomaly 1900 — 2008

Figure 5.4 shows the variance of the decadal rainfall anomaly. Here it is apparent that for six
of the 11 decades the variance was at or below 0.25 and in only two decades variance exceeds
0.5 (1950s and the 2000s).

The term decade in the human reference frame is an artificial construct usually representing,
for example the years between 2010 and 2020. Information might be better collated in a
reference frame that includes a cycle of significant climate modes (Tsonis, Swanson &
Kravtsov 2007). One might use the IPO or even a complete ENSO cycle to obtain a more
balanced view of the situation. To investigate this point consider ENSO variability, Table 5.3
lists two similar decades; yellow on the left 1905 — 1914 and green on the right 1909 — 1918
where nominal Nifio 3.4 indices are shown (Giese & Ray 2011). As can be seen 1905 — 1914
is more ENSO neutral whilst 1909 — 1918 is more influenced by La Nifia (negative residual).
This situation affects the decadal correlation quite considerably (Figure 5.5) a four year
difference can influence correlations and variances over a whole decade. One can see that on
the right at b) a La Nifia decade in east Australia is depicted whereas at a) a more ENSO
neutral situation is shown. More information might be mined from the situation by using a

period based on low frequency climate modes rather than a decadal resolution.

Overall the rainfall data used in this study (Jones, D. A., Wang, W. & Fawcett, R. 2009) were
excellent but had a minor shortcoming with respect to gridding. Figure 5.6 shows an on the
whole acceptable representation of the Australian land area by using the ETOPO bathymetry

data matrix (Smith & Sandwell 1997) as a mask to suppress output from ocean regions. The
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whole of Australia correlation in this study therefore used this but a white margin is
noticeable over eastern coastal aspects of Australia especially in Tasmania. This problem

with the ETOPO data gridding made the method unsuitable for some applications (Smith

1993) where closer examination reveals the white margin on all eastern facing coastal regions

becomes significant.

Table 5.3: A comparison of two decades of ENSO observations grouped by colour. Green

cells group a decade according to ENSO prominence; yellow cells represent an arbitrary

defined decade using indices obtained from Table 1 in Giese and Ray (2011). The blank cells

represent absence of data.

1905-1914 | 1909 - 1918

1905 14

1906 0.4

1907 -1.5

1908 -1.5

1909 -1.5 -1.5

1910 -1.5 -1.5

1911 0.3 0.3

1912 1.8 1.8

1913 1.2 1.2

1914 1.2 1.2

1915 1.2

1916 -2.1

1917 -2.1

1918 -0.4
Residual 0.3 -1.9
Tendency |ENSO neutral La Nina
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Figure 5.5: Effect on SOI of a natural reference frame as opposed to a human one. a) 1905 —
1914 containing a more natural ENSO cycle. b) 1909 — 1918 artificial reference frame

capturing La Nifia dominance.
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Figure 5.6: Current Australia relief map (terrain altitude m) using the latitude and longitude
register produced from the Australian weather and rainfall data set (Jones, D. A., Wang, W.
& Fawecett, R. 2009).

Consider the South East Queensland (SEQ) region as used by Cai and van Rensch (2012)
encompassing 20.5 —30.5°S, 150.5 — 154.5°E (Figure 5.7). The use of the mask for
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calculating mean correlations in the region could be in error as ~7% of the land is missing.

This immediate coastal area has the highest rainfall amounts; often three times that of more

inland regions (Figure 5.1). An opposite problem is shown (Figure 5.8) in Western Australia

where too much land is represented effecting output significantly. A final spatially-resolved

aggregated index will have to deal with these inconsistencies to be a true indicator of rainfall

for a particular geographical region.
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Figure 5.7: The region of South East Queensland; after Cai and van Rensch (2012).
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Figure 5.8: Region of Western Australia

Initially to achieve a higher skill for this study bathymetric masking of the sea adjacent to the

SEQ coast was dispensed with and a mask matrix constructed in MATLAB was used. In
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practical terms the difference in correlation was found to be insignificant so the bathymetry

method was retained.

5.5.2 Statistical Significance

The literature is quite disparate on the statistical significance of climate fields and smoothed
Pearson's 'r' tests. Some like Bretherton et al. (1999) reason that the effective degrees of
freedom (EDoF) are reduced whilst others; Fraedrich, Ziehmann and Sielmann (1995) assert
that they are increased and are further enhanced when bandpassed data are used. Wallace,

Cheng and Sun (1991) used a Monte Carlo technique to add validity to their results.

In this study validation of the method was performed using synthetically generated data. The
raw time series were designed to have a monthly temporal resolution and normal distribution.
The raw time series were generated and then filtered using the method outlined in chapter 3.
These data were compared with the filtered area averaged monthly rainfall over Australia for
each decade. This represents a test of random data against extremely low spatially resolved
gridded rainfall data. The random synthetic indices were correlated using Pearson’s r method
with the rainfall in the same manner as shown in chapter 3. Figure 5.9 shows the distribution
of Pearson’s r for each decade using an aggregate of 10° data sets each 120 years long.
Overlaid is the fitted distribution of Pearson’s r for filtered data and the equivalent of 20 for a
pseudo-Gaussian fit of the correlations. This shows a significant feature of consequence to
this thesis; correlations of the filtered data at the decadal level need to be high to be a “true”
correlated index. In this case, correlation of approximately |r|>0.60 is required to reach the

equivalent of 2o for whole year data. For DJF month rainfall this cut-off increases to |r[>0.68.
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Distribution of corelations for 10° simulated data sets compared to a pseudo-Gaussian distribution
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Figure 5.9: Blue line shows distribution of Pearson’s r for each decade using an aggregate of
10° data sets each 120 years long. Red line shows the fit distribution of Pearson’s r for
filtered data and in red dashes the equivalent of 2¢ for a pseudo-Gaussian fit of the

correlations.

Consider a continuous sequence of randomly generated (but filtered) decades over the
observation period. The correlations need to be robust not just over geospatial Australia but
also geo-temporal (a time series at a spatial grid point in) Australia. A continuous index
should be in robust correlation with rainfall if it is significantly correlated over a 120 year
period. Figure 5.10 shows the distribution of the average correlation of the simulated and
filtered decadal data over a continuous 120 year periods and a fit of the distribution using a
Gaussian function. Overlaid is a demarcation at 2¢ of the Gaussian fit. Using a two-tailed
selection criteria an index is likely not a random sequence if the mean of the sequence of 11
decal correlations (of DJF month data) is |r|>0.20. Using the same criteria for sequence of 6
decadal correlations: |r|>0.25. Thus for a single spatial grid point over the entire observation
period in Australia an average of correlation magnitude over ~0.23 will in general relate to

observable behaviour on timescales longer than a year (due to the filtering).

Two sets of criteria have been found for DJF correlated data sets: (1) Magnitude of
correlation between a simulated random index and DJF rainfall for isolated decades of greater
than 0.68. (2) An aggregate magnitude of correlation over 6 and 11 consecutive decades of
0.25 and 0.2, respectively. As a note for completeness, over the same 6 and 11 decade periods

correlations of 0.22 and 0.18 were needed for whole year data.
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Figure 5.10: Blue line shows the distribution of the average correlation of the simulated and
filtered decadal data over a continuous 120 year period and in red the fit of the distribution

using a Gaussian function. Overlaid (red dashes) is a demarcation at 26 of the Gaussian fit.

The conclusion from this study of significance is that results meeting these criteria should not
have been realised purely by chance and the 28 DoF used in the study is prudent.

5.5.3 Spectral Significance

Fast Fourier Transform periodograms showed that both the SOI and IPO had a strong spectral
signature at 55 months. When one compares the two indices using this signature it reveals
how very closely they compare with each other (Figure 5.11).

In addition the SOI and IPO relationship brings up another point of interest where it should
be noted that statistical methods exist whereby the truncation at the ends of interdecadally
varying time series can be minimised (Kennedy 2008). Kennedy (2008) demonstrated such a
technique at the UK Met Office by extending the series end values out in time to beyond half
the spectral width of the window used. A similar method is shown in the Wavelet Toolbox
users guide (MathWorks 2007) where the ends of time series can be padded with zeroes. This
might prove to be of great benefit to other researchers to make maximum use of the available
data.
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Figure 5.11: 55 month smoothed time series of SOI (black) and inverted IPO (red).

5.5.4 Performance Criteria

The criteria used to access the performance of the indices were chosen to give the best overall
picture and wherever possible unbiased indicators were used. It should be appreciated
however that these criteria are a compromise when dealing with a large variety of indices and

a diversity of regions.

Consider population variance for example, a large region like the continent of Australia is
divided into six different climate regimes (Figure 2.2) so a large population variance is more
able to capture the associated different correlations that might occur in them. This might
prove to be a disadvantage in a smaller region such as SEQ where a significantly similar

correlation value might provide more information.

Area of significant correlation results is irrefutably a most important criterion providing
useful information to certain sections of society to assist in decision making. Decadal
variance stability is a property that emphasises the robustness of the correlation results over

time so is again an important criterion.

Interpretation of temporal stability is somewhat two edged as it could be argued that
correlation is robust under a changing climate regime. Alternative it may be argued that

correlation pattern is reacting to the changing climate regime.

Outside the framework of this study clearly there are many other criteria which might prove

more important than those used.
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5.6 Concluding Remarks

The premise, methods, results and conclusions of this thesis are outlined in the following

points:

This research is premised on the fact that climate indices can have high correlations
with observables such as SST and rainfall. It follows that climate indices can correlate
to Australian rainfall to a great degree. However, not all indices will correlate with
rainfall to high degree. This study was designed to determine which climate indices
have robust correlations to Australian rainfall and especially SEQ rainfall.

In this study 24 climate indices and Australian rainfall were subjected to bandpass
filtering to remove interannual and intraannual variability and correlated using a
Pearson’s “r” procedure. Climate indices and Australian rainfall were analysed using
this procedure on a decadal basis from 1900-2008 for whole year and DJF rainfall. A
subset of these indices included those utilised previously by other authors and those
that by inspection showed suitable potential were then correlated with SEQ rainfall.
Correlation range is not a non-biased indicator. Data performance was assessed by the
rank of: population variance, decadal variance, area of coverage, and temporal
stability before obtaining a final ranking.

The results show that in addition to SOl and Nifio3.4 scoring only two for population
variance, one of the near Australia oceanic warm pool indices the PWP achieved al0
and the derived ENSO indices, BEST, FIVEVAR and MEI scored four. With respect
to SEQ WWV _E was ranked first being the best all round index by a considerable
margin whereas SOI and Nifio3.4 could only achieve ninth and 11" ranking
respectively.

The significant results show that more indices than have been currently demonstrated
in the literature can have an equivalent or better correlation with Australian and SEQ
DJF rainfall than the more frequently utilised indices for example, SOI and Nifi03.4.
SOl possibly the oldest and simplest of climate indices did remarkably well for the
whole of Australia no doubt due to its reflection of the state of the Walker Circulation.
Based on the results shown there is scope to more fully investigate the relationship of

Australian rainfall and global climate indices.
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5.6.1 Possible Future Work

Cross correlation between different pairs of climate indices can vary. An example of high
cross correlation would be that between the SOI and the Nifio3.4 index (Figure 3.9) and both
are frequently used for correlation with Australian regional rainfall. The combination of
these indices, the BEST index was the highest performing index in this study. Paired with
another index the SOI with the PWP for example has a significantly poorer cross correlation
but both demonstrate strong correlation with SEQ rainfall. This unique observation indicates
a potential for using such poorer correlating pairs for better overall performance for rainfall
prediction.

In the same vein the use of spectral analysis to quantify climate indices shows potential.
Consider the SOI and IPO where a common spectral peak is shown to be 55 months. If the
two time series are given a minimum of manipulation IE the IPO signal inverted and both
subjected to a 55 month Lanczos filter and compared (Figure 5.11) it is found that two
completely different indices have several points of commonality over the time series range.
This may throw some light on the suspected modulation of SOI correlation with SEQ rainfall
as modified by the IPO as alluded to by previous authors (Cai & van Rensch 2012). It also
opens up the intriguing possibility of constructing artificial climate indices by the use of
Wavelet Analysis (Webster & Hoyos 2004).

The research performed here shows that many diverse indices can have high correlation with
rainfall to statistically significant levels. The mechanism behind these correlations still needs
investigation in many cases.

Decadal scale analysis should continue but with the introduction of lagged correlation to
investigate predictive ability.

The use of WP indices need to be investigated in terms of their short term predictive ability in
terms of Australian rainfall rather in the fashion demonstrated in the prediction of Indian
Summer Monsoon onset (Rajeevan & McPhaden 2004) where WWYV performed excellently.
These indices have never previously been used for the purpose.
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Appendix |

One possible treatment of climate indices and rainfall is by using the normal computational
recipe (CR) (von Storch & Zwiers 2001) where monthly climatologies are removed from the
data series to leave an anomaly compared to a 30 year base period. Anomalies can also be
calculated by removing long term cyclic signals. A filter, provided that the cut-out
frequencies include the cyclic signal, can simulate much of the same effect of calculating an
anomaly. Figure A.1 shows average Australian rainfall during the target period of this study;
one plot depicts the yearly cyclic rainfall and the other is reduced to rainfall anomaly through

subtraction of the monthly climatology.

Comparison of of average monthly rainfall and rainfall anomaly
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Figure A.1: AWAP monthly rainfall and anomaly

Over the course of a year the average rainfall has large deviations due to ordinary seasonal
variation. The anomaly does not. Figure A.2 shows the comparison between the normalised
FFTs of the unfiltered and filtered rainfall and anomaly. Figure A.3 shows the signal power
(and phase which is not shown as it appears as a mess of ‘'random’ phases) of the FFTs, it is
apparent that almost all the content of the unfiltered signals is unchanged by the subtraction
of the anomaly. Thus one can be confident that by filtering out this frequency component by
using a Fourier window a similar result will be obtained from both the raw rainfall and

anomaly data.
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Figure A.2: Comparison of spectral power of rainfall and its anomaly.
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Figure A.3: Bandpass filtered average rainfall and its anomaly.
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In Figure A.3 this is demonstrated. Instead of having large and regular peaks at the year time
scale the filtering has reduced the contribution of power to significantly within the average of
low frequency power contribution. Further, somewhat predictably, Pearson’s r correlation
between the average and anomaly is improved after filtering changing from 0.65 to 0.97.
Given this is applied to each data set considered one does not conceive of any particular

difficulty of analysis in presence of the interannual variation.
A practical example of this follows:

A simplistic approach was adopted for data handling in this study. Due to the nature of the
bandpass filter used gratuitous manipulation of data was not required as demonstrated by
example. Consequently the computational recipe (CR) approach where data values are
subtracted from a monthly climatology of the 30 year climatological base period was
redundant. Instead data was prepared by standardisation using the population mean and
standard deviation. This latter technique also has the advantage of producing a smaller

condition number than would raw data in subsequent matrix manipulation.

The correlation of the Nifio3.4 index with the Australian DJF monthly gridded rainfall data
series (1/1900 — 12/2009) was produced by two methods:

1. Using a CR approach where a monthly climatology for the 1961 — 1990 base period
was subtracted from the monthly SST data to provide an anomaly. This series is
termed Nifi03.4 CR.

2. The monthly SST was standardised using the population mean to give a mean of 0

and o =1. This series is termed Nifio3.4 Std.

Table A.1 compares the statistics obtained by each method, the only difference is a very

slight skewness due to the difference of the base periods.

192



Table A.1: Statistics of Nifio3.4 data series compared, in column 2 by CR and column 3,

standardisation.

Statistic Nifio3.4 CR Nifo03.4 Std
Minimum -0.61064 -0.60809
Maximum 0.15353 0.15295

Mean -0.24785 -0.24737
Standard deviation 0.13694 0.13689
Pop variance 0.01875 0.01874
Significant map area 38% 38%
0.15

m|Nino using CR
Nino using Z score
0.1

“HENRNEN R
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Figure A.4: Decadal variance of Nifio3.4 CR compared to Nifio3.4 Std.

Additionally if the decadal variances are compared (Figure A.4) no significant difference is
apparent there either.

Finally if the correlation for the whole of Australia is compared using the two methods

(Figures A5 and A6) absolutely no difference is apparent between the two results.
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Figure A.5: Decadal DJF correlation of Nifio3.4 CR with rainfall
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