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Abstract 

 

Abstract 

The purpose of this research is to better characterise the specific behaviour of Tropical 

Cyclones (TCs) in the Southwest Pacific ocean basin in response to a number of key global 

and regional teleconnection patterns.  While there have been many TC studies in other 

basins, there have been far fewer research efforts in this basin (essentially the area between 

the east coast of Australia and French Polynesia) for a number of reasons including: (1) the 

sheer vastness of the basin; (2) a limited amount of TC data from a temporal standpoint; and 

(3) the lack of a collated, comprehensive, and homogeneous database of TC information.  

The underlying basis for this work lies in its importance towards developing a more 

comprehensive climatology of TCs in the region for the benefit of the scientific community, as 

well as in being an aid to the various Pacific Island national meteorological services in the 

region to better prepare their citizens for TCs. In the formal sense of synoptic climatology, 

the research methodology employed follows the environment to circulation model whereby 

whereby synoptic processes are chosen because they are believed to have a distinctive effect 

on data, measurements, and indices as proxies of environmental phenomena such as TCs. 

The research provides an improved climatology of TCs in the basin (from 135°E - 120°W and 

0°-40°S) from 1970 to 2011. This study is conducted under an environment of an inter-

decadal Pacific Decadal Oscillation which has remained in a fairly stable positive phase for 

the period from 1978-99 during most of the 42-year study period.  In addition to the 

development of a new dataset of TCs, the research investigates the spatial patterns and 

characteristics of TCs for the period with respect to the following teleconnection patterns: (1) 

interannual El Niño Southern Oscillation (ENSO); (2) intraannual Southern Annular Mode 

(SAM); and (3) intraseasonal Madden-Julian Oscillation (MJO).  

By demonstrating subtle differences between comparisons of combinations of atmospheric- or 

oceanic-dominated ENSO phases, or neutral conditions, the importance of ENSO activity on 

regional TC behavior has been better defined, including documenting the spatial extent and 

frequency of TCs and how they undergo extratropical transition (ETT). Regarding the SAM, 

there is a definite relationship between the positive phase of SAM and TC behaviour, 

particularly with the positive phase of the Sothern Oscillation Index, when the frequency of 
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TCs undergoing ETT near New Zealand is greatest. Finally, with respect to the MJO, the 

greatest proportion of TCs (36.7%) occurs during paired MJO phases 6-7; while the lowest 

proportion of TCs (17.0%) occurs during paired MJO phases 2-3.  Additionally, during 

paired MJO phases 6-7, the largest proportion of TCs undergoing ETT (38.9%) were found, 

and major TCs (37.8%); and conversely those proportions are only 13.5% and 12.8% 

respectively for paired MJO phases 2-3.  Also, a statistically significant relationship between 

the MJO and SAM during two MJO states (weak paired phases 4-5 and 6-7) that are 

coincident with the positive phase of the SAM.  The anomalously greater frequency 

percentages of TCs undergoing ETT are +9.4% and +11.1% respectively for weak MJO 

paired phases 4-5 and 6-7. 

In summary, the research involves a thorough classification of a wide-range of synoptic 

variables, during the timeframe from 1970-2011, as they are modulated by the effects of three 

major modes of atmospheric/oceanic circulation associated with ENSO, SAM, and MJO.  The 

study then ties the resultant values and anomalies of these synoptic variables to various 

aspects of the climatology of TCs involving their genesis, frequency, intensity, morphology of 

tracks, and ETT.  The overarching result of this study is a climatology of TCs that contributes 

towards an enhanced knowledge base of TC behaviour for the benefit of communities across 

the southwest Pacific region. 
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  Chapter 1. Introduction 

 Introduction Chapter 1.

 Context 1.1.

The ecosystems and economies of small islands of the tropical southwest Pacific region are 

widely agreed to be among the most vulnerable in the world to climate variability.  The 

region is particularly vulnerable to weather and climate extremes, such as Tropical Cyclones 

(TCs), and to the exacerbation of existing hazards by climate change.  The small island states 

of this region share a number of distinctive characteristics that serve to increase their 

sensitivity and vulnerability to climate variability.  Apart from their small physical size, they 

are: (1) surrounded by large expanses of ocean; (2) highly prone to natural disasters; 

particularly extreme climatic events such as tropical cyclones and droughts, and (3) relatively 

isolated from world economic markets (Lefale, 2006).  All of these factors make the region 

highly sensitive to natural disasters, and are magnified by high population growth rates and 

densities; poorly developed infrastructures; and limited natural, financial and human 

resources (IPCC, 2001).  Since 1950, for example, natural disasters have affected more than 

3.4 million people and caused over 1,700 reported fatalities in the region, excluding Papua 

New Guinea, and TCs accounted for 76% of the reported disasters from 1950 to 2004 (World 

Bank, 2006). 

While there have been many TC studies in other basins, there has been a relative dearth of 

research in the southwest Pacific basin [essentially the area between the east coast of 

Australia and French Polynesia] for a number of reasons including: (1) the sheer vastness of 

the basin; (2) a very limited amount of data; and (3) the lack of a collated, comprehensive, 

and homogeneous database of TC information.  Given the somewhat fragmented nature of 

TC-related climate research in the basin, it was felt that a more definitive climatology of TCs 

was necessary.  This would not only be a benefit to the scientific community in general, but 

in addition, such a study could serve as a significant aid to the group of Pacific Island 

national meteorological services tasked with the seasonal and synoptic forecasting of TCs.  A 

climatology is formally defined as the “…observed geographic or temporal distribution of 

meteorological observations over a period of time.”  (AMS, 2000).  Therefore, the intent of 

this research is to build upon existing work in the region, and add to the knowledge base of 

TC behaviour under different teleconnection patterns. As defined by the U.S. National 

1 
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Oceanic and Atmospheric Administration’s (NOAA) Climate Prediction Center 1 , a 

teleconnection pattern refers to a recurring and persistent, large-scale pattern of pressure 

and circulation anomalies that span vast geographical areas. It is through this work that an 

improved climatology of TCs for the southwest Pacific basin can be created for the benefit of 

people across the region, while also providing a good foundation to aid in the on-going 

scientific study of TCs. There are various definitions for describing the extent of the 

southwest Pacific, but for the purposes of this study, it is defined as that area south of the 

equator and extending from longitude 135ºE in Australia’s Gulf of Carpentaria and east to 

120ºW to French Polynesia. The selection of the extent of the study area was based on the 

climatological history of TCs in the region (Kuleshov, 2006).   

Research into TCs continues to be very timely and relevant on a global basis with well-

publicised events such as Superstorm Sandy in the U.S. in 2012; Super Typhoon Haiyan in 

the Philippines in 2013; and major TCs Evan (2013) and Ian (2014) which were devastating 

early season storms affecting Samoa, Fiji, and Tonga in the southwest Pacific; as well as Ita 

(2014) which was a very powerful late season TC affecting a broad area from the Solomon 

Islands with major flooding, to northern Queensland with Category 5 winds, and then as a 

powerful extratropical storm affecting all of New Zealand with heavy winds and rain.   

This work is especially relevant in this basin, as relatively little research on TCs in this region 

exists in comparison to other basins (Basher and Zheng 1995; Sinclair 2002; Kuleshov et al. 

2008; Terry and Gienko, 2010; Liu and Chan, 2012; and Dowdy et al. 2012).  

Notwithstanding the more remote nature of the southwest Pacific, it is just as important to 

shed light on the research of TCs in this basin.  Over the past several years much attention 

has been focused on the relationship of anthropogenic climate change to the frequency and 

intensity of TCs in this region (Knutson and Tuleya, 2004; Walsh, 2004; Webster et al. 2005, 

IPCC 2007; Kuleshov et al. 2010; Knutson et al. 2010; Nott 2011; Peduzzi et al. 2012). The 

southwest Pacific basin is also one of the most important from a global climate standpoint as 

it is the setting for ENSO, which has world-wide climate impacts via significant 

teleconnection patterns.  This study did not focus on the climate change aspects of TC 

climatology, but rather worked toward establishing an improved baseline of climatological 

information on the behaviour of TCs from 1970-2011. That improved climatology of TCs can 

1 http://www.cpc.ncep.noaa.gov/data/teledoc/teleintro.shtml 
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be used in further work concerning climate change, and with a richer dataset of TCs, can be 

expanded back in time (as far before 1970 as possible) in order to increase the knowledge 

base of how TCs in the basin have behaved in the basin over a longer period of time and over 

a greater temporal extent of various teleconnection patterns. 

 Conceptual Framework for the Study 1.2.

Synoptic climatological classification is a well-known technique for defining surface climate 

and local atmospheric circulation variability over a region (e.g., Yarnal 1993).   The science 

of synoptic climatology is a well-documented methodology in the literature related to the 

description of an entire weather situation at a specific location.  Historically, the study and 

analysis of climate in terms of synoptic weather information has principally been done in the 

form of synoptic charts. These charts portray weather information for a given locality under a 

given synoptic situation rather than using climatic parameters which represent averages over 

all synoptic conditions.  

Formally, the term synoptic climatology was adopted at the headquarters of the US Air Force 

in the early 1940s in reference to analyses made of past weather situations in order to assess 

the frequencies of different operational conditions (Jacobs, 1947). Synoptic is used by 

meteorologists to denote the synchronous weather conditions typically depicted on a synoptic 

weather map. By extension, because large-scale atmospheric circulation systems such as 

cyclones and anticyclones are analysed from such weather charts, features with a horizontal 

dimension of ~1000 km and a lifespan of about 5-7 days are called synoptic scale systems. In 

a broad sense, therefore, synoptic climatology is the study of local and regional climates in 

terms of the properties and behaviour of the atmosphere over and around a given area; the 

information used in such studies is primarily that shown on synoptic weather maps (Barry 

and Carleton, 2001; Yarnal, 1993; Court, 1957; Hare, 1955; and Jacobs, 1946). 

As further defined by Yarnal (1993), the field of synoptic climatology is concerned with 

studying and understanding the relationships between the circulation of the atmosphere and 

the surface environment for a specific geographic region; however, this is not limited to the 

atmosphere, and can be expanded to oceanic factors as well [e.g., sea surface temperature 

(SST)]. Within the field of synoptic climatology there are two distinct study approaches that 

Yarnal (1993) classifies as either (a) Circulation to Environment or (b) Environment to 

Circulation.  Under the first approach, the synoptic data might be chosen because they are 
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believed to have an effect on a particular environmental variable, there are no environment-

specific criteria set for the data’s inclusion in the classification; furthermore, the classification 

of the circulation data (e.g., relative humidity, vorticity, SST, etc.) is independent of the 

environmental response (in this case TCs).  However, under the second approach, the 

synoptic data are identified as being associated with particular environmental conditions at 

the surface.  This study employs the latter environment to circulation approach, whereby 

synoptic processes are chosen because they are believed to have a distinctive effect on data, 

measurements, and indices as proxies of environmental phenomena such as TCs. 

Correlation-based analyses are a common form of synoptic climatological study employing 

the analysis of various large-scale circulation patterns (e.g., ENSO, SAM, MJO) to various 

environment phenomena (e.g., rainfall, TCs, heat stress, etc.).  Several studies have used 

synoptic typing – for instance, Reusch et al. (2007) assessed the modes of variability of North 

Atlantic sea-level pressure by looking at the North Atlantic Oscillation (NAO) dipoles. This 

correlation approach was the one taken in this study of TC behaviour, or what Yarnal (1993) 

describes as Circulation-to-Environment.  Finally, Sheridan and Lee (2012) documented a 

number of studies that correlated the behaviour of teleconnections (e.g., ENSO and NAO) to 

precipitation events; heat stress events, salmon production, and this same paradigm was 

utilised in this study. 

The conceptual diagram depicted in Figure 1-1 outlines how the study’s approach was 

framed, and has all the elements necessary for a synoptic climatological study that has as its 

foundation a specifically defined geographical region, namely, the southwest Pacific (from 

135ºE to 120ºW) as depicted by the blue square box; within which lies a TC main 

development region (MDR) in the red rectangular box, and an extratropical region (brown 

rectangular box).  By their nature, TCs are relatively short-lived phenomena; and as is 

documented in chapter 6, from 1970-2011, the average lifetime for a TC in the basin is only 

7.6 days.  Therefore, in addition to the spatial aspects of TC influences, understanding the 

temporal aspects of TCs is also quite important. Despite the relatively short average lifetime 

of TCs, the changes in various environmental parameters across daily, intraseasonal, seasonal 

and interannual timeframes are critical components in a climatological study for better 

understanding TC behaviour. For this reason a set of large scale atmospheric/oceanic 

phenomena, and their impacts on TC climatology, is the focus of the bulk of the research 

presented in this thesis. This set of large-scale temporal circulation phenomena are (in order 
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from lowest to highest frequency) an: (a) interdecadal Pacific Decadal 

Oscillation/Interdecadal Pacific Oscillation (PDO/IPO); (b) interannual El Niño Southern 

Oscillation (ENSO); (c) intraseasonal Southern Annular Mode (SAM); and (d) intraseasonal 

Madden-Julian Oscillation (MJO).  When initiating a synoptic climatological study like this, 

the key is to have as high a quality (both spatially and temporally) a dataset of TCs in order to 

be able to draw reasonable conclusions of the effect of atmospheric/oceanic circulation upon 

them.  This is represented by the TC symbols within the MDR box for the high-quality TC 

dataset for the southwest Pacific that was constructed as part of this research effort and was 

the critical foundation underlying the study.  The development of the South Pacific Enhanced 

Archive of Tropical Cyclones (SPEArTC) is documented in far greater detail in Chapter 3. 

 

Figure 1-1: Conceptual model diagram outlining study 

With respect to the PDO and IPO, they are essentially the same thing.  While the PDO is 

defined from SSTs only in the north Pacific, the IPO is defined more globally for the entire 

Pacific basin. According to Folland et al. (2002), the IPO pattern is quasi-symmetric about 

the meteorological equator near 5ºN, and its North Pacific manifestation is similar to that of 

the PDO.  Mantua et al. (1997) and Power et al. (1999), both focus on using the IPO given its 
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greater basin-wide nature.  Both time series are very highly correlated (Verdon and Franks, 

2006), and have been found to be equivalent in describing Pacific-wide variations in ocean 

climate (Folland et al. 2002).  Therefore, for the purposes of this study the PDO/IPO will be 

referenced as a single interdecadal phenomenon.  

While the TC data in SPEArTC date back as far as 1840, the 1970 TC season is generally 

considered to be the first reliable one due to the availability of geostationary satellite data 

(Holland, 1981)2, and as such it was decided that the period of record for the study should be 

limited to the 42-year period from 1970-2011.  However, when it comes to the interdecadal 

PDO/IPO teleconnection pattern, this essentially places us on one side of that teleconnection, 

as the PDO/IPO has essentially been in its positive warm phase for a 23-year period 

beginning with the 1976/77 season until about 2000; and was in the negative phase for 19 

years (the first 7 years and the last 12 years) of the overall study period. 

Therefore, while the conceptual diagram notes the PDO/IPO as an overarching temporal 

factor, the study is being conducted in essentially one phase of the PDO/IPO and therefore, it 

will not be addressed in the same manner as are ENSO, SAM, and MJO. It is noted here for 

contextual purposes.  

Finally, the bottom portion of the diagram draws attention to the synoptic dynamical values 

considered important in the genesis and intensification of TCs, their maintenance as a TC, the 

associated track morphology, and where applicable, their eventual transition into an 

extratropical system. Previous work by Gray (1968); Briegel and Frank (1997); Gray (1998); 

Collins and Mason (2000); Trenberth (2005); Sobel and Camargo (2005), have described 

various geophysical parameters related to the genesis, movement, and conditions suitable for 

sustaining TCs in the environment, and how they depend on the interplay of a number of 

parameters including SST, available moisture, vertical velocity, vorticity, and wind shear.  

Vorticity, as it is a key variable when investigating the environmental response of TC genesis 

to teleconnection patterns, is a particular focus for investigation. Vorticity is a measure of the 

rotation of air in all three Cartesian coordinates, but for the purpose of this study only the 

vertical component is being considered. Cyclonic motion is associated in the northern 

hemisphere with positive relative vorticity, and in the southern hemisphere with negative 

2 In the Southern Hemisphere, the TC season straddles calendar year from November to April; therefore, the 
1970 season extends from November 1969 through April 1970, and the season is thus labeled as 1970. This will 
be the seasonal convention utilised throughout this study.  
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relative vorticity. In either case, cyclonic vorticity is well correlated with the development of 

surface low-pressure systems and accompanying upward vertical motion in the atmosphere.  

Relative vorticity data (both daily and monthly) are derived from gridded fields of the two 

components of wind data (essentially the westerly and southerly components of winds) noted 

as zonal (or U-winds) and meridional (or V-winds); and calculated using the following 

formula:  ζ = ∂v/∂x - ∂u/∂y.  

Previously published research provides a good basis for considering the conditions for TC 

genesis and behaviour.  This research forms the underlying foundation to tie the synoptic 

conditions present to various circulation patterns to see what affect this all has on TCs.  

Therefore, when considering conditions most conducive for the genesis and maintenance of 

TCs; evidence is sought from the analysis of anomalies from long-term seasonal averages.  

The search for positive synoptic scale drivers helps to explain what conditions are most 

conducive (or not) for TCs.  Below average values of vorticity, vertical velocity, geopotential 

heights, and vertical wind shear (the difference in winds between 200 and 850-hPa); coupled 

with above-average values of relative humidity and SST all act as positive forces for TC 

genesis and maintenance.  The genesis of TCs in the Southern Hemisphere (with clockwise 

circulation vice the counter-clockwise movement in the Northern Hemisphere) is represented 

by the TC symbols in the red box in the upper tropics portion of Figure 1-1.  There is 

considerable literature that describes the dynamics underlying the pictorial representation 

(e.g., Gray, 1968, 1979) presented in Figure 1-1.  While the study is focused on the 

climatological nature of TCs and how they relate to teleconnection patterns, the physics 

behind TC genesis is an important aspect, and as such a very brief description of TC genesis 

will be provided in Chapter 2. 

 Aims and Objectives 1.3.

The overarching aim of this research is to better characterise and understand the specific 

behaviour of TCs in the southwest Pacific Ocean basin in response to a number of key global 

and regional teleconnection patterns as noted in section 1.2. To address this aim, the design of 

the study revolves around two primary objectives: (1) the creation of a comprehensive new 

dataset of TCs across the region; and (2) applying that new dataset to perform a classical 

synoptic climatological study, by investigating the spatial patterns and characteristics of TCs 

for the period from 1970-2011 with respect to the: (a) interannual El Niño Southern 
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Oscillation (ENSO); (b) intraannual Southern Annular Mode (SAM); and (c) intraseasonal 

Madden-Julian Oscillation (MJO). The study assesses the effect of these phenomena on the 

genesis, frequency, intensity, and track morphology of TCs.  The overall behaviour of TCs is 

assessed by analysing a range of synoptic variables during the study period as they are 

modulated by the effects of ENSO, SAM, and MJO. The result of this study contributes 

towards an enhanced knowledge base of TC behaviour for the benefit of communities across 

the region. 

This study focuses on: (a) establishing a baseline of information that not only makes some 

unique contributions to the scientific literature; (b) improving the climatology of TCs to aid 

in improved outlooks for TCs on a seasonal basis; and (c) serving as a basis for further 

research that begins to factor in such things as the PDO/IPO on a longer-term study basis.  As 

such five specific elements of TC behaviour are focused on TC (1) genesis; (2) frequency; (3) 

track morphology; (4) intensity; and (5) extratropical transition (ETT).  Each of these factors 

is addressed teleconnection by teleconnection in Chapters 4-6.  Therefore, this approach 

follows the Environment to Circulation paradigm as described by Yarnal (1993).  The 

specific components of this study are as follows: 

1. To provide a more comprehensive dataset of southwest Pacific TCs. 

An enhanced TC dataset for the southwest Pacific, with the appropriate quality controls, 

required to provide an enhanced and easily accessible database of TCs will be constructed. 

This database draws on a number of existing sources and newly discovered data to expand 

the current knowledge base and provide a more comprehensive resource for the region.  

2. To investigate TC tracks and intensity patterns with respect to ENSO.  

A climatology of seasonal patterns of TC frequency and distribution across the southwest 

Pacific will be established. This climatology will cover the range of ENSO cases from well-

coupled, to ocean-dominated, to atmosphere-dominated, to neutral ENSO typologies. The 

well-coupled ocean-atmosphere terminology used here is based on the oceanic and 

atmospheric times series that make up the Coupled ENSO Index (CEI, Gergis and Fowler, 

205). This research will demonstrate the usefulness of highlighting nuances (with important 

spatial signatures) that are associated with different types of ENSO events. It provides 

insights into how TCs develop and evolve during the evolution of ENSO events, and 

illustrates the importance of ENSO variability on southwest Pacific TC behaviour. The 
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details of the spatial extent and frequency of TCs and how they undergo ETT is a new 

addition to southwest Pacific climatology information that will help underpin future 

improvements on TC seasonal forecasts and potential risk for Pacific Island countries.  

3. To investigate TC tracks and intensity patterns with respect to the SAM. 

The role that SAM, a mid-latitude phenomenon, may play on the genesis and behaviour of 

TCs in the southwest Pacific will be investigated.  This relationship has not been well studied 

(and not at all in this basin), but improving the understanding of how this phenomenon 

interacts with tropical weather systems could assist the development of seasonal TC outlooks 

for the basin.  SAM’s impact on the region’s climate may also give new insights into how 

mid- and high-latitude synoptic scale events interact with tropical systems to produce severe 

weather.  

4. To investigate TC tracks and intensity patterns with respect to the MJO. 

The interannual variability of TC occurrence and behaviour in the southwest Pacific with 

respect to the MJO will be better characterised. This study looks at the relationship of the 

MJO to TC genesis and examines other aspects of TCs including the overall morphology of 

tracks; intensity of TCs; and ETT of TCs.  With respect to the ETT of TCs, this chapter will 

take advantage of the TC research undertaken in item 3 above to investigate a possible 

interaction between the MJO and the SAM that may have an effect on TC behaviour.  

 Overview of Existing Work 1.4.

A very brief overview of the very important and existing work covering TC analyses in this 

and other basins are provided. In addition, the various peer reviewed data sources that were 

utilised in this study are documented.  

Beginning with the development of the initial PhD research proposal in 2005, a fairly 

comprehensive literature review was conducted in order to provide a solid foundation for the 

research phase of my project. This review has been continuous over the life of this effort as 

new and updated information related to TC dynamics and climatology has been published.  In 

the context of the timeframe of the initial PhD proposal, there had been some rather active 

TC seasons in the Atlantic in 2004 and 2005, and therefore the entire issue of TCs had 
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become quite timely, and as such, a considerable amount of research has been undertaken 

across all the TC basins. 

The literature can be classified into four basic types of information: (1) general climatological 

research and information dealing with TCs, global teleconnection patterns, and the 

relationship between the two; (2) detailed information investigating various aspects of TC 

genesis and behaviour; (3) studies detailing extreme events, particularly precipitation, 

associated with TCs; and (4) database information involving more specific track and intensity 

information for TCs in the South Pacific. Finally, there was an overarching 5th category of 

research dealing with the issue of climate change and how that has affected TCs.  These have 

straddled both sides of the argument regarding the relationship between increased TC activity 

and climate change, and while the primary intent of the research in this thesis does not tackle 

the climate change issue, the literature has been very helpful in developing a conceptual 

knowledge base of TCs and related environmental factors. 

The relationship between TCs in the southwest Pacific and ENSO, and their resultant 

behaviour, has been examined by a number of investigators (Basher and Zheng, 1995; 

Kuleshov et al. 2008; Terry and Gienko, 2010; Dowdy et al. 2012; and Diamond et al. 2013). 

While considerable study in the region has been done on how TCs undergoing extratropical 

transition are affected by mid- and high-latitude systems (Sinclair 2002 and Lorrey et al. 

2013), relatively little is known about how the genesis and tracking of TCs are possibly 

influenced by mid- and high-latitude circulation patterns while they are still in the tropics. 

Therefore, our knowledge concerning how extratropical processes might affect TCs is still 

being developed. Of particular interest with regard to influences on TC behaviour is the SAM 

(Barnston and Livezey, 1987; Limpasuvan and Hartmann, 1999; and Thompson and Wallace 

2000).   

A key component of the literature, that was critical toward the success of this work, was 

documenting the data associated with the various environmental indices and synoptic 

parameters.  ENSO has traditionally been the most widely studied teleconnection pattern in 

the Pacific for TC studies.  ENSO dominates seasonal to inter-annual climate variability in 

the Pacific region (Philander, 1990) and is composed of two dynamically linked components. 

The atmospheric component (the Southern Oscillation, SO, Walker and Bliss, 1932; 

Trenberth and Caron, 2000) involves variations in the strength of the trade winds measured 

by the Southern Oscillation Index (SOI), the normalized mean sea-level pressure difference 
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between Papeetee, French Polynesia, and Darwin, Australia. The oceanic component involves 

heat content variability in the Equatorial oceanic mixed-layer, typified by alternating warm 

and cool phases known as El Niño and La Niña (Philander, 1990).  

However, the unique aspect of the ENSO and TC study as documented in Chapter 4 is that a 

different non-traditional index, known as the Coupled ENSO Index (CEI) was employed as 

described by Gergis and Fowler (2005).  The unique nature of the CEI involves identifying a 

synchronous oceanic (using the NIÑO3.4 SST index) and atmospheric (using the SOI) signal 

to look at coupled states that are associated with ENSO. The use of the CEI to highlight 

ENSO phase analogues is different from previous work in that it defines ENSO events by 

examining how coherent atmospheric and oceanic forcing are through an ENSO cycle.   

For the monthly SAM, the index used by the British Antarctic Survey is a global standard and 

uses an empirical definition of the SAM observed from six in-situ stations near 40ºS and six 

near 65ºS. The SAM index is constructed by calculating a proxy zonal mean sea level mean 

sea-level pressure difference between those two sets of stations from 1958 to the present 

(Marshall 2003). The SOI time series was taken from the dataset maintained by the New 

Zealand National Institute of Water and Atmospheric Research (NIWA; Mullan 1995). 

To investigate possible dynamical mechanisms, a number of reanalysis fields were examined, 

including geopotential height, vertical velocity, U- and V-winds (as well as vertical wind 

shear), relative humidity (RH), and vorticity. All such fields were taken from the 

NCEP/NCAR reanalysis (Kalnay et al. 1996), along with SST from NOAA’s Extended 

Reconstruction SST dataset (Smith et al. 2008).   

The concept of best tracks information is one that attempts to document TC centre locations, 

wind speed intensities, and minimum atmospheric surface pressures at 6-hour intervals.  This 

information is “…used to assess potential future changes in tropical cyclone activity.” (Chu, 

2004).  For this information I am indebted to information and collaborations with Dr. Yuri 

Kuleshov from the Australian Bureau of Meteorology (BoM) for the information provided 

(Kuleshov, 2003); Mr. Steve Ready from the New Zealand Meteorological Service, Ltd.; as 

well as the directors of the various national meteorological services across the region for 

allowing me access to these data.  The key areas involved in each of these are summarised 

below along with some of the key questions they raise.  These data sources are vital, as in 

general, the southwest Pacific Basin, particularly near and east of the International Date Line, 
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has a very sparse long-term record of TCs.  Finally, related to the quality of the data in the 

region, some extensive analyses from the BoM dating back to 1909 have been compiled 

(Holland, 1981), and the most reliable period of the TC record has been found to be 

coincident with the beginning of the satellite era in 1969. 

A major problem in this region is that many of the TCs that form there do so along the large-

scale weather system known as the South Pacific Convergence Zone (SPCZ).  The SPCZ is 

one of the most significant features of subtropical Southern Hemisphere climate (Kiladis, et 

al. 1989).  It is characterised by a band of low-level convergence, cloudiness and 

precipitation in the western Pacific extending south eastwards towards French Polynesia. Its 

location varies in relation to both the IPO and ENSO.  Many of the TCs that run south-

eastward along the SPCZ display "hybrid" characteristics that do not immediately allow 

forecasters to classify them to be clearly tropical in nature, and this factor makes any 

comprehensive reanalysis of TCs for the region a difficult task that requires better resolution 

(Lander, 2006). 

A review of previous work begins with important recent publications concerning questions 

related to global climate change and its possible connection to increased TC activity and 

intensity.  There is disagreement on these questions, particularly the relationship of TCs to 

global warming e.g., (Schiermeier, 2005a and 2005b).  In 2005, four papers (Trenberth, 2005; 

Emanuel, 2005; Webster, et al. 2005; and Pielke, et al. 2005) all highlighted positions for and 

against the theory that global warming has significantly affected the behaviour and intensity 

of TCs.  Finally, papers by Lander and Guard (1998), and Zhang and Chu (2006) give a more 

global perspective on the frequency of TCs in basins outside of the Atlantic, and underlie the 

main thrust of my research to develop a better TC climatology in a data-sparse and 

understudied region like the southwest Pacific.  Finally, the TC summaries provided by the 

Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (Christensen, 

et al. 2013), as well as the IPCC’s Special Report on Managing the Risks of Extreme Events 

and Disasters to Advance Climate Change Adaptation (IPCC, 2012) provide some 

authoritative conclusions on the issue of climate change and TCs.  IPCC (2012), for example, 

states that the uncertainties in the historical TC records, the incomplete understanding of the 

physical mechanisms linking TC metrics to climate change, and the degree of tropical 

cyclone variability provide only low confidence for the attribution of any detectable changes 

in tropical cyclone activity to anthropogenic influences. 
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The analysis by Trenberth (2005) was limited to the Atlantic basin, but his ideas could be 

applied to other basins.  TCs require an ocean temperature of 26º C and above to sustain TC 

formation and Trenberth argues that increased global sea surface temperatures coupled with 

an increase in lower tropospheric water vapour provide the necessary dynamic for increased 

intensity of TCs (Trenberth, 2005).  However, Trenberth did not make any linkage between 

warming and any anthropogenic influences, and asserts only that changing environmental 

conditions provide more energy for the storms.  Although TC frequency is fairly easy to 

measure, as pointed out by Pielke et al. (2005), TC intensity is a far more difficult element to 

quantify.  The issue of TC trends is complicated by the variety of intensity metrics (e.g., 

average wind speed, storm lifetime, etc.).  

Trenberth’s (2005) analysis concerning increased TC intensity is supported by Emanuel 

(2005).  He defines an index of potential destructiveness of hurricanes based on the total 

dissipation of power, integrated over the lifetime of the TC that shows a marked increase 

since the 1970s.  Emanuel (2005) attributes this trend increase to longer storm life as well as 

greater storm intensity.  Webster et al. (2005) supports increases in not only intensity but also 

frequency as a result of global warming but deliberately limited the study to the satellite era 

(post-1969) and concluded that such a 30-year trend is not inconsistent with a doubling of  

CO2 which is theorised to increase the frequency of intense TCs (Webster et al. 2005). 

However, Pielke, et al. (2005) points to some excellent examples and arguments that 

challenge those arguments presented by Trenberth (2005), Emanuel (2005), and Webster 

(2005), and states that it is societal vulnerability to the impacts of TCs that is the major cause 

underlying these trends and not the trends of the storms themselves.  Intense hurricanes that 

strike unpopulated coastlines do not inflict nearly the damage that a relatively average 

hurricane such as Katrina did to New Orleans in 2005.  So the argument is a valid one that 

development along vulnerable coastlines which results in greater TC damage may be the 

reason for perceived increases in TC intensity more than the actual TCs themselves. 

Lander and Guard (1998) lend some perspective to global TC activity that contrasts to the 

high level of Atlantic basin activity that began in 1995.  This increased Atlantic activity has 

continued (except for the El Niño season of 1997-98) through the end of the 2005 Atlantic 

TC season with its record 27 named storms and noted that while the North Atlantic basin was 

experiencing near record numbers of TCs in 1995, that TC activity in other basins during that 

time was actually below normal (Lander and Guard, 1998). 
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Finally, another study supporting the findings of Lander and Guard regarding decadal 

variation in TC activity looked at the three recent periods of documented TC activity in the 

Eastern North Pacific (Zhao and Chu, 2006).  In summary, they found that from: (1) 1972-81 

there was an inactive period of TC activity; (2) 1982-98 there was an active period of TC 

activity; and (3) 1999-2003 there was another relatively inactive period of TC activity.  In all 

three cases, the study failed to see a connection between global warming and TC trends in the 

Eastern North Pacific basin.  Central to this discussion, and that brought out in detail in the 

thesis, will be a description of likely affects that teleconnection patterns (e.g., ENSO, SAM, 

and MJO) and the SPCZ have on TCs in the southwest Pacific. 

It is clear, while there is a considerable body of research in this area, that there are still many 

questions yet to be answered concerning TC trends, and it is also clear that the majority of the 

work has been done in the Atlantic basin. There has been a good basis for building on the 

work of others in the region, while also taking work from the Atlantic to see how well it may 

apply to the southwest Pacific basin.  The various insights and findings from this body of 

prior research have provided a very solid foundation for the empirical research embodied in 

this thesis. The information presented on TC intensity, frequency, relationship to global 

teleconnection patterns, as well as to extreme meteorological events, provided a valuable 

baseline of tools to set the context for this research.   

 Research Strategy and Thesis Structure 1.5.

The problem under investigation has dictated the use of a multi-tiered research strategy tied 

to each of the objectives of the study as depicted in Figure 1-2.  
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Figure 1-2: Activity levels and relationships between variables, datasets, and the analysis that constitute 
the overall research strategy employed in the study 

The tiers of the research strategy involve (a) a set of input variables; (b) leading toward the 

compilation of datasets; (c) that are precursors to analysis; and finally (d) the final product 

which involves a synthesis of  the environment to circulation analysis.  This analysis relates 

the various teleconnection patterns to the frequency, occurrence, and behaviour of TCs.  

Implementing this strategy required liaison, coordination, and negotiation with a number of 

agencies and groups (particularly with respect to non-digital paper TC records), but also 

required pulling together a diverse array of datasets and teleconnection pattern indices.  

In general, this has involved the rescue and digitisation of older paper data records, a 

comparison of what has been done in other ocean basins, and an assessment of the suitability 

of techniques used elsewhere for the southwest Pacific basin.  In line with the synoptic 

climatological approach taken here, the correlation between TCs and various teleconnection 

influences has been the central focus of the work, and has required the ability to analyse and 

ingest various data sets that led to the production of statistical correlation analyses related to 

TC behaviour across the basin and in line with the synoptic analysis of a variety of 

environmental variables.   

A digitisation of available data in paper form has aided in this effort and has helped to add to 

the sparse record of the region.  A publication such as Visher (1925) however, was an 
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example of some of the difficulty involved in trying to add new data to the record of storms 

for the region; as will be shown in Chapter 3, while the track data were compiled, they were 

done so in a time prior to digital databases and Geographic Information Systems, and as such, 

some considerable time had to be taken in order to convert this analogue data into useful 

digital data.  Other data such as that in Kerr (1976) was more straightforward and a bit easier 

from which to extract good TC track information. 

In line with the University of Auckland’s 2011 Statute and Guidelines for the Degree of 

Doctor of Philosophy (PhD), the core of this thesis comprises peer-reviewed papers that have 

been published during the candidate’s PhD enrolment period.  As such, Chapters 3-6 of the 

thesis will address the topics noted in section 1.52.   

1.5.1. Non-peer Reviewed Chapters 

This chapter, along with Chapter 2, which gives a broad overview of and historical context 

for research on TCs, are non-peer reviewed and constitute the introductory section of the 

thesis; and Chapter 7 is also not peer reviewed, and constitutes the concluding synthesis 

chapter of this thesis and will provide a summary of the key findings from each of the 

Chapters 3-6.  In addition, it will: (a) outline future work to be accomplished which builds on 

the work herein; (b) detail the relationship of the work herein to other research and 

operational efforts concerning TCs; (c) discuss the contribution the work in this thesis has 

made to knowledge; and finally (d) provide a personal summary statement on the work 

undertaken and how this PhD will assist in the further development of the candidate’s 

scientific and professional goals. Finally, Appendix E  includes co-authorship forms for each 

of the peer-reviewed papers presented as chapters in the thesis, as well as the appropriate 

publication copyright licenses from the International Journal of Climatology (Chapters 3,5, 

and 6), and Journal of Climate (Chapter 4). 

1.5.2. Peer Reviewed Chapters 

The following section is a summary of the peer reviewed sections of this thesis (Chapters 3-

6).   
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Chapter 3 – Development of a Comprehensive Dataset of TCs for the Basin3 

Citation: Diamond, H.J., A.M. Lorrey, K.R. Knapp, and D.H. Levinson. 2012. Development 

of an enhanced tropical cyclone tracks database for the southwest Pacific from 1840-2010. 

International Journal of Climatology, 32: 2240–2250. doi:10.1002/joc.2412. 

Abstract: In order to properly understand TC impacts in this region, a comprehensive 

database of TC tracks is required.  This work has collated TC best track data from forecast 

centres around the globe with the aim of producing a unified global best TC track data set for 

the historical period.  Data from the International Best Tracks for Climate Stewardship 

(IBTrACS) project information for the southwest Pacific (135ºE - 120ºW, 5º-25º S) is built 

upon and included in this effort.  The construction of an enhanced TC database for the 

southwest Pacific is documented, the quality controls needed to construct the database, and 

discuss how it has enhanced the chronology of region-wide historical TC activity in light of 

newly discovered data.  It is suggested that this enhanced dataset can be used in forthcoming 

climate and weather studies to better characterise the climatology and behaviour of TCs in the 

southwest Pacific. 

Chapter 4 - Climatological Relationship of TCs to ENSO 

Citation: Diamond, H.J., A.M. Lorrey, and J.A. Renwick. 2013. A Southwest Pacific 

Tropical Cyclone Climatology and Linkages to the El Niño–Southern Oscillation. Journal of 

Climate, 26(1), 3-25. doi:10.1175/JCLI-D-12-00077.1. 

Abstract: The new South Pacific Enhanced Archive for Tropical Cyclones (SPEArTC) 

dataset provides an opportunity to develop a more complete climatology of tropical cyclones 

(TCs) in the southwest Pacific. Here, spatial patterns and characteristics of TCs for the 42 

year period beginning with the 1969/70 season are related to phases of the El Niño Southern 

Oscillation (ENSO), taking account of the degree of ocean-atmosphere coupling. Twentieth 

Century Reanalysis data and the Coupled ENSO Index (CEI) were used to investigate TC 

genesis areas and climate diagnostics in the ETT region at and south of 25º S during different 

CEI ENSO phases. This is the first study looking at CEI-based ENSO phases and the more 

detailed relationship of TCs to the coupling of the ocean and atmosphere during different 

3 For the purposes of this thesis, the data from the 2010/11 TC season was added, in chapter 3, to the work 
published in Diamond et al (2012) in order to be consistent with the analysis in chapters 4-6 which investigated 
TCs with respect to ENSO, SAM, and MJO from 1970-2011. 
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ENSO phases. Consistent with previous findings, positive relationships exist between TCs, 

sea surface temperature (SST), and atmospheric circulation. A statistically significant greater 

frequency of major TCs was found during the latter half of the study period (1991-2011) 

compared to the 1970-90 period, again consistent with the findings of other studies. 

Significant and consistent linkages highlighting the interplay of TCs and SSTs in the 

southwest Pacific basin west of 170º E and a closer connection to atmospheric circulation 

east of 170º E were both found. Moreover, this study demonstrates subtle differences between 

a fully coupled El Niño or La Niña and atmospheric- or ocean-dominated phases, or neutral 

conditions. 

Background on the ENSO Index Used: The investigation of ENSO and the effect and 

behaviour of TCs in the basin is not unique.  In general, this had been done in the past by 

investigating the Southern Oscillation Index (Mullan, 1995).  Such investigations have 

resulted in some very well-known TC patterns with respect to El Niño (La Niña) that has 

shown a clustering of TCs in the eastern (western) portion of the basin, as in Basher and 

Zheng (1995); Sinclair (2002); Kuleshov et al. (2008); Terry and Gienko, (2010); Liu and 

Chan, (2012); and Dowdy et al. (2012).  A unique aspect of this study was the use of the 

Coupled ENSO Index (CEI; Gergis and Fowler, 2005) which integrates monthly atmospheric 

SOI and oceanic SST values, and a resultant classification of a series of seven distinct phases 

of ENSO.  These CEI ENSO phases are assigned based on whether the 11-month smoothed 

SOI values are equal to or exceed ±0.2 standard deviations, and whether the 5-month 

smoothed SST anomalies exceed ±0.5º C.  Using this index takes into account the fact that 

ENSO (which is a combined atmospheric/oceanic phenomenon) is more strongly influenced 

by one component over another, or whether the atmospheric and oceanic components are 

well-coupled. 

Chapter 5 - Climatological Relationship of TCs to SAM 

Citation: Diamond, H.J., and J.A. Renwick, 2014a. The climatological relationship between 

southwest Pacific tropical cyclones and the Southern Annular Mode. International Journal of 

Climatology, doi:10.1002/joc.4007.  

Abstract: In this study, the focus is on possible climatological relationships between 

southwest Pacific TC activity and both the SAM and ENSO, at both interannual and synoptic 

time-scales. The investigation focuses on TC seasonal characteristics (e.g., cyclogenesis, 
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track characteristics, ETT, and intensity) as modulated according to the polarity of the SAM 

and ENSO.  At synoptic time-scales, possible triggers of TC cyclogenesis in the SAM signal 

up to 20 days in advance were also investigated.  The physical basis for this relationship is 

assessed using a number of different gridded data fields.  During seasons characterised by 

positive phases of SAM and both positive and negative Southern Oscillation Index (SOI) 

values, there is an increased frequency of TCs undergoing ETT near New Zealand. At 

synoptic time-scales, an interesting yet inconclusive relationship between the SAM and 

tropical cyclogenesis during SOI positive seasons was found. While statistically significant, 

there is no clear physical mechanism linking the mid-latitude SAM phenomenon to the 

genesis of TCs.  In summary, the results show a clear interannual climatological relationship 

between an increased frequency of TCs undergoing ETT near New Zealand, and the positive 

phase of SAM. 

Background on the SAM Indices Used: 

With respect to the SAM, given the nature of the influence on TCs both on a monthly basis, 

and possibly on a daily basis, there were two indices employed to investigate both inter-

seasonal as well as intra-seasonal effects.  For monthly data, the Marshall (2003) dataset is 

used that is constructed from six Southern Hemisphere stations that are used to calculate a 

proxy zonal mean sea level pressure (MSLP) at both 40º and 65ºS and extend from 1958 to 

the present. An empirical daily SAM index does not exist however; it can be calculated as the 

time-series of the expansion coefficients (i.e. the Principal Component) of the first Empirical 

Orthogonal Function of daily anomalies of 700-hPa geopotential heights reanalysis data south 

of 20ºS.  The reanalysis data used was from Kalnay et al. (1996), and was constructed over 

the period from 1970-2011. 

Chapter 6 - Climatological Relationship of TCs to MJO 

Citation: Diamond, H.J., and J.A. Renwick, 2014b. The climatological relationship between 

southwest Pacific tropical cyclones and the Madden-Julian Oscillation. International Journal 

of Climatology, doi:10.1002/joc.4012. 

Abstract: The focus of this study is the climatological relationship between southwest Pacific 

TC activity and the MJO on the interannual time-scale. It investigates TC seasonal 

characteristics (e.g., cyclogenesis, track morphology, ETT, and intensity) as modulated by the 

phase and intensity of the MJO.  The approach is novel as in addition to the focus on the 
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intraseasonal variability of TCs there is also a focus on the interannual variability of TCs 

even though the MJO is an intraseasonal phenomenon. Links between the MJO, the SAM and 

TC variability are also investigated. Using the MJO phases defined by Wheeler and Hendon 

(2004), southwest Pacific TC frequency exhibited a statistically significant decrease during 

MJO phases 2 and 3, and an increase during phases 6 and 7. During the positive phase of the 

SAM, an increased frequency of TCs undergoing ETT was observed. In summary, the results 

show a clear intraseasonal climatological relationship between specific phases of the MJO 

with respect to a decreased (increased) frequency of TCs during the paired MJO phases 2-3 

(6-7); as well as the existence of a statistically significant relationship between the MJO and 

SAM with respect to the ETT of TCs.  During positive phases of the SAM, coincident with 

weak interannual MJO phases 4-5 and 6-7, there are statistically significant greater frequency 

percentages of TCs undergoing ETT. 

Background on the MJO Index Used: The analysis here uses the Real-Time Multivariate 

MJO Index (RMM, http://www.bom.gov.au/climate/mjo/#tabs=MJO-phase) developed by 

Wheeler and Hendon (2004).  The development of the index is based upon on the first two 

Empirical Orthogonal Functions (EOF) principal components that result from the averaging 

of real-time observational satellite Outgoing Longwave Radiation (OLR), and both 850-hPa 

and 200-hPa U wind data in an equatorial band from 15°S to 15°N.  Daily observed data are 

projected onto these two EOFs after removal of longer-time-scale components, including 

those introduced by interannual and decadal variability associated with the influence of 

ENSO.  Given the findings of both Hendon et al. (1999) as well as Kessler and Kleeman 

(2000) indicating a slight linkage of ENSO to MJO during strong El Niño, this removal is an 

important feature of the RMM dataset. The two-step process for removing this variability 

involves subtracting the variability that is linearly related to a measure of ENSO in sea 

surface temperature (SST) and is well documented in Wheeler and Hendon (2004).  While 

the period of study for this paper dates back to the 1969/70 season, the daily RMM dataset 

developed by Wheeler and Hendon (2004) dates back only to 1974 when satellite Outgoing 

Longwave Radiation (OLR) data first became available.  However, in developing the 

statistical prediction scheme for TCs detailed in Leroy and Wheeler (2008), which dates back 

to the 1969/70 season, Dr. Matthew Wheeler developed a reconstructed pseudo-RMM dataset 

using only wind data to extend the RMM index back to the 1969/70 season when no OLR 

data were available. That modified RMM dataset was used in this study and can be found at 

http://apdrc.soest.hawaii.edu/projects/speartc/resources.php. Straub (2013) has shown that the 
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RMM index is dominated by the winds such that the version used here is highly correlated 

with the full version of the RMM index that includes OLR data. 

 Summary 1.6.

In summary, the overarching aim of the research herein is to better characterise the specific 

behaviour of TCs in the southwest Pacific Ocean basin in terms of their genesis, frequency, 

track morphology, intensity, and ETT in response to the ENSO, SAM, and MJO 

teleconnection patterns.  As such, the primary objective that follows on to that aim is to add 

to the climatological knowledge base of TCs in the region through a classification of a wide-

range of synoptic data during this timeframe as they are modulated by the effects of these 

teleconnection patterns.  The study then ties the resultant values of the synoptic variables to 

various aspects of TCs including their frequency, intensity, and morphology of tracks.   

This chapter has presented a synthesis of the research documented in Chapters 3-6 and has: 

(1) summarised the overall findings; (2) documented the use of the work to other like 

research efforts; (3) outlined future and expanded research efforts that will ensue as a result 

of this work; and (4) documented the overall value of the work done and how the candidate 

plans to use the tools, techniques, and collaborative partnerships forged to continue making 

significant and positive contributions to the overall knowledge-base of TCs both regionally 

and globally.  The conceptual model for this study as depicted in Figure 1-1 has been a 

valuable tool in setting the spatial and temporal extent and context of the study, and in 

pursuing a strategy based around the analyses of multiple datasets.  

The work described in this study should in no way be construed as the ultimate or final word 

on the climatology of TCs in the basin; however, by establishing a more definitive database 

of TCs as described in Chapter 3, and coupled with the synoptic climatological relationships 

between three prominent teleconnection patterns and TCs as described in Chapters 4-6, forms 

a very solid climatological knowledge base for which continuous study can be made.  A brief 

overview of such future study will be discussed in Chapter 7. 

21 



 Chapter 2. Background & Geographical Context of TCs 

 Background & Geographical Context of TCs Chapter 2.

 Introduction 2.1.

The purpose of this chapter is to give the reader some more specific background on the 

physical and geographical background on TCs to lend some context to the research 

documented in Chapters 3-6.  Given that the central premise of this research is to develop an 

improved climatology of TCs, some background on what elements are central to developing 

(or in this case adding to and improving) a well-vetted climatology of TCs is key.  These 

elements include: (1) the morphology of TC storm tracks; (2) the intensity of TCs from the 

standpoint of wind speed, and/or barometric pressure; (3) the lifetime of a TC; and (4) the 

proclivity of a TC to undergo ETT.  The relationships and the behaviour of these TC 

elements to such environmental drivers such as the ENSO (e.g., Hastings, 1990); the 

PDO/IPO (e.g., Zhang, et al. 1997); the MJO (Madden and Julian 1994); as well as to factors 

such as SST and the location and behaviour of the SPCZ (e.g., Matthews et al. 1996 and 

Matthews 2012), are all key elements.  With respect to a relationship of a mid-latitude 

phenomenon such as the SAM to TCs, in actuality, the literature on this is not very extensive 

and the research in Chapter 5 of this thesis is the first one of its kind for the southwest 

Pacific; some other work has been documented for the northwest Pacific (Ho et al. 2005) and 

south Indian (Mao et al. 2013). 

There has been prior work done in documenting TCs in the region.  Literature found to date 

includes the following from the Australian BoM (Lourenz, 1981); the New Zealand 

Meteorological Service (Kerr, 1976; Revell, 1981; and Thompson et al. 1992); MeteoFrance 

(Giovannelli, 1952); and the World Meteorological Organization (WMO; Maunder, 1995).  

However, there does not appear to be one consolidated climatological study that: (1) ties 

these various sources together; (2) relates various TC elements together over time to 

relationships with other phenomena such as ENSO, MJO, and SSTs; (3) digitises this 

information along with post-1969 satellite data allowing for further statistical analysis; and 

(4) extends the information into a seasonal outlook tool that can be used to aid the nations of 

the region in both disaster preparation and mitigation.   
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 Background on tropical cyclones (TCs) 2.2.

2.2.1. Definition and Formation 

A TC is a generic term for any cyclonic storm that originates over the tropical oceans, as well 

as being the specific name given to such storms that occur in the southwest Pacific Ocean.  

To be defined as a named TC on the Australian TC intensity scale4, such a storm must reach 

a minimum wind speed threshold of 34 knots (17.5 m s-1); and after gaining a sustained wind 

speed of 64 knots (32.9 m s-1), the TC would be considered to be a major storm.  TCs are 

further defined as warm-core cyclonic circulations that are maintained by barotropic 

instability while cold-core circulations maintained by baroclinic instability are characteristic 

of extratropical storms (Holton and Hakim, 2013).   

As Holton and Hakim (2013) further describe, meteorological instabilities are important for 

synoptic-scale meteorology and generally occur in the form of zonally asymmetric 

perturbations to that zonally symmetric basic flow field. The barotropic instability of large-

scale zonal flow has been found to be a key component of the tropical cyclogenesis process 

(e.g. Krishnamurti et al. 1981; Mishra et al. 1985; Guinn and Schubert, 1993; and Ferreira 

and Schubert, 1997).  A large-scale horizontal shear flow between westerly and easterly 

winds is an example of such barotropic instability, and this flow creates a cyclonic vorticity 

(or spin) in the atmosphere that is conducive for the genesis of TCs. Relative vorticity data 

(both daily and monthly) are derived from the differential of U- and V-wind gridded field 

data (i.e., ∂v/∂x - ∂u/∂y). Positive vorticity anomalies are an indication of cyclonic spin in the 

northern hemisphere, while in the southern hemisphere negative vorticity anomalies are 

associated with cyclonic circulation. 

However, since this research does not focus on the physics and related thermodynamics of 

TC genesis, this section does not discuss the details of either barotropic or baroclinic 

instability.  Baroclinic instability is a type of instability for which waves can grow by 

conversion of potential energy (PE) into kinetic energy (KE; Lorenz, 1971).  The conversion 

of energy is proportional to the perturbation of heat fluxes in both the horizontal and vertical 

directions. The atmosphere requires heat fluxes to maintain the observed pattern of net 

radiation (positive in the tropics, negative poleward of 38º N or S) on an annual average 

4 See http://www.bom.gov.au/cyclone/about/intensity.shtml 
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(Grotjahn, 2002); and the source for PE in baroclinic instability is a horizontal temperature 

gradient, resulting in no horizontal shear but by definition, vertical shear is required (Lorenz, 

1971).   

While for barotropic instability, waves gain KE at the expense of KE of other scales of 

motion and as such no PE conversion is involved, and this means that the density of the air 

depends only on the pressure and not the temperature.  In practice this means that there is no 

horizontal temperature gradient resulting in no vertical shear (Lorenz, 1971), and therefore 

this would result in an atmosphere that is more stable in its stratification.  Suffice it to say 

that such atmospheric instabilities result in storms that are either tropical (barotropic) or non-

tropical (baroclinic) in nature as described in AMS (2000); and the thrust of this research is 

on the former.  In addition to vorticity, other conditions favourable for TC development and 

maintenance of storms includes: (a) a minimum ocean temperature of 26.5º Celsius 

(Trenberth, 2005); (b) vertical wind shear values of less than 15 m s-1.  As noted by Gray 

(1968), vertical wind shear is calculated as the square root of the difference in the square of 

wind speeds at 200 and 850 hPa5, and is a measure of how conducive an area is for either 

cyclogenesis or continuation of a storm. High values of vertical wind shear of greater than   

15 m s-1 are considered to be an environment not conducive for storms, and the effects of 

such vertical wind shear on intensity, horizontal extent, and latitude of TCs have been well 

documented (Jones, 1995; and DeMaria, 1996).  Other factors noted by Gray (1968) 

conducive for TCs included increased levels of relative humidity (Camargo, et al. 2009).  

Therefore, while warm ocean temperatures are important for TC development and 

maintenance, without the proper atmospheric conditions of vorticity and vertical wind shear, 

TCs have difficulty in forming. 

2.2.2. Occurrence and Variability of TCs 

In the Atlantic and northeast Pacific (east of the International Dateline) such storms are 

classified Hurricanes, in the North Pacific, west of the Dateline, they are classified as 

Typhoons.  Hurricanes, Typhoons, and TCs are all the same basic phenomenon, but with 

different classification names based on where they occur.   

5 Vertical Wind Shear =  √(U200 winds – U850 winds)2 + (V200 winds – V850 winds)2 
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As noted in Figure 2-1 from data in the International Best Track Archive for Climate 

Stewardship (IBTrACS; Knapp et al. 2010),  

 

 

Figure 2-1: Global map of TC occurrence (Source: IBTrACS) 

TCs occur in just about every tropical ocean basin except for the South Atlantic; the chart 

depicts TCs as far back as 1842 in the Indian Ocean and 1851 in the North Atlantic. For the 

southwest Pacific, the data go back as far as 1907, and form the basis for the SPEArTC 

dataset which goes back as far as 1840 and is documented in Chapter 3.  It is interesting to 

note that the primary reason that the South Atlantic Ocean gets few if any TCs (the last one 

was recorded in 2004) is that the vertical wind shear is simply too strong and there is 

typically no inter-tropical convergence zone (ITCZ) over the tropical portion of that ocean 

basin (Gray 1968).  It is also worth noting that TCs do not form right on the equator as the 

Coriolis force is zero there, and generally the Coriolis force is considered too weak at 

latitudes less than 5º (either side of the equator) to get air to rotate around a low pressure.  

Therefore, classical meteorological theory is that TCs do not form any closer to the equator 

than about 5º on either side of the equator.  However, a case study in the Northern Pacific of a 

rogue typhoon named Vamei in late December 2001 in the South China Sea near Singapore 

(Chang, 2003), seems to indicate that the possibility of TCs forming near the equator exists, 

and so for the purposes of this thesis, the equator will serve as the northern bounding latitude 

for defining the basin. Without an ITCZ to provide the synoptic vorticity and convergence 
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conditions (e.g., see vorticity discussion in section 2.2.1), it becomes very difficult for the 

genesis of TCs to occur despite whatever threshold SST level conditions might exist. 

The TC season in the southwest Pacific region typically extends over the period November 

through April, with peak activity (e.g., greatest frequency of storms) from February through 

April.  The most active years seem to have been associated with El Niño events, especially 

during the strong 1982–1983 and 1997–1998 El Niños (Levinson, 2005), and maximum 

Accumulated Cyclone Energy (ACE) values, a measure of TC intensity, occurred in January-

March 1998. Webster et al. (2005) found more than a doubling in the numbers of Category 4 

and 5 TCs in the southwest Pacific region from 1975-2004. 

As for TC intensity, there are several methods used to quantify this. For the purposes of this 

research, I will be using three such methods: (1) Australian Cyclone Severity Scale of 1-5 

(see Table 2-1; (2) Dvorak Current Intensity (Dvorak, 1975 and 1984); and (3) Accumulated 

Cyclone Energy Index (CPC, 2005); however, the ACE index is dependent on the need for   

6-hourly synoptic wind data, which is rather sparse in the southwest Pacific basin.  For those 

familiar with the well-known Saffir-Simpson scale of hurricane intensity (NHC, 2005), it 

should be noted that the Australian scale is different.  The Saffir-Simpson scale is based upon 

one-minute average maximum sustained winds while the Australian scale is based upon 10-

minute averaging of peak gusts. Table 2-2 compares the Australian, Saffir-Simpson, and 

Dvorak scales regarding TC intensity levels.  While the Saffir-Simpson scale is better known 

in the literature, given the sampling methodology of winds in the southwest Pacific, the 

Australian scale is more applicable to this region.  

 

Table 2-1: Australian Tropical Cyclone Intensity Scale 

 

Category  Peak gusts (km/hr) Peak gusts (kts) Central Pressure (hPa) 

1 63 – 87 34 – 47 986 - 995 

2 88 – 118 48 – 64 971 - 985 

3 119 – 157 65 – 85 956 - 970 

4 158 – 196 86 – 106 930 - 955 

5 >196 > 106 < 930 
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Table 2-2: Comparison of Dvorak Scale with Australian Tropical Cyclone Scale 

Dvorak T-
Number 

MSW (1-min 
kts) 

MSW (10-min 
kts) 

Saffir-Simpson 
Category 

Australian 
Category 

T2.0 30 26 Tropical Depression Tropical Low (TL) 

T2.5 35 31 Tropical Storm (TS) TL 

T3.0 45 40 TS TC-1 

T3.5 55 48 TS TC-2 

T4.0 65 57 Hurricane -1 TC-2 

T4.5 77 68 Hurricane -1 TC-3 

T5.0 90 79 Hurricane -2 TC-3 

T5.5 102 90 Hurricane -3 TC-4 

T6.0 115 101 Hurricane -4 TC-4 

T6.5 127 112 Hurricane -4 TC-5 

T7.0 140 123 Hurricane -5 TC-5 

T7.5 155 136 Hurricane -5 TC-5 

T8.0 170 150 Hurricane -5 TC-5 

2.2.3. TCs and Teleconnection Patterns 

This is not a simple cause-and-effect phenomenon, and there are other factors involved, 

primarily teleconnections, which are defined by the American Meteorological Society (AMS, 

2000) as: “1. A linkage between weather changes occurring in widely separated regions of 

the globe.  2. A significant positive or negative correlation in the fluctuations of a field at 

widely separated points. Most commonly applied to variability on monthly and longer 

timescales, the name refers to the fact that such correlation suggest that information is 

propagating between the distant points through the atmosphere.”  This linkage can be 

associated with alterations of regional tropospheric temperatures which create changes in the 

large-scale pressure and wind fields, and/or by the advection of material from one region to 

another (such as from blowing dust or emissions of pollutants advected by the wind). 

Teleconnection patterns are expressed as indices of fluctuations in climate parameters, and 

may involve the interaction of oscillations, including, but not limited to, the IPO, ENSO and 

MJO.  There are thought to be definite relationships between TCs and the behaviour of ENSO 
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and MJO, but while this relationship is better understood in the Atlantic basin (Klotzbach, 

2010a,b), there is still considerable knowledge to build on in  the southwest Pacific Basin 

(e.g., Basher and Zheng 1995; Sinclair 2002; Chu, 2004; Kuleshov et al. 2008; Terry and 

Gienko, 2010; Liu and Chan, 2012; and Dowdy et al. 2012). Considerable additional research 

is required in this area in order to better understand the effects of ENSO on TC activity in the 

southwest Pacific basin, as this relationship constitutes one key aspect of the research 

involved in the creation of a thorough TC climatology for the region.  In addition, there is 

considerable space to explore the relationship of SAM to TCs as no literature could be found 

in this area.  Finally while some literature on the MJO and TCs in the basin exists (e.g., Hall 

et al. 2001; Wheeler and Hendon, 2004; and Leroy and Wheeler, 2008), again, there is still 

more that can be investigated here, particularly in the context of exploring unique aspects of 

the MJO by looking at a combination of MJO intensity and phase from an inter-seasonal 

basis.   

2.2.4. TCs and Climate Change 

Since 1995, TCs in the Atlantic Ocean basin have increased in number, accompanied by a 

possible increase in the intensity and duration of the storms.  There is a rapidly growing body 

of scientific literature on this topic; in addition, the popular media is rife with articles 

speculating on possible links between such increased activity and global warming.  As 

exhibited by a series of new articles in the literature from late 2004 to the present, in essence 

a new science has been created to assess whether TC activity has increased as a result of 

global warming (Kerr, 2006). 

The historical record of TCs in the Atlantic identifies very active TC seasons from 1880-

1900, as well as from 1920-1940, when global climate change was not the highly visible 

issue that it is in more modern times (NHC, 2006); and it is now apparent that a new cycle of 

increased TC activity in the Atlantic basin began in 1995 (NHC, 2006).  Many scientists 

believe this trend may continue for the next 15-20 years.  Like in past active cycles, it appears 

that not only are there more storms, but it is possible that far more severe events are being 

seen, thus setting in place the need to be better prepared for adapting to their effects.  The 

2005 hurricane season in the North Atlantic, Caribbean Sea, and Gulf of Mexico was 

unprecedented in the number of TCs.  The 28 named TCs of tropical storm intensity or higher 

and 15 hurricane strength storms in the region has far exceeded the previous records of 21 

“named” storms which occurred in 1933 and 12 hurricanes which occurred in 1969 
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(Diamond, 2006a).  However, without any satellite data it is very possible that there may 

have been more than 21 storms in 1933, as well as in some other years before the period of 

satellite coverage, but they likely were just not identified.  As such, it is interesting to note 

that the 28th storm of the 2005 Atlantic season was not discovered until April 2006 (a full six 

months after it occurred) by a reanalysis of the satellite data from the season (Diamond, 

2006b).  As a parenthetical comment, the term “named” storms is used in quotes for the 1933 

season, as the current naming convention for tropical storm strength systems (e.g., winds in 

excess of 34 knots or 17.5 m s-1) was not implemented until 1953; had the current naming 

system been in place in 1933, 21 actual names would have been used (Diamond, 2006a).  The 

2013 TC season in the Atlantic was significantly below normal with a total of 10 TCs, and it 

is not clear whether this was an anomaly, or is the beginning of a downward trend that would 

be consistent with lower counts in most TC basins over the past few years (Diamond, 2013). 

In general, the latter portion of the TC season is the most active in the southwest Pacific.  As 

outlined in Chapter 4, during the period from 1970-2011 a total of 176 major TCs occurred 

out of a total of 541 storms (32.5%). However, it is interesting to note that there were 84 

major TCs that developed out of a total of 297 storms (28.3%) during the period 1970-1990, 

while from 1991-2011 there were 92 major TCs out of a total of 244 storms (37.7%). The 

increased proportion of major TCs over the past 20 years is statistically significant (p < 

0.005, t-test with 19 degrees of freedom). Furthermore, of the 24 Category 5 storms that 

occurred in the region during that time, slightly over 79% of them (19) occurred during 1991-

2011. The increased proportion of major TCs in a basin with fewer overall TCs is quite 

consistent with findings by Webster et al. (2005), as well as Maue (2011).  While climate 

change is not the primary emphasis of this study, it is hard to ignore the fact that the basin is 

generally following the global trend (except for the North Atlantic) that involves fewer 

overall numbers of TCs coupled with an increase in stronger more powerful TCs.  

 Geographical Context 2.3.

2.3.1. Global 

By their nature as a primarily oceanic phenomenon, the global database of TCs is frankly not 

as complete or accurate as it needs to be for good climate studies.  This is particularly true for 

the era prior to 1969 which is recognised as the start of the satellite record for TCs.  The term 

“best track” specifically refers to the best estimates of location, intensity, and other 
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parameters on a 6-hourly basis during the storm’s lifetime (Kruk, et al. 2008).  Those 

interested in global TC statistics must seek and merge available data in the creation of an “in-

house” global best track data set. This is traditionally done by identifying storms which are 

repeated in multiple basins, performing quality control and making recommended 

adjustments.  

This process is prone to errors and depends largely on the completeness of the methods of the 

researcher.  This is further complicated by the structure of the world’s TC monitoring centres 

known as Regional Specialised Meteorological Centres (RMSC) under the auspices of the 

WMO as noted in Figure 2-2.  

 

Figure 2-2: Map of RSMCs and their coverage areas (Source: WMO Tropical Cyclone Programme - 
http://www.wmo.int/pages/prog/www/tcp/Advisories-RSMCs.html). 

 

Each RMSC has its own practices, and since storms do not neatly fit within the geographic 

boundaries set by the WMO, there has been confusion over the years regarding getting good 

consolidated TC information that could be used in the context of climate studies.   

Climate related studies, by their nature, require homogenised and consistent datasets from 

which trends can be determined and assessed.  However, such TC studies are dependent upon 

datasets developed for more short-term warning and forecast purposes, which while serving 

their purpose well, do not usually meet the higher need for data resolution required for 

climate study. 
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Averaged across all global basins, (using a normalised period from 1981-2000), and while 

highly variable the average number of tropical or named storms (NS) [≥ 34 knots or 17.5 m s-

1] and hurricanes/typhoons/cyclones (HTC) [≥ 52 knots or 27 m s-1] is 89 per year, while the 

average number of major HTCs [≥ 96 knots or 49.4 m s-1]6 is 25.4 (Diamond, 2012). This 

finding is supported by Frank and Young (2007) who found that TCs do not have the broad-

reaching effects on the global circulation required for storms in one basin to inhibit or 

enhance storm activity in another. Frank and Young (2007) further stated that TCs seem to 

form when conditions permit, and the occurrence of favourable conditions is modulated by 

larger-scale changes in the tropical circulation. The global tallying of total storm numbers is 

always challenging, and involves more than simply adding up basin totals, as there are a 

number of storms that cross basin boundaries and can be double counted.  In line with that, 

part of the work associated with this research project will feed into an effort underway at 

NCDC to standardise the creation and modification of a global best track data set in a project 

known as the International Best Tracks Archive Climate Stewardship (IBTrACS). The goal 

of IBTrACS was to perform a merging of all global best tracks data sets in order to create a 

single homogenised global data set; and as part of this research the IBTrACS effort was first 

initiated in 2009 as documented in Knapp et al. (2010).  

2.3.2. Regional 

The southwest Pacific tropical cyclone basin is an informally defined area.  From the 

standpoint of latitude, the Coriolis force is generally too weak at low latitudes to get air to 

rotate around an area of low pressure, and therefore, classical meteorological theory is that 

TCs do not form any closer to the equator than about 5º south (Dare and Davidson, 2004).  

From the standpoint of longitude, as depicted in Figure 1-1, the area of this study will span 

the southwest Pacific basin from 135ºE in the Gulf of Carpentaria, to 120ºW in the area in 

and adjacent to French Polynesia. 

From a climatological standpoint it turns out that the meridian at 135º east is a natural 

breakpoint between TCs in the Australian region and TCs in the southwest Pacific region 

(Kuleshov, 2006).  In a quest for a more complete TC climatology in the region, I will look at 

TC attributes including intensity, frequency, life span, and tracks related to teleconnection 

6 A caveat here is that the storm intensity levels in the southwest Pacific are lower based on the Australian TC 
scale. 
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patterns such as ENSO and the IPO.  To further complicate matters, the criteria for defining 

teleconnection patterns such as ENSO are not consistent; different defining criteria exist, and 

as such one has to be rather careful when stating that ENSO conditions exist.  In summary, 

the expression of and one teleconnection’s impacts depends on the criteria chosen to define it 

and how that may related to climate change, and therefore, some very careful thought must be 

applied in this area (Trenberth, et al. 1996). 

The TC season in the southwest Pacific basin formally extends from November to April (with 

occasional outliers), and therefore crosses over the calendar year.  As documented in Chapter 

3, the long-term average number of TCs in the basin for the 42-year period from 1969/70 to 

2010/11 is 10.4 TCs per year, with the peak of the season being from February to March. 

The work initiated by the IBTrACS project was an impetus to look at creating a more 

comprehensive and consolidated dataset of TC best tracks tailored to the southwest Pacific 

basin.  It would be quite incorrect to state that prior to this research that there was no dataset 

of TCs for this region; however, up until this time, there had been a few different sources and 

as such the consistent application of climatological analysis tools across different studies is 

problematic and therefore, from a regional standpoint, the creation of the SPEArTC dataset 

(noted earlier and the subject of Chapter 3 of this thesis) was a significant step forward in 

aiding climatological studies in the region.  Since being introduced in 2011, over 70 

researchers have registered for the dataset, and it has started to be used in TC research efforts.  

A summary of some other research efforts employing the SPEArTC dataset is documented in 

Chapter 7 of this thesis. 

 Summary 2.4.

The background on TCs, essentially how they form, their climatological variability, and what 

relationship this may or may not have to climate change are essential components in a 

climatological study.  In this chapter, the following factors related to TCs has been presented 

regarding their: (a) definition and formation; (b) occurrence and variability; and (c) possible 

relationship to climate change.  While climate change is not the primary emphasis of this 

study, the basic work will help contribute to a baseline of information regarding TC 

climatology that will help to better demonstrate TC changes possibly as a result of a changing 

global climate.  Some data for the study basin, that are consistent with global trends, 

definitely show statistically significant fewer number, yet more intense, TCs.  
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There are several factors that come into play when developing a TC climatology for the study 

region in question. Over the past few years, and particularly since 2005, the literature has 

been replete with papers concerning the relationship between global climate change and TC 

activity. Most of that literature has been focused in the relatively data-rich areas of the North 

Atlantic and Gulf of Mexico, and to a somewhat lesser extent in the northwest and northeast 

Pacific basins. While some trends in the relationship between predictors such as ENSO and 

MJO have been made concerning TC behaviour in the southwest Pacific basin, a solid 

climatology relating these events, both basin-wide, as well as for specific island state groups 

(e.g., Cook Islands, Fiji, Solomon Islands, etc.), did not necessarily exist prior to the research 

documented here. Part of this is a lack of a consolidated, quality-controlled data base of TCs 

prior to the satellite era beginning with the 1969/70 TC season.   

As such, a major goal of this research effort is to compile as much information as possible on 

TC tracks prior to 1969; quality control that data to remove duplicate entries; merge that with 

more reliable data post-1969 data from IBTrACS; and then overlay that data with the factors 

noted earlier in order to develop statistical correlations of the behaviour of TC tracks. Given 

that the central premise of this research is to develop an improved climatology of TCs, some 

background on what elements are central to developing (or in this case adding to and 

improving) a climatology of TCs is key.  These elements include: (1) the morphology of TC 

storm tracks; (2) the intensity of TCs from the standpoint of wind speed, and/or barometric 

pressure; (3) the lifetime of a TC; and (4) the proclivity of a TC to undergo ETT. 

Underlying all the work in Chapters 4-6 of this thesis, as well as beginning to serve as a 

global and regional resource for studies in the research area was the development of the 

SPEArTC dataset, as documented in Chapter 3, which has begun to be used as a standard for 

the region, and will continue to be a key resource for future work in this area.
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 Creation of a New TC Dataset Chapter 3.

 Introduction 3.1.

Globally, there have been many TC studies in other ocean basins, however, there has been a 

relative dearth of research in the southwest Pacific Basin due to: (1) the sheer vastness of size 

and the low population density of the basin; (2) a very limited amount of observational data; 

and (3) the lack of a collated, comprehensive, and homogeneous database of TC information.  

Given the limited amount of South Pacific region data, and the devastating effects that TCs 

can have on the development of small island nations (Mimura et al. 2007), it is vital to 

develop a more definitive history of TC activity so that climatologies can be established.  

Therefore, the effort described in this study will clearly benefit the scientific community that 

is striving to assist regional aid coordination authorities and Pacific Island National 

Meteorological Services (PINMS) to better prepare for the impacts of TCs.   

While there has been some considerable work done in documenting TCs in the southwest 

Pacific Basin (Lourenz, 1981; Kerr, 1976; Revell, 1981; Thompson et al. 1992; Giovannelli, 

1952; Visher, 1925; Maunder, 1995, Kuleshov, et al. 2008, and Terry and Gienko, 2010), this 

has not necessarily resulted in a consolidated and quality controlled database of TCs in the 

region.  The work done to date has been very good; however, it is believed that the 

integration of previous work needs to additionally: (1) tie these various sources together; (2) 

digitize track information along with post-1969 satellite data allowing for further statistical 

and spatial analysis; and (3) make the data easily available in convenient formats and at a 

centralized, secure location in line with the work of the International Best Tracks for Climate 

Stewardship (IBTrACS; Knapp et al. 2010).  The 19707 TC season is generally considered to 

be the first reliable year due to the availability of geostationary satellite data (Holland, 1981). 

This problem was approached by embarking on a process for collecting data from the sources 

listed above to enhance the spatio-temporal coverage of the IBTrACS database. The resulting 

integrated data set has been termed the Southwest Pacific Enhanced Archive of Tropical 

Cyclones (SPEArTC). Here, the steps leading up to the SPEArTC database are described, 

7 In the Southern Hemisphere, the TC season straddles the change of the calendar year; therefore, the 1970 
season extends from November 1969 through April 1970, and the season is thus labeled as 1970. This will be 
the seasonal convention utilized throughout this paper.  
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including data rescue and scanning, and the quality control method referred to as Graphical 

Interpretation of Tracks (GrIT), undertaken by using readily available GoogleEarth® 

software.  A discussion of the benefits of using this interactive visualisation approach to 

make judgements about historical track data follows, and discusses how the refined 

characteristics of the overall SPEArTC dataset have improved on the IBTrACS data, and a 

listing of TC numbers by season in SPEArTC can be found in Appendix A.  

While the SPEArTC dataset is built upon the work accomplished by IBTrACS, the dataset 

itself is different in 3 primary areas: (1) in addition to adding a number of new records, the 

QC process described in Section 3.3 has corrected a number of errors (see Appendix B for a 

documentation of corrected errors from seasons 1970-2011) and concatenated a number of 

storms that were originally thought to be separate ones; (2) the data structure for SPEArTC 

focuses on a core set of 13 variables that are documented in Appendix C; and (3) while 

IBTrACS transitioned to using actual wind and pressure data for all storms in its latest 

version, SPEArTC continued to use the averaged wind and pressure data through the 2008 

season, and then began using the IBTrACS convention for wind and pressure data beginning 

with the 2009 season.  While IBTrACS has done a good job of collecting existing 

information, there are two things that the SPEArTC effort has brought to bear on improving 

the database of information as follows: (1) a detailed track-by-track quality control of the data 

for the entire record; and (2) the analysis and inclusion of TC information from other sources 

not previously considered that were provided by the PINMSs. As noted in Appendix B, a 

total of 13 track errors were corrected in the era from 1970-2011. While that may be a 

relatively small overall number of corrections, the changes made were nevertheless important 

in helping to produce a more reliable database for use by researchers interested in this region. 

 Description and Geographic Extent of the Database 3.2.

The SPEArTC database consists of existing IBTrACS TC tracks and new information 

recovered from historical archives of the regional PINMSs.  The dataset covers the period 

from 1840-2011 in a discontinuous fashion and extends the record temporally by nearly 50 

years.  In addition, the dataset improves the spatial coverage of existing data (Trewin, 2008 

and Knapp, 2010) by adding data from supplementary sources; correcting errors via a 

thorough quality control of the data as described in section 3.3. The TC seasons utilized for 

35 



  Chapter 3. Creation of a New TC Dataset 

SPEArTC include 1841; 1848; 1865; 1871; 1873; 1875; 1877-78; 1880-83; 1886; 1888; 

1890-91; 1893-95; 1897-99; 1902-03; and 1905-2011.   

The SPEArTC dataset includes TCs in the area outline in red (Figure 3-1) and ranges from 

135º East in the Gulf of Carpentaria to 120º West, which includes French Polynesia. The 

latitude range is from 5°S to 60°S8, which encompasses both the southern latitudinal extent of 

TCs (5°-25°S) in addition to the latitudinal range over which extratropical transition (ETT) 

occurs (25°-35°S; Sinclair, 2002).  (The Coriolis force is generally too weak at very low 

latitudes to cause air to rotate around an area of low pressure; therefore, classical 

meteorological theory is that TCs do not form any closer to the equator than about 5° latitude 

[Gray, 1979]).  However, the SPEArTC information in the database is not restricted to the 

tropics and many tracks in the dataset extend south of 25°S.9 This extratropical aspect to 

SPEArTC is an important element of the database, and is consistent with procedures at the 

Regional Specialised Meteorological Centre (RSMC) in Wellington, New Zealand (Ready, 

2011).  Extratropical storms often produce severe impacts and retain some tropical 

characteristics (e.g., high moisture content, warm core structure, and strong surface winds) 

for several days following ETT, and as such are important data for climatological studies in 

the region. 

 
Figure 3-1: Zonal extent of the SPEArTC area of coverage (noted in red box) 

8 The SPEArTC dataset only has one storm which extends as far south as 60°S. 
9 From 1970-2011 a total of 270 and 189 storms respectively are tracked south of 25° and 35°S in the SPEArTC 
dataset. 
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The region covered by SPEArTC is an informally defined area, different from the WMO-

defined regions of responsibility for tracking TCs, but one that makes geographic sense.  The 

formal area of coverage for southwest Pacific TCs as defined by the WMO is based upon the 

forecast areas of responsibility from the RSMCs in Nadi, Fiji, and Wellington (Figure 2-2), 

which indicates that the southwest Pacific extends from longitude 160º East and then east to 

120º West.  It turns out that many TCs which affect the southwest Pacific actually form over 

the Coral Sea (area IX of the map in Figure 2-2), thus extending the area of coverage for this 

study well to the west of the more artificial WMO boundary of 160º East in the Gulf of 

Carpentaria is much more relevant in constructing the SPEArTC dataset for the southwest 

Pacific.   

 Dataset Construction   3.3.

This section describes the rescue and digitization of TC data from across the region, the 

management of the digital data in Excel®, and the quality control of the data using a newly 

developed technique known as GrIT as described in section 3.3.1 below.  GrIT was devised 

as an easy to use method for the visual inspection of TC tracks which employs off-the-shelf 

GoogleEarth® software.  Inspection of the collective set of tracks using this visualisation 

approach can readily assist in the quality control of any basin’s TC tracks.  Compilation of 

track data for the southwest Pacific showed at least three track morphology variants that 

could be identified.  They were: (a) non-replicated tracks; (b) replicated tracks; and (c) 

erroneous or extraneous tracks with divergent points.  Non-replicated tracks were single 

storms represented in the dataset that are not duplicated by any other storm track or partial 

track segment.  Replicated tracks could be identified when TC tracks having similar spatial 

and temporal characteristics occur (e.g., starting and stopping within a 7-day window; having 

similar cyclogenesis points or trajectories).  Erroneous tracks were simply storms that were 

obviously bogus, such as systems that followed the International Date Line or had digitizing 

errors that included suspicious right angle turns or were digitized from south to north instead 

of from north to south.  

3.3.1. Rescuing and Digitizing TC Data  

Beginning in 2005, a survey of possible TC data sources was initiated in concert with the 

PINMSs in the region to identify old paper synoptic charts or data which were not 

incorporated into any digital TC data base.  The collection of source data builds upon 
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excellent working relationships developed between scientists in Australia, New Zealand, the 

U.S., and a variety of Pacific Island states (Diamond et al. 2008).  Annual TC track maps 

were acquired from the meteorological services of Fiji, New Caledonia, New Zealand, Tonga, 

Solomon Islands, and Vanuatu.  In addition, a book published in 1925 (Visher, 1925; see 

Figure 3-2) contained old TC maps with tracks dating back to the 1841 season (1840-41). 

This archive survey resulted in obtaining several hundred maps that were rescued and 

scanned into electronic jpeg-formatted graphics.  The scans were then imported into ArcGIS® 

where georegistration was employed to ascribe, extract, and digitally record the correct 

latitude and longitude for points along each TC track.  The ArcGIS® coding for this 

georegistration procedure (along with all the scanned images that were digitized) can be 

found on the resources section of the SPEArTC website at 

http://apdrc.soest.hawaii.edu/projects/speartc. 

 
Figure 3-2: Tracks from Visher, 1925 (left) and from digital Database (right). 

The assumption was made that the SPEArTC dataset could contain documented tropical 

storms or deep depressions that were tracked prior to achieving Named Storms (NS)10 TC 

status.  It is impossible to determine if the final part of a historical storm track is the ETT 

phase when the storm would have transitioned from a TC to an extratropical storm or tropical 

depression (Sinclair 2002).  The associated metadata for storm strength is highly variable 

throughout the historical record, and the occurrence of this information would depend on the 

nature of how the storm was tracked and recorded during the pre-satellite era. Even today that 

procedure differs between RSMCs that track TCs with highly sophisticated remote sensing 

10 NSs are defined as having sustained winds that are ≥ 34 kts (Diamond, 2010) 
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systems.  However, the primary purpose of the SPEArTC dataset is to assess the occurrence 

and geographic variability of tropical storm characteristics through time in the southwest 

Pacific.  While the magnitude of the TC at any given point along the track is not highly 

relevant for this exercise, such intensities when available (particularly in the satellite era after 

1969) have been incorporated as input to the IBTrACS database and are included in the 

SPEArTC dataset.  Therefore for each track in the dataset, the storm is assumed to have been 

tropical in origin, and achieved at least an NS status at some time during its lifecycle. 

Up until the 1950s or so, the data mostly provided only track information and are missing 

intensity (e.g., wind and pressure data) that would be critically important to studies related to 

climate change. However, the existence of past track morphologies does provide important 

insights into the temporal and spatial aspects of cyclogenesis in the region.  Such information 

is vital for assisting in the development of seasonal outlooks related to the occurrence and 

frequency of TCs during periods of fluctuating climate conditions primarily related to El 

Niño and La Niña, and the risks associated with their occurrence. 

3.3.2. Data Management 

All of the storm tracks in SPEArTC were arranged in an MS-Excel® spreadsheet to include 

serial number (IBTrACS identifier 11 ), associated TC season (Austral spring to Austral 

autumn; November-April), and a time and date stamp in six-hourly intervals.  The date and 

time stamp was sometimes applied artificially to tracks recovered from a synoptic chart, and 

as such can have an error of ± 12 hours.  For the purposes of constructing track morphologies 

this is not considered to be a major problem.  The need to artificially time stamp some storms 

also explains why some replicated track segments appear temporally offset.  The temporal 

uncertainty is due to differences in reporting times used by some of the aforementioned 

meteorological services. 

For ease of file handling, the data were split into 3 distinct time periods as follows: (1) 1841-

99; (2) 1902-69; and (3) 1970-2011. These time periods are also significant because the first 

set of TC seasons are the most poorly observed of the three. While it was beneficial to obtain 

as much data from that period as possible, it is also recognized that the observational record 

in the 19th century will be incomplete.  The second period had a considerable volume of data, 

11 See http://www.ncdc.noaa.gov/oa/ibtracs/index.php?name=numbering 
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and overlapping observations from across the region.  While these data were considered to be 

more reliable than the first period, they are not as reliable as the most third and most recent 

period of time (1970-2011) which is coincident with the beginning of the satellite era of TC 

monitoring.   

A series of formulas in an MS-Excel® spreadsheet provided a template to translate track 

information into Keyhole Markup Language (.KML) file scripts that contained a string of 

coordinates, dates, and time information for each storm track12. The KML script derived from 

the template was copied and pasted into a file with a .KML file extension, which could then 

be opened in GoogleEarth® to enable application of the GrIT quality control procedure.  

3.3.3. Quality Controlling the New Dataset 

Quality control was accomplished using a technique known as GrIT.  In brief, GrIT employs 

a set of objective and subjective criteria to aid quality control by visually inspecting TC track 

data, and takes advantage of capabilities for displaying multiple TC tracks and animating the 

tracks using chronology information. Coupled with a knowledge of how TCs behave (in some 

cases erratically), GrIT affords a rapid way to spot duplicate tracks, identify observational 

information from different monitoring sources that represent segments of the same storm, 

replicates of the same storm system, and obvious errors that have been introduced either 

during digital scanning of paper data or keying processes. 

GrIT is a subjective approach that uses human operators and the GoogleEarth® interface to 

assess the number of annual storm tracks that were contained in the unedited SPEArTC data 

set. The following criteria and steps were used to verify and consolidate historical storm track 

data. For non-replicated storms, a single track was selected from the SPEArTC dataset to 

represent a TC.  Identification of mutually overlapping tracks within a narrow time window 

(7-10 days) typically indicates duplication of a storm in the dataset. For this situation, when 

multiple tracks cover all or part of the same storm, the collection of time steps and positions 

(latitude and longitude) for points along the length of the TC track need to be amalgamated. 

The first step in amalgamation is to identify the set of tracks that go together (see Figure 3-3 

for characteristics used to group tracks). The end points of the storm track are then 

established.  Subsequently, replicated track segments and divergent pathways between the 

12 A copy of the template can be found on the resources section of the website at 
http://apdrc.soest.hawaii.edu/projects/speartc  
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start and end point of each storm track are identified. In the case where one part of a storm 

track diverges from other tracks that are spatially corroborated, the corroborated version is 

chosen. In the case where the ETT for two tracks in the same storm differ (e.g., the end points 

do not overlap) the longest storm track is preferentially chosen, as it usually indicates the 

storm was being monitored by one center for a longer period of time. 

 

Figure 3-3: Examples of track types seen in the SPEArTC dataset using an example from the 1955–1956 
TC season.  

The small numbers alongside the red cyclone icons refer to the track number in the enhanced dataset for 
this particular TC season that were assigned to each track after the IBTrACS and rescued historical 
information from regional meteorological services were merged. Green lines indicate trajectories that 
were derived from scanned historical synoptic maps. 

To better vet the qualitative aspects of the GrIT method, it was decided to employ three 

independent analysts to examine each season’s set of storm tracks.  In this respect, each 

analyst independently employed the GrIT method for each season with duplicated storm 

tracks and when completed, an intercomparison of the GrIT results was discussed.  In this 

way, only after consensus was reached, were specific storm tracks within a season selected 

for deletion and/or modification within the dataset for final incorporation into SPEArTC.  

During the intercomparison process, the total number of storms for any one season is then 

checked with the “baseline” data from IBTrACS to ensure first that the results of the GrIT 
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analysis are within reason, and second to look at flagging possible additions, modification, or 

deletions for IBTrACS to consider implementing as well. 

Differences in TC track start point, end point, and trajectories in the enhanced dataset arise 

because the collated information is derived from digitized synoptic charts from multiple 

sources across the region. These synoptic charts originated from more than one regional 

meteorological service in the southwest Pacific, and also from re-drawn published historical 

accounts.  The independent sets of historical accounts that document past storms, coupled 

with the fact that synoptic charts were hand drawn, means there is some incorporated 

subjectivity in the pictorial display of tropical depression centres and TCs, storm tracks, and 

also when and where storms started and stopped (which depended on how long storms were 

being monitored). 

 

Figure 3-4: Depictions of TCs (a) before the GrIT QC Process and (b) after the GrIT QC Process for the 
1955-56 TC Season. 

Erroneous tracks in the dataset were commonly identified when track pathways directly 

aligned with the International Dateline or with a line of latitude (an obvious digitizing error 

from automated routines). Alternatively, an erroneous track could be attributed to extraneous 

track segments that were added as a best guess upon ETT, as the result of incomplete 

synoptic analyses at the time the storm occurred.  Erroneous tracks are also compounded by 

artifacts of manually tracing tracklines off of digital scans of ‘spaghetti’ synoptic charts 

(seasonal or climatology maps that contain multiple crisscrossing storm tracks) that result in 

obvious out-lying points that are best detected graphically via the GrIT method or by simply 

looking at the numeric positions in a spreadsheet.  Finally, there are other artifacts from 
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digitizing or existing data in the IBTrACS dataset that are also best found via the GrIT 

methodology.  Since TC tracks usually have distinctive curves, kinks, and loops that are 

inherent to the nature of TCs, when one comes across a pure straight line track across the 

basin, it at least flags the track as being potentially erroneous and warranting future 

investigation.  It was further found that digitization errors such as storms originating in the 

southern portion of the basin and moving north (something that just does not occur with TCs 

in the southern hemisphere) were easily spotted using GrIT and corrected in the dataset.  

Figure 3-4 depicts TCs for the 1955-56 season before and after the application of GrIT. 

A summary of the number of TCs in SPEArTC after the initial compilation and GrIT QC 

process are noted in Table 3-1 below.  When the initial SPEArTC database was constructed, 

there were a total of 2576 tracks which came from both IBTrACS as well as the hundreds of 

digitized charts from the various PINMSs across the region, and so there were many 

duplicate storms to examine.  Of the 2576 original number of tracks, 1447 were deleted due 

to duplication; 148 were concatenated due to being able to piece together tracks from across 

the region; and 125 new tracks were added resulting in a final total of 1104 tracks in the 

SPEArTC database from 1840-2011.   

Table 3-1: Summary of GrIT QC results from 1840-2011 

Original # 
of TCs in 
SPEArTC 

# of TCs 
Deleted 

from 
SPEArTC 

# of TCs 
Concatenated 
in SPEArTC 

# of TCs 
Corrected 

in 
SPEArTC 

# of TCs 
Added in 
SPEArTC 

Original 
# of TCs 

in 
IBTrACS 

Final # of 
TCs in 

SPEArTC 
Dataset 

2576 1447 148 28 125 1124 1104 
 

For the seasons from 1841-2011, there were 55 seasons that had at least one storm deleted 

from IBTrACS which totalled 138 deleted tracks, while for another 56 seasons, at least one 

storm per season was added to IBTrACS. These changes amounted to the addition of 114 

new tracks to the database (18 in the era from 1970-2011).  Furthermore, another 176 storm 

tracks were either corrected or were enhanced by concatenating previously identified 

individual storms into existing storms (49 of these in the era from 1970-2011), thus lowering 

the total number in the database.  In addition to better storm numbers for the region, each 

43 



  Chapter 3. Creation of a New TC Dataset 

track was for the first time carefully quality-controlled. The GrIT process has produced a 

much higher quality best tracks dataset for the southwest Pacific basin13. 

 Implications for Regional TC Climatology 3.4.

The TC season in the southwest Pacific basin typically extends from November to April 

(although storms occurring outside that window are not out of the ordinary) and therefore 

crosses over the calendar year.  The long-term average number of TCs in the basin (as 

defined by the WMO) for the 30-year period from 1977 to 2007 is nine TCs per year, with 

the peak of the season being from February to March (Sinclair, 2002).  However, the greater 

geographic coverage including in the SPEArTC dataset which expands the western extent of 

the basin out to 135°E longitude results in a 30-year average of 12.33 TCs per season (Table 

3-2) from 1981-2011.  The discrepancies in that number result from a combination of (1) the 

difference between the area of study for SPEArTC and the formal WMO-defined forecast 

area, (2) the fact that SPEArTC uses named and unnamed storms in its counts14, and (3) 

actual new storms that SPEArTC acquired during the research phase of this study.   

Table 3-2: Summary and comparison of TC counts by era 

Era Total # of 
Storms in 
IBTrACS 

Total # of 
Storms in 
SPEArTC 

Avg # of 
Storms in 
IBTrACS 

Avg # of 
Storms in 

SPEArTC15 

Avg # of 
Days per 

TC in 
SPEArTC 

1841-1899 9 31 0.41 1.41 7.00 
1902-1969 549 532 8.19 7.94 7.31 
1970-2011 566 541 13.80 12.88 8.20 
1981-2010 391 370 13.03 12.33 8.19 

As noted in section 3.2, the significance of the four eras noted in Table 3-2 relate to the 

confidence level of the data in the dataset.  The period from 1841-99 is an era with the least 

amount of confidence in the data as there was no real systematic manner to collect track data 

during that period.  The period from 1902-69 is more contiguous in nature and during that 

time the tracking of TCs was better documented.  The period from 1970-2011 is the era with 

13 The resources section of the SPEArTC web site noted in section 3.6 will, in addition to hosting the final 
quality controlled SPEArTC database, also have the original pre-quality controlled SPEArTC dataset available 
for examination by those who may wish to replicate the quality control work documented here.  
14 Chapter 4 uses the SPEArTC dataset to better characterize the TC climatology for the region and delves 
deeper into this aspect of TCs in the region for the period from 1970-2011. 
15 The temporal coverage of the era from 1841-1899 was very sparse; as such, average calculations were based 
on a smaller number of years for which data was found (a total of 22 years). 
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the highest confidence due to advent of satellite monitoring for TCs.  For climatological 

purposes, a standard 30-year period from 1981-2010 was chosen from which to set baselines 

as to TC track and intensity; this is also a period with the best available data for the entire 

dataset.  While it is difficult to draw climatological conclusions from track data prior to the 

satellite era beginning with the 1970 season, the improved track data prior to that time, 

resulting from this study, still has considerable value in being able to contribute to studies on 

the impact of individual tropical cyclones on other areas of study including coral reefs, 

coastal erosion, deposition, slope stability, hydrology and fluvial geomorphology. 

An analysis of storm numbers for the first and second halves of the TC season (Nov-Jan and 

Feb-Apr), was also conducted to better inform the generation of seasonal outlooks and Table 

3-3 summarises seasonal activity based on which portion of the TC season is generally 

busiest.  A detailed listing of the number of TCs by season from 1970-2011 can be found in 

the Appendix A.  The results of this analysis indicate that the latter half of the TC season for 

the southwest Pacific is nearly 50% more active than the first half for the modern era.  A 

monthly analysis of the data from 1970-2011 as depicted in Table 3-4 clearly shows that the 

height of the TC season in the basin is from January through March, which is a period in 

which over 2/3 of the storms occur. 

Table 3-3: Summary of Named Storm (NS) occurrences within each season from 1970-2011 

Total # of Storms Total # of NSs # of NSs from Nov-Jan # of NSs from Feb-Apr 
541 420 172 248 

 
Table 3-4: TC Activity by month from 1970-2011 

Month Total Average Monthly % 
November 21 0.50 3.88 
December 66 1.57 12.20 
January 119 2.83 22.00 

February 132 3.14 24.40 
March 122 2.90 22.55 
April 54 1.29 9.98 
May 15 0.36 2.77 
June 5 0.12 0.92 
July 1 0.02 0.18 

August 1 0.02 0.18 
September 0 0.00 0.00 

October 5 0.12 0.92 
Annual 541 12.88 100.00 
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 Concluding Remarks 3.5.

The results of this systematic analysis of tropical cyclone data for the region resulted in a 

number of new tracks being added to several seasons, a larger number of duplicate or 

erroneous tracks deleted, and most importantly a comprehensive repair to the overall dataset 

that will at least help to normalize the number of TCs that are studied for climatological 

purposes.  Given the very time consuming and detailed QC of the TCs in this region, there is 

a high confidence level in the resultant dataset, and suggests that the methods in this study be 

considered for application to other basin data in the IBTrACS dataset.  That coupled with a 

continued search for new data sources should only set to improve the overall quality of global 

TC data.  

The resultant new quality-controlled SPEArTC dataset should also have positive impacts on 

TC and climatology studies in the region, and had some immediate usage by Lorrey et al. 

(2012) in aiding in the examination of precipitation patterns for the Pacific Islands region 

during an extreme La Niña (1955-56).  Information about past TC tracks is required in order 

to put regional rainfall anomalies at individual sites into context over time, and this will 

contribute to several case studies encompassed in the South Pacific Rainfall Atlas (SPRAT).   

This study builds on prior work done in documenting TCs in the region (Lourenz, 1981); the 

New Zealand Meteorological Service (Kerr, 1976; Revell, 1981; and Thompson, 1992); 

Meteo France (Giovannelli, 1952); and the WMO (Maunder, 1995).  However, up until this 

study there does not appear to have been a consolidated TC database that: (1) tied these 

various sources together; and (2) digitized this information along with post-1969 satellite data 

allowing for further statistical analysis. This study accomplished those two goals, and now 

further work can be undertaken to better relate various TC elements together over time to 

relationships with other phenomena such as the ENSO, including the oceanic sea surface 

temperature and atmospheric Southern Oscillation Index components of ENSO, as well as the 

coupled nature of these phenomena.  Finally, the SPEArTC provides the baseline information 

necessary to apply that information towards a seasonal outlook tool that can be used to aid the 

nations of the region in both disaster preparation and mitigation.  Not only will the work of 

SPEArTC (section 4) be incorporated into the global IBTrACS dataset, but it will stand on its 

own for those who wish to use it as a resource for TC studies in the region.   
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 Availability 3.6.

With the construction of the SPEArTC dataset, further work has been initiated to relate the 

enhanced information there to formulate a more complete climatological study of TCs in this 

region of the world.  Further study of TCs in the southwest Pacific using the SPEArTC 

dataset will aid in furthering knowledge of TC trends in the southern hemisphere, and will 

complement previous studies that have done so for the south Indian Ocean and Australian 

regions (30°E to 135°E) and the south Pacific Ocean (135°E to 120°W) (Kuleshov et al. 

2010) by extending an enhanced climatology of TCs across the entire southern hemisphere 

basin.  Additionally, all SPEArTC TC track adjustment will be incorporated into future 

releases of IBTrACS.  Finally, the SPEArTC dataset is available upon request by registering 

for it at the resources section of the website at http://apdrc.soest.hawaii.edu/projects/speartc, 

and the documentation is posted there as well as in Appendix C (along with a sample listing 

of data).  Information on IBTrACS is available at http://www.ncdc.noaa.gov/oa/ibtracs/.

47 

http://apdrc.soest.hawaii.edu/projects/speartc
http://www.ncdc.noaa.gov/oa/ibtracs/


  Chapter 4. A Southwest Pacific Tropical Cyclone Climatology and 
Linkages to the El Niño Southern Oscillation 

 
 

 A Southwest Pacific Tropical Cyclone Chapter 4.

Climatology and Linkages to the El Niño Southern 

Oscillation 

 Introduction 4.1.

4.1.1. Background 

The tropical southwest Pacific Ocean encompasses an area of about 10 million square 

nautical miles, from approximately 135º E longitude in Australia’s Gulf of Carpentaria 

eastward to 120º W longitude, and from the Equator to 25⁰ S. It includes part of the Maritime 

Continent, eastern Australia, New Zealand, and many small island nations and territories as 

depicted earlier in the conceptual model for this study (Figure 1-1); Figure 4-1 below takes 

this information and puts it into context of the climatic factors in the basin. In such a largely 

ocean-dominated region, tropical cyclones (TCs) are a primary cause of natural disasters and 

account for 76% of the reported disasters in the region from 1950 to 2004 (World Bank, 

2006). The ability to provide better understanding of TC behaviour as well as seasonal 

climate outlooks prior to the TC season has the potential to benefit small island nations 

through increasing capacity to prepare for these extreme events, possibly saving lives and 

helping to mitigate impacts on civil infrastructure. The knowledge of how busy a particular 

season will be, and more importantly, where in the basin TCs are most likely to make 

landfall, may be inferred from statistical relationships constructed from past data.  
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Research into southwest Pacific basin TCs is very timely and relevant, especially since 

relatively little research on TCs in this region exists in comparison to other basins (Basher 

and Zheng 1995; Sinclair 2002; Kuleshov et al. 2008; Terry and Gienko, 2010, and Diamond 

et al. 2012). Over the past several years much attention has been focused on the relationship 

of climate change to the frequency and intensity of TCs in this region (Webster et al. 2005, 

IPCC 2007; Kuleshov et al. 2010; Nott 2011; Peduzzi et al. 2012). The Pacific basin is also 

one of the most important from a global climate standpoint as it is the setting for ENSO, 

which has climate impacts across the planet via significant teleconnection patterns. The small 

island nations of the southwest Pacific are directly influenced by ENSO, which modulates sea 

surface temperatures (SSTs) in the tropical and subtropical Pacific, and the genesis and 

primary activity region of TCs in the southwest Pacific (Vincent et al. 2011). ENSO 

variability also repositions the South Pacific Convergence Zone (SPCZ; Widlansky et al. 

 

SPCZ position that indicates a region of maximum vertical velocity (omega), sea surface temperature 
isotherms, and maximum MSLPs depicting the location of the sub-tropical high pressure belt are derived 

from averages for November-April for the 1970-2011 period based on the NOAA-CIRES 20th Century 
reanalysis version two. The longitudinal extent of overlapping NIÑO sea surface temperature anomaly areas 

are shown at the top of the diagram (with NIÑO3 extending further east than the border of the figure). 

 

Figure 4-1: Simplified map of the Southwest Pacific Basin, showing major climate features and area of 
responsibility for RSMCs and Tropical Cyclone Warning Centers. 
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2010), a major source of rainfall and an incubation region for TCs. Case studies demonstrate 

that short time-scale motion of the SPCZ helps to control trajectories of tropical cyclones and 

is a factor in extratropical transition (ETT) into the mid-latitudes (Lorrey et al. 2013). 

Improved assessment of TC variability in relation to ENSO will help improve seasonal TC 

outlooks and associated regional risk management. 

4.1.2. Prior Work and Purpose of Research 

Previous work by Basher and Zheng (1995) used an archive of TCs from the New Zealand 

Meteorological Service for the 20-year period from 1970 to 1989 to investigate tropical 

cyclone distribution relationships to the Southern Oscillation (SO). The study included 

statistical analyses between TCs and sea surface temperature (SST), and the Southern 

Oscillation Index (SOI). It found significant and consistent relationships between TCs and 

SSTs in the southwest Pacific basin west of 170º E, and a closer connection between TCs and 

atmospheric circulation east of 170º E.  

Sinclair (2002), again using the New Zealand Meteorological Service TC archive, found that 

about one-third of all storms traversed the 35º S parallel and further noted that southwest 

Pacific TCs encounter baroclinic westerlies earlier in their existence than in other basins and 

as such begin the ETT between 25-35ºS. Sinclair (2002) further found that during La Niña 

conditions average storm motion was slower and more meridional in nature and ETT was 

confined to the area west of 170º W. During El Niño conditions, ETT occurred much faster 

and along a much wider range from 160º E to 130º W. 

Kuleshov et al. (2008) used the Australian Bureau of Meteorology TC database from 1970-

2006 and the Multivariate ENSO Index (MEI, Wolter 1987) to examine TC activity in the 

Southern Hemisphere. That work concluded that the focus of cyclogenesis shifts east of 170º 

E in El Niño years, while in La Niña years the area of cyclogenesis shifted west to the area 

between 140º to 170ºE. This was consistent with the findings of both Basher and Zheng 

(1995) and Callaghan and Power (2011). Furthermore, Kuleshov et al. (2008) found a 

significant positive trend in the occurrence of major TCs during the period of their study 

(1982 to 2006).  
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Terry and Gienko (2010) analysed the TC database from the Fiji Meteorological Service 

(longitudinal extent 160º E to 120º W) from 1970-2008 and identified cyclogenesis origins, 

minimum pressures, durations and track parameters (azimuth and length) of 291 storms. They 

found considerable temporal variability of TC parameters and could not find any regular 

pattern of interannual TC behaviour. They found strong and significant relationships between 

storm longevity, track length and minimum sea-level pressures (MSLP), and between 

seasonally averaged measures of latitude of cyclone origin and the strength of the SOI and 

the MEI. However, they found no overall long-term linear trends in the data, with the 

exception of MSLP which showed a uniformly decreasing trend across the basin. 

The recent development of the South Pacific Enhanced Archive for Tropical Cyclones 

(SPEArTC) dataset (Diamond et al. 2012) provides an opportunity to formulate a more 

complete climatological study of TCs in the southwest Pacific basin that builds on the work 

of others (e.g., Sinclair 2002). The 197016 TC season is generally considered to be the first 

for reliable data due to the availability of geostationary satellite data between 135ºE to 120ºW 

(Holland 1981). The extent of the SPEArTC region is different to the area of coverage for 

southwest Pacific TCs used by the WMO as defined by the forecast areas of responsibility for 

the Regional Specialized Meteorological Centres (RSMC) in Nadi (Fiji) and Wellington 

(New Zealand). Both RSMCs extend from longitude 160°E to 120°W, and have different 

latitudinal coverage that join at approximately 25°S latitude17 (Figure 4-1). The work of 

Diamond et al. (2012) sourced historical information (historical synoptic charts containing 

TC tracks) to outline past TC activity in the southwest Pacific basin. One important finding of 

that study illustrated that many past TCs that affected the southwest Pacific community 

formed to the west of the present RMSC areas of responsibility (over the Coral Sea and 

toward the Gulf of Carpentaria). 

Prior to the development of SPEArTC, considerable work was done documenting TCs in the 

southwest Pacific Basin (Lourenz 1981; Kerr 1976; Revell 1981; Thompson et al. 1992; 

16 In the Southern Hemisphere, the TC season straddles the change of the calendar year; therefore, the 1970 
season extends from November 1969 through April 1970, and the season is thus labelled as 1970 here. This will 
be the seasonal convention utilized throughout this paper.  
17Source: WMO Tropical Cyclone Programme – http://www.wmo.int/pages/prog/www/tcp/Advisories-
RSMCs.html 
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Giovannelli 1952; Visher 1925; Maunder 1995; Kuleshov et al. 2008; and Terry and Gienko 

2010). However, prior work did not result in a consolidated and quality-controlled database 

of TCs in the region. SPEArTC integrates all previous efforts to identify TC tracks by: (1) 

tying the various TC sources together; (2) digitising new track information along with post-

1969 satellite data allowing for further statistical and spatial analysis; and (3) making the data 

more easily available in convenient formats and at a centralized, secure location in line with 

the work of the International Best Tracks for Climate Stewardship (IBTrACS; Knapp et al. 

2010). IBTrACS was not a reanalysis, but a collation of currently available best-track data 

from agencies worldwide. The major difference in SPEArTC, as documented in Diamond et 

al. (2012), was that it employed a season-by-season and storm-by-storm quality control 

process of track morphologies in order to develop as high-quality a dataset as possible. In the 

process of constructing SPEArTC, a number of corrections were made, including the addition 

of new tracks, deletion of erroneous tracks, correction of tracks, etc. For example, in the 

period from 1970-2011, a total of 34 storms that were in IBTrACS were deleted in the 

resultant SPEArTC dataset18. The SPEArTC dataset also was not constrained by the WMO 

boundary of 160º E as is the case in IBTrACS. As such, SPEArTC reflects a more holistic, 

quality-controlled, and consolidated dataset that is believed to augment this study in a 

positive manner not replicated before. 

Seasonal patterns of TC frequency and distribution across the southwest Pacific for well-

coupled, ocean-dominated, atmosphere-dominated or neutral ENSO typologies are delineated 

in this study. The well-coupled ocean-atmosphere terminology used here is based on the 

oceanic and atmospheric times series that make up the Coupled ENSO Index (CEI, see 

section 2b). This approach demonstrates the usefulness of highlighting nuances (with 

important spatial signatures) that are associated with different types of ENSO events, 

indicates how TCs develop and evolve during the evolution of ENSO events, and illustrates 

the importance of ENSO variability on southwest Pacific TC behaviour. The details of the 

spatial extent and frequency of TCs and how they undergo ETT is a new addition to 

southwest Pacific climatology information that will help underpin future improvements on 

TC seasonal forecasts and potential risk for Pacific Island countries.  

18 Work is underway to eventually incorporate the work done in constructing the SPEArTC dataset back into 
IBTrACS. 
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 Data and Methods 4.2.

4.2.1. SPEArTC (Southwest Pacific Enhanced Archive of Tropical Cyclones) 

The new SPEArTC database is the most comprehensive data set of TCs in the southwest 

Pacific basin at present (Diamond et al. 2012). It includes TC tracks external to the 

independent data sets retained by each RSMC, and so some differences to prior work are 

expected. 

SPEArTC considers the entire southwest Pacific basin as a region from 135º E to 120º W 

longitude and from the Equator to 50º S (or as far south as a storm is tracked). This region 

encompasses the Cape York Peninsula, Queensland, and the southeastern areas of Australia, 

New Zealand, and all of the small islands strewn across the southwest Pacific waters south of 

the Equator. The SPEArTC domain also includes the SPCZ region, plus the Coral Sea, the 

Tasman Sea, and the Equatorial Pacific Ocean from the east of the Maritime Continent to the 

NIÑO3.4 region east of Eastern Kiribati (Figure 4-1).  

4.2.2. Coupled ENSO Index (CEI) 

ENSO dominates seasonal to inter-annual climate variability in the Pacific region (Philander 

1990) and is composed of two dynamically linked components. The atmospheric component 

(the Southern Oscillation, SO, Walker and Bliss 1932; Trenberth and Caron 2000) involves 

variations in the strength of the trade winds measured by the Southern Oscillation Index 

(SOI), the normalized mean sea-level pressure difference between Papeetee, French 

Polynesia, and Darwin, Australia (Figure 4-1). The oceanic component involves heat content 

variability in the Equatorial oceanic mixed-layer, typified by alternating warm and cool 

phases known as El Niño and La Niña (Philander 1990). The oceanic ENSO state is usually 

measured as Equatorial SST anomalies in NIÑO3, NIÑO4, and NIÑO3.4 regions (Trenberth, 

1997; see Figure 4-1 for details). 

The CEI was chosen as a unique ENSO index not used before in TC research.  It was devised 

to identify synchronous oceanic (using the NIÑO3.4 index) and atmospheric (using the SOI) 

states that are associated with ENSO (Gergis and Fowler 2005). The NIÑO3.4 region is close 

to the eastern portion of the region of high TC occurrence, so it might be expected to have 
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more direct local impact than other commonly used ENSO indices, especially those based on 

Niño 1 or Niño 2 region SSTs. The use of the CEI to highlight ENSO phase analogues is 

different from previous work in that it defines ENSO events by examining how coherent 

atmospheric and oceanic forcing are through an ENSO cycle. Use of this index was applied 

with the understanding that there are nuances for TC activity related to waxing and waning of 

major ENSO components and their interplay, and that there are significant complexities to 

each event with progression through the TC season. The CEI integrates monthly SOI and 

NIÑO3.4 values, and a style of event is assigned on whether the 11-month smoothed SOI was 

equal to or exceeded ±0.2 19 standard deviations, and if the 5-month smoothed NIÑO3.4 

anomaly exceeded ±0.5º C. The CEI reveals several sub-divisions of ENSO and at least seven 

distinct ENSO typologies (phases) including well-coupled events (NIÑO or NIÑA), ocean-

dominated events (3.4 NIÑO or 3.4 NIÑA), atmosphere-dominated events (SOI NIÑO or 

SOI NIÑA) and neutral ENSO conditions. See Appendix D (following Gergis and Fowler 

2005) for CEI monthly assignments and supporting index data. For each month, if both ocean 

and atmospheric indices exceeded the critical thresholds, it was defined as a well-coupled 

event (NIÑO or NIÑA); if only the atmosphere exceeded the threshold it was defined as an 

atmospheric (an SOI-type) event; and if only the ocean exceeded the threshold it was defined 

as an oceanic (a N3.4-type) event.  

Many previous studies have relied on examining different ENSO phases on a more basic 

level (e.g., warm event, cold event, neutral) to define ocean and atmospheric circulation 

anomalies in the Pacific (e.g., Trenberth 1997; Trenberth and Caron 2000; Camargo and 

Sobel 2005). However, it is well recognised by the climate forecasting community in the 

southwest Pacific (and elsewhere) that ENSO’s idiosyncrasies include more than three basic 

‘flavours’. While previous work has done a very good job in defining some of the distinct 

climate anomalies (rainfall, SSTs, SPCZ position) that are important for the region during El 

Niño or La Niña events (Sinclair 2002), many more nuances in terms of ENSO typologies are 

known. A similar approach has recently been used to define warm season rainfall patterns in 

the southwest Pacific (Lorrey et al. 2012), which has shown some success in defining distinct 

19 SOI is reported in normalized units of standard deviation. (Können et al.1998). 

54 

                                                      



  Chapter 4. A Southwest Pacific Tropical Cyclone Climatology and 
Linkages to the El Niño Southern Oscillation 

 
 

patterns related to ocean-atmosphere circulation anomalies, and improves on the more simple 

and more widely used classification of only three ENSO states.  

c. Temporal categorization of the TC season 

Three distinct TC ‘seasons’ were examined for the whole SPEArTC dataset to identify ENSO 

phase analogues: (a) full austral warm season (November to April); (b) early season 

(November to January; summer); and (c) late season (February to April; autumn). The two 

halves of the TC season often see significant differences in terms of activity as a whole in the 

region and spatial disparities in TC action. For each of the seasons above, the majority of 

months in the season had to be ascribed as a single ENSO typology to be considered as an 

analogue (e.g., for a six- (three-) month window, at least four (two) of the six (three) months 

had to fit one of the seven ENSO types). See Appendix D for details of CEI-based analogue 

seasons for details of tie-breaking and situations where conflicting or non-majority ENSO 

conditions existed. After analogue seasons were identified, TC tracks for common types of 

events were amalgamated and spatial patterns of TC frequency, distribution, and anomalies 

were generated. The climatology information for the full, early, and late season is found in 

Figures 4-2a-c. One could argue that since the majority of storms occur during the period 

from January to March, that period should have been used instead. However, given the 

application of this work toward eventually supporting seasonal outlooks of TCs in the region, 

the full, early, and late season approach described above was opted for.  

4.2.3. Supporting Tools and Data 

Supporting reanalysis data were gathered from the NOAA-CIRES 20th Century Reanalysis 

(20CR) version two (Compo et al. 2011; Compo et al. 2006; and Whitaker et al. 2004) to 

augment the interpretation of TC genesis, ETT, and seasonal spatial anomalies seen for the 

analogues identified in the CEI-based division of SPEArTC. Diagnostics calculated from the 

reanalyses (e.g. 500-hPa winds, low-level relative vorticity, etc., Chan and Gray 1982, and 

Gray 1981) are used to help understand TC genesis, tracks, and ETT behaviour. 

While the distribution of warm waters (≥26.5°C) is critical for dictating thermocline structure 

as well as initiating and maintaining cyclogenesis, an ENSO phase space plot (Figure 4-5) 
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was also used to highlight ETT traits (bearing and departure longitudes as storms exit the 

tropics) in the range from 25º to 35º S (Sinclair 2002), largely compiled using a 

GoogleEarth® technique called Graphical Interpretation of Tracks (GrIT) documented in 

Diamond et al. (2012).  

4.2.4. Constraints on Analyses 

The relatively short-term nature of the high-quality TC time series coupled with the changing 

of ENSO phases and variability of events means that only three or four analogue seasons can 

be identified for several of the ENSO phases. Nevertheless, the compositing of the TC tracks 

for these analogue seasons allowed at least a preliminary examination of the differences 

between different variations of ENSO. Sufficient TCs have occurred in the past 40+ years to 

afford a robust statistical analysis of some spatial traits (ETT trajectory, central low pressure, 

wind speed, and average longitudinal position during ETT) associated with some ENSO 

phases, which will help underpin seasonal TC forecast efforts. 

As noted earlier, the TC season extends from November to April with the latter half of the 

season from February to April being the busier period with over 57% of the storms 

occurring20 during those months. It should also be noted that a number of seasonal ENSO 

phases are represented by only a small number of cases. Hence there is increased uncertainty 

associated with some of the results, as discussed below.  

 Results 4.3.

The analogue seasons for each ENSO phase (Table 4-1) were used to compile the 

preponderance of events through the full season (Nov-Apr), early season (Nov-Jan), and late 

season (Feb-Apr), where each assigned ENSO phase had to account for at least 50% of 

months in a season. While a theoretical total of 21 ENSO phase cases were possible (Full, 

early and late season for NIÑO, NIÑA, 3.4 NIÑO, 3.4 NIÑA, SOI NIÑO, SOI NIÑA and 

neutral phases), there were no cases of 3.4 NIÑO conditions occurring during the full and 

20 The height of the season is from January to March in which 67% of the storms occur. 
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early seasons between 1970-2011. In addition, a number of ENSO phases had less than three 

analogue years associated with them (Table 4-1), and are not reported here.  

Table 4-1. CEI ENSO Phases and Analogue TC Seasons from 1970-2011. 

ENSO Phase Full Season Years Early Season Years Late Season Years 
NIÑO 73,83,87,88,92,95,98, 

03,10 
73,77,78,83,87,88,92,95,

98, 03,05,07,10 
83,87,92,93,98 

SOI-NIÑO 77,78,80,82, 
91,93,94,97,02,04,05,07 

80,81,91,93-94,02 70,77,78,80,91,94,95, 
97,02,04,05,07 

3.4-NIÑO No analogue seasons 
exist 

No analogue seasons 
exist 

73,82, 10 

Neutral 79,81,90 79,82,90,97,04 72,79,81,84,86,88,90,
06 

3.4-NIÑA 84,85,86 84,85,86 85 
SOI-NIÑA 06,09 06 09 

NIÑA 71,72,74,75,76,89,96,99,
00,01,08,11 

71,72,74,75,76,89,96,99,
00,01,08,09,11 

71,74,75,76,89,96,99,
00,01,08,11 

4.3.1. Tropical Cyclone Climatology 

The average number of tropical storms (including all tropical depressions and tropical 

cyclones) over the 42-year period from 1970-2011 is 12.9 per season; of those 2.4 were no 

greater than tropical depression strength, 6.4 attained either an Australian Bureau of 

Meteorology (BoM) category 1 or 2 TC status, and 4.2 attained major TC status (Australian 

BoM category 3-5)21. Of the number of major TCs during the climatology period, a total of 

24 (0.57 per season) attained the most severe Australian Category 5 status with maximum 

sustained winds of (using a 10-minute average) greater than 106 knots (54.5 m s-1).  

In general, the latter portion of the TC season is the most active in the southwest Pacific 

(Diamond et al. 2012), and the TC swarm plots in Figures 4-3a-c demonstrate this point. 

During 1970-2011 a total of 176 major TCs occurred out of a total of 541 storms (32.5%). 

However, it is interesting to note that there were 84 major TCs that developed out of a total of 

297 storms (28.3%) during the period 1970-1990, while from 1991-2011 there were 92 major 

TCs out of a total of 244 storms (37.7%). The increased proportion of major TCs over the 

past 20 years is statistically significant (p < 0.005, t-test with 19 degrees of freedom). 

21 http://www.bom.gov.au/cyclone/about/intensity.shtml 
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Furthermore, of the 24 Category 5 storms that occurred in the region during that time, slightly 

over 79% of them (19) occurred during 1991-2011. The increased proportion of major TCs in 

a basin with fewer overall TCs is quite consistent with findings by Webster et al. (2005), as 

well as Maue (2011). For the entire analysis period from 1970-2011, the area of greatest TC 

occurrence is west of the International Dateline 22  in the areas around Vanuatu, New 

Caledonia, and Fiji (Figures 4-2a-c and Table 4-2). The loci of main activity shifts westward 

from Vanuatu into the Coral Sea late in the season, and there is a more southerly and easterly 

extent of TC activity as the season progresses. 

4.3.2. TC Tracks and Anomalies Associated with Variation in ENSO Coupling  

Climatology contour plots of TC tracks and swarms (or groupings of TCs) were made for 

full, early, and late season (Figures 4-2a-c) using SPEArTC data. Differences between the 

climatology (Figures 4-2a-c) and the spatial patterns for each of the ENSO phases and 

seasons (Figures 4-3a-c) produced anomaly plots (Figures 4-4a-c) used to describe the effects 

that different ENSO phases have on TC behaviour, and to identify the number of storms that 

came within 550 km (a 5º latitude radius) of a country or island group (see Table 4-2 for 

individual country TC frequency details).  

  

22 The dateline has no physical significance as it merely traverses around the Antimeridian at 180° longitude, 
but is still a useful and popularly used reference point for describing TC activity in the region. 
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Table 4-2: 42-Year TC Frequencies by Country – All months 1970-2011. 

Geographic grouping TC frequency 

Vanuatu 3.9 

New Caledonia 3.4 

Fiji 3.3 

Tonga 2.7 

Wallis and Futuna 2.4 

Niue 2.2 

Solomon Islands 2.2 

Samoa 2.0 

Tuvalu 1.8 

Southern Cook Islands 1.7 

Gulf of Carpentaria 1.5 

Papua New Guinea 1.5 

Tokelau 1.2 

New Zealand 1.1 

Austral Islands 1.0 

Northern Cook Islands 1.0 

Society Islands 0.9 

French Polynesia 0.7 

Tuamotu 0.4 

Pitcairn Island 0.3 

Western Kiribati 0.2 

Marquesas 0.1 

Eastern Kiribati 0.0 
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Figure 4-2: Climatology contour plot indicating the spatial distribution and average number of tropical 

cyclones coming within 5º of each grid point 

 

 

during (a) a full (top; November - April); (b) early (middle; November-
January); and (c) late (February-April) season in the Southwest Pacific 

basin from 1970-2010 inclusive, based on the SPEArTC dataset. 
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Figure 4-3: TC spatial distribution of TCs for different ENSO phases (November – April) 

(a) Contour plot and supporting track data from SPEArTC showing the average 
spatial distribution of TCs for different ENSO phases during the full tropical cyclone season 

(November–April). Analogues are drawn from the 1970–2011 period (see Tables 4-1 and Appendix D for 
details on analogue selection). Contours (graduated at an interval of 0.5 storms) are seasonal 

averages based on the available analogues for each ENSO phase. Note: no analogue is identified 
for a N3.4-Niño style event. (b) as in (a) but for the early season (November–January). Note: 

no analogue is identified for a 3.4-Niña style event; also, only one analogue season existed for a SOI Niña–
style event. (c) as in (a) but for the late season (February–April). Note: only one 

analogue season existed for a 3.4-Niña– and SOI Niña–style event. 
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Figure 4-4: TC anomaly distribution of TCs from Figure 4-3 

(a) Anomaly climatological TC contour plot (from 1970 to 2011) superposed on the 
regional wind field anomaly (X10) showing regions of lower than normal and above normal TC 
activity in the southwest Pacific during different ENSO phases. Contour intervals (graduated at 

an interval of 0.2 storms) indicate seasonal averages and (blue: negative, red: positive). (b) as 
in (a) but for the early season (November–January). Note: no analogue is identified for a 3.4-Niño 

style event and only one analogue season existed for a SOI-Niña style event. (c) as in (a) but for 
the late season (February–April). No analogue is identified for a 3.4-Niño style event, and only 

one analogue season existed for a SOI Niña–style event (wind field data are not available from the 
reanalysis for this analogue). 

The general patterns that can be discerned from TC tracks and swarm plots (Figures 4-3 

through  4-4) for the different ENSO phases echoes that of the climatology plots (Figures     

4-2a-c), and reinforces the finding that the late season is more active than the early season as 

a whole and that activity is more geographically expansive during February - April. The 

anomaly plots for the ENSO phases (Figures 4-3 to 4-4) are more revealing than the TC track 

and swarm composites, and they depict a diametric opposition of the patterns related to well-

coupled La Niña and El Niño events (CEI-based NIÑAs and NIÑOs) with increased 

(decreased) TC numbers in the SW (NE) quadrant during NIÑAs, and the opposite pattern for 
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NIÑOs. Other characterisations of TC anomalies for the various ENSO phases (based on 

Figures 4-4a-c) are:  

• NIÑOs – Greater than normal (reduced) activity in the NE (SW) quadrant of the 

southwest Pacific, largely to the east of the Dateline during both the early and late 

season. Much greater overall activity during the late season, particularly in French 

Polynesia. 

• NIÑAs – Consistency of greater than normal (reduced) activity in the SW (NE) 

quadrant of the southwest Pacific, largely to the west of the Dateline during both the 

early and late season. Near-equal scale of TC anomalies (in terms of TC numbers) 

relative to climatology for early and late season. Positive anomalies greatest south of 

New Caledonia and into the North Tasman Sea. 

• SOI NIÑOs – Muted TC anomalies as a whole, but patches of elevated activity near 

or to the east of the Dateline. Reduced activity south of Vanuatu and New Caledonia 

into the North Tasman Sea. 

• SOI NIÑAs – Largely below normal activity for entire basin for the whole season, 

except near north Queensland and well to the east of New Zealand. Activity in the 

early (late) season is amplified in a swath aligned to the Dateline (or just to the east). 

Some elevated action in the western Tasman Sea during the late season. 

• 3.4 NIÑOs – Typified by late season negative anomalies (December onward), with 

reduction in TC numbers in the northeast part of the southwest Pacific and east of the 

Dateline north and east of Vanuatu and north of Fiji. Increases in activity are more 

prominent during the late season and are localized near western Gulf of Carpentaria, 

the central Tasman Sea, and over and to the east of New Zealand.  

• 3.4 NIÑAs – Largely reduced anomalies across the southwest Pacific, particularly to 

the east of the Dateline and over New Zealand and the central Tasman Sea. Early and 

late season activity is elevated in the Coral Sea region, and TC counts are much 

higher over the Gulf of Carpentaria and North Queensland during these events. 

• Neutral – Largest full season positive anomalies are over and to the west of the 

Dateline north of 25º S, with negative anomalies occurring in a swath from Vanuatu 

and New Caledonia and south-southwest to the east of New Zealand. Some positive 

anomalies occur for southern New Zealand, Queensland, and the Gulf of Carpentaria 
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for the full season. Early season anomalies are strongest for New Zealand and 

Northern Australia, while late season anomalies are strongest for the Coral Sea, 

Solomon Islands, Vanuatu, New Caledonia, Fiji, Niue, Tonga, and Samoa. 

Table 4-3 details the number and intensity of storms by ENSO phase and portion of the 

season. TC categories were determined by using the 10-minute average maximum sustained 

winds as found in the SPEArTC database, and then those wind values were compared to the 

Australian TC intensity scale. It is clear that the seasons characterized as NIÑOs contain the 

greatest number of major TCs (Australian category 3-5). TD – Tropical Depression level: <34 

kts (17.5 m s-1); TC – Tropical Cyclone level: 34-63 kts (17.5-32.4 m s-1) [Australian 

Category 1-2]; Major TC level: >64 kts (32.9 m s-1) [Australian Category 3-5]. 

Table 4-3: TC intensity statistics by ENSO phase and by full, early, and late season mode for the period 
from 1970-2011. 

Full Season (Nov-Apr) 

ENSO 
Phase 

Avg # of Storms 
(+/- 1.11) 

Avg # 
TDs 

Avg # of TCs 
(+/- 0.96) 

Avg # of Major 
TCs (+/- 0.58) 

NIÑO 14.38 2.25 6.63 5.25 
SOI-NIÑO 12.42 2.58 5.58 4.25 
3.4-NIÑO --- --- ---- ---- 
Neutral 13.00 3.00 6.33 3.67 

3.4-NIÑA 15.33 3.67 8.33 3.33 
SOI-NIÑA 9.00 0.00 6.00 3.00 

NIÑA 12.82 2.18 6.91 3.73 
 

Early Season (Nov-Jan) 

ENSO Phase Avg # of Storms 
(+/- 0.43) 

Avg # 
TDs 

Avg # of TCs 
(+/0.43) 

Avg # of Major 
TCs (+/- 0.49) 

NIÑO 5.75 1.25 2.50 2.00 
SOI-NIÑO 4.67 1.17 2.00 1.50 
3.4-NIÑO23 --- --- ---- ---- 

Neutral 5.00 0.50 2.00 2.50 
3.4-NIÑA 4.67 0.33 2.67 1.67 
SOI-NIÑA 3.00 0.00 2.00 1.00 

NIÑA 4.83 0.75 2.83 1.25 
 

 

23 No analogue seasons exist for this ENSO phase 
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Late Season (Feb-Apr) 

ENSO Phase Avg # of Storms 
(+/- 1.33) 

Avg # of 
TDs 

Avg # of TCs 
(+/- 0.74) 

Avg # of Major 
TCs (+/- 0.69) 

NIÑO 9.00 1.20 4.40 3.40 
SOI-NIÑO 6.83 1.92 2.92 2.00 
3.4-NIÑO 5.50 0.50 2.50 2.50 
Neutral 8.75 1.75 4.25 2.75 

3.4-NIÑA 9.00 4.00 4.00 1.00 
SOI-NIÑA 7.00 0.00 6.00 1.00 

NIÑA 7.00 1.10 3.90 2.00 
 

4.3.3. TC Genesis and ETT 

The Main Development Region (MDR) or average position of TC genesis, and average ETT 

information (based on the data in Appendix D) are shown in Figure 4-5 along with SST (the 

29°C isotherm) and the 500-hPa 4m s-1 wind contour, while surface wind anomalies (x10) are 

shown in Figures 4-4a-c.  

The MDR data depict the average genesis point for TCs across the region (supporting 

contours for TC genesis as depicted in Table 4-2). The 42-year average period from 1970-

2011 indicates the average genesis point is at 13.1º S and 168.0ºE, in the Vanuatu 

archipelago, one of the most active areas for TC development and related impacts in the 

southwest Pacific basin (Figures 4-1 and 4-2). The longitude of ETT for storms as they travel 

from 25-35º S tends to be east of the Dateline for most ENSO phases except for well-coupled 

La Niña events. 

Figures 4-5 and 4-6 reveal many general details about genesis and ETT of southwest Pacific 

TCs, but with some new insights about the spatial traits of both TC components that are 

linked to different ENSO phases. There is a clear demarcation between the average location 

of TC genesis for different styles of El Niño and La Niña and neutral conditions 

(encompassing full, early and late seasons; see Figure 4-5 inset). NIÑO TC genesis tends to 

be farther north and east in the basin (for the full, early, and late seasons), while for NIÑAs 

inception is situated further south and west relative to neutral ENSO conditions (see Figure  

4-5). In addition, the warm waters from the western Equatorial warm pool that reside between 

the equator and 15º S are more constricted during La Niña events, and extend much further to 
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the east during El Niño events relative to neutral conditions. The spatial differences in the 

latitudinal position of the 4m s-1 steering winds are clearer east of the Dateline than west, and 

shows these winds are more northerly during El Niño than during La Niña. Other 

observations include: 

• NIÑOs – Average ETT to the east of the Dateline and this ENSO phase exhibits the 

greatest areal constraint for average track location and the average transition region 

through the tropics into the sub-tropics. Interception of tracks by land is highly 

probable for Fiji and southern Tonga. 

• NIÑAs – Average ETT close to and to the west of the Dateline. Interception of tracks 

by land is most likely for Vanuatu. 

• SOI NIÑOs – Average genesis points north of Vanuatu, more easterly in the early 

season and more westerly during the late season. Average ETT is within a zone 

slightly west of NIÑO-style events, with more easterly slant to trajectories as the TC 

season progresses. Interception of tracks by land is most likely for Fiji (early season) 

and central and northern Vanuatu (late season). 

• SOI NIÑAs – Genesis flanking northernmost Vanuatu, with tracks making average 

ETT to the east of the Dateline. Interception of tracks by land is most likely for Fiji, 

central and southern Tonga, and northern Vanuatu. 

• 3.4 NIÑOs – Largely a late-season phenomenon but can occur in December, with 

genesis south of the Solomon Islands and Papua New Guinea. ETT zone east of the 

Dateline. Interception of tracks by land is likely for Vanuatu.  

• 3.4 NIÑAs – Genesis is usually in the north or central Coral Sea region (the furthest 

west for any ENSO phase), and tracks make ETT at or east of the Dateline, resulting 

in lengthy tropical-subtropical tracks. Interception of tracks by land is most likely for 

central and southern Vanuatu. 

• Neutral – Genesis on average is situated north of Vanuatu and south of the Solomon 

Islands, and ETT also covers a broad region south of Fiji eastward to due south of 

Niue. As a result, Neutral tracks have a tendency to cover one of the largest areas on 

average compared to other ENSO phases, and interception by land is common for 

Vanuatu, Fiji, and Tonga. 
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In terms of genesis, an overall greater number of storms develop during seasons with ocean-

dominated La Niña events (15.3 per season). However, the greatest number of major TCs 

(Australian category 3-5) develop during seasons with ocean-dominated El Niño events (6.0 

per season), with the second (4.9 per season), and third (4.1 per season) greatest number of 

major TCs occurring during well-coupled and atmospheric-dominated El Niño events, 

respectively. 

The trajectories and ETT longitudes for full, early, and late season ENSO phases (Fig. 4-6) 

indicate an average ETT largely within ±10° longitude of the Dateline. El Niño phases 

(NIÑO, 3.4NIÑO and SOI NIÑO) have a more easterly orientation of tracks and the average 

ETT longitude is at or east of the dateline. La Niña phases experience more widely varied 

ETT longitudes; however, NIÑA events are characterised by an ETT on average to the west 

of the dateline. From 1970-2011, across all phases of the CEI, 54% of storms traversed the 

area from 25-35º S with 70% of those storms crossing at 35º S, and this is consistent with the 

findings by Sinclair (2002). 

Dashed 29°C isotherm lines indicate common coverage areas for the extent of CEI phase SSTs. Zononally 
The zonally orientated lines beginning approximately at 20°S along the Australian east coast indicate position 
of 4m s-1 steering winds at the 500hPa geopotential height. SST and steering wind data are from the NOAA-
CIRES 20th Century reanalysis. (Inset) GoogleEarth® projection of average TC genesis locations and ETT 

longitudes at 25°S. 

 

Figure 4-5: (main diagram) Average areal extent of the 29°C isotherm for NIÑA, Neutral, and NIÑO analog 
years. 
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Figure 4-6: Seasonal averages for longitude (5%, 25%, 50%, 75%, 95%) for ETT (at 25°S) with a wind 
rose diagram indicating the average trajectory over the last 10º in the subtropics (25-35º S) for full, early 

and late season TC activity in the southwest Pacific. 

4.3.4. Central Pressures 

The most accurate and reliable measure of TC intensity is the minimum sea level pressure 

either estimated from aircraft reconnaissance flight level or obtained via direct observation 

(Knaff and Zehr, 2007). However, as pointed out by Sinclair (2002), the rather sparse 

observational network make in-situ measurements of minimum central pressure rare, so 

pressure values are most often estimates from subjective interpretation of satellite imagery. 

Table 4-4 documents TC pressures for each of the CEI phases from the standpoint of mean 

central pressure of all storms in those phases, the average minimum central pressure for all 

storms in a phase, as well as the average central pressure for all storms in a phase as they 

approach ETT at 25º S.  

  

Insufficient analogue data indicate only one analogue season was identified (and averages were not 
calculated). 
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Table 4-4: Pressure characteristics per ENSO phase and by full, early, and late season mode for the 
period from 1970-2011, and associated anomalies.  

The mean Cp (hPa) is the mean central pressure of TCs, the min Cp (hPa) is the mean minimum central 
pressure of TCs, and the mean CpETT is the mean central pressure of TCs as they pass over and then 

south of 25°S. 

Full Season 
ENSO Phase Mean Cp 

(hPa)  
+/- 6.9 

Min Cp 
(hPa) 
+/- 6.9 

Mean CpETT 
(hPa) 

+/- 13.0 

Mean 
Cp 

(hPa) 

Min Cp 
(hPa) 

Mean 
CpETT 
(hPa) 

Climatology 988.4 970.1 984.4 Anomaly Values (negative) 
NIÑO 985.5 963.4 984.1 -2.9 -6.7 -0.3 

SOI-NIÑO 989.3 970.3 983.7 0.9 0.2 -0.7 
3.4-NIÑO24 --- --- ---- ---- --- --- 

Neutral 988.9 974.6 983.0 0.5 4.5 -1.4 
3.4-NIÑA 989.2 974.2 989.2 0.8 4.1 4.8 
SOI-NIÑA 991.1 970.6 984.9 2.7 0.5 0.5 

NIÑA 989.1 972.8 985.0 0.7 2.7 0.6 
 

Early Season 
ENSO Phase Mean Cp 

(hPa) 
+/- 6.5 

Min Cp 
(hPa) 
+/- 6.5 

Mean CpETT 
(hPa) 

+/- 13.0 

Mean 
Cp 

(hPa) 

Min Cp 
(hPa) 

Mean 
CpETT 
(hPa) 

Climatology 988.7 970.6 985.3 Anomaly Values (negative) 
NIÑO 987.0 967.0 987.7 -1.7 -3.6 2.4 

SOI-NIÑO 987.6 970.6 986.2 -1.1 0.0 0.9 
3.4-NIÑO --- --- ---- ---- --- --- 
Neutral 988.7 966.7 979.1 0.0 -3.9 -6.2 

3.4-NIÑA 988.9 972.1 984.6 0.2 1.5 -0.7 
SOI-NIÑA 994.0 974.6 988.4 5.3 4.0 3.1 

NIÑA 990.2 974.6 984.9 1.5 4.0 -0.4 
 

Late Season 
ENSO Phase Mean Cp 

(hPa) 
+/- 6.7 

Min Cp 
(hPa) 
+/- 6.7 

Mean CpETT 
(hPa) 

+/- 13.1 

Mean 
Cp 

(hPa) 

Min Cp 
(hPa) 

Mean 
CpETT 
(hPa) 

Climatology 988.1 969.3 983.4 Anomaly Values (negative) 
NIÑO 984.9 963.0 983.2 -3.2 -6.3 -0.2 

SOI-NIÑO 989.1 971.1 984.8 1.0 1.8 1.4 
3.4-NIÑO 988.0 967.1 981.4 -0.1 -2.2 -2.0 
Neutral 987.0 967.7 984.0 -1.1 -1.6 0.6 

3.4-NIÑA 989.4 980.7 987.0 1.3 11.4 3.6 
SOI-NIÑA 991.9 975.1 985.5 3.8 5.8 2.1 

NIÑA 989.3 973.4 984.9 1.2 4.1 1.5 

24 No analogue seasons exist for this ENSO phase 
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The greatest numbers of major TCs (during NIÑO phases) are described in section 3.2, and 

match up with the greatest negative mean sea-level pressure (MSLP) anomalies (e.g., lowest 

pressures). That trait persists even as storms approach ETT. Interestingly, early season 

neutral phases have the greatest negative departure from normal pressure at ETT (-6.5 hPa). 

The lowest minimum central pressures during NIÑO phases are about 1% lower (with 

stronger winds) than the climatological normal for the 1970-2011 period, while the NIÑA 

phases have MSLPs nearly equal to the climatological normal pressures. A t-test analysis of 

the 1% lower pressures during NIÑO vice NIÑA phases is statistically significant (p >0.025); 

and is one explanation for a greater frequency of major TCs during NIÑO phases. This 

difference may also be related to the general track locations during El Niño events being 

closer to the Equator than in La Niña years, which suggests reduction of baroclinicity (a more 

barotropic storm structure), which plays a significant role in maintaining storm strength. The 

central pressures at ETT have a greater standard deviation (+/- 13 hPa) than those in the 

tropical phases (+/- 6.7 hPa) and this is probably due to the greater variability in pressures as 

TCs reach ETT while they lose strength. For instance, Sinclair (1997) documented how 

central pressures of TCs in the basin can vary without corresponding changes in the 

circulation about the low, and this coupled with the more estimated pressure data at ETT help 

explain the greater variability in pressure data at ETT found in SPEArTC.  

 Discussion 4.4.

Examining the 42-year period of TC activity from 1970-2011 with the various phases of CEI 

as described by Gergis and Fowler (2005), the occurrence and geographic distribution of TCs 

via their temporal development within a season (full season, early season, and late season) 

within each of the seven CEI phases were analysed. The use of analogues to generate 

climatological information about TCs in the region is consistent with their use in generating 

seasonal climate forecasts (Mullan and Thompson 2006).  

While this is not the first attempt to study the behaviour of TCs in the southwest Pacific, 

these new analyses were undertaken with the most comprehensive set of TC data compiled to 

date. The spatial distribution of TCs categorized by ENSO phase is in line with earlier 

findings of Basher and Zheng (1995) who demonstrated that during El Niño events the 

positive anomalous TC activity is in the eastern portion of the basin east of the Dateline, 
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while during La Niña events the opposite is true. The full season anomaly plots for CEI 

phases (where sufficient analogue cases existed; Figures 4-3a and 4-4a) not only confirm the 

findings from Basher and Zheng (1995) but illustrate subtle yet statistically significant 

differences between a fully coupled NIÑO and NIÑA, atmospheric or ocean dominated 

phases, or neutral conditions.  

During a fully coupled El Niño, there is a clear region of anomalously positive TC occurrence 

across a wide swath of the region from 120ºW and northwestward to an area of greatest 

occurrence in the Solomon Islands region. The demarcation between positive and negative 

TC anomalies is much more clear-cut in that particular case than for the atmospheric 

dominated El Niño (SOI-NIÑO) where the positive anomaly regions are more scattered 

across the basin and less intense.  

Some of the more severe storms in the SPEArTC data set coincide with well-coupled El 

Niños (Table 4-3). The westerly steering winds at 500-hPa are typically further north and the 

genesis region is displaced north and east relative to normal during the analogue seasons that 

contain these severe storms (Figure 4-5). ETT is also displaced on average east of normal 

during NIÑOs (Figure 4-6); along with the region of warmest water emanating from the 

western Pacific warm pool being extended well to the east of the Dateline. The differences 

seen for the TC genesis region that are related to the different ENSO phases and the 

coincidental changes in the SPCZ mean location during these events (see Vincent et al. 2011 

for general orientations of the SPCZ during opposite ENSO phases) illustrates how the 

convective zone and warm sub-equatorial waters combine to provide an incubation region for 

TCs in the southwest Pacific.  

The thermodynamic link between the convection zone location (defined by the configuration 

of the surface wind field) to the underlying SST structure is therefore critical for dictating 

changes in location of TC activity in the southwest Pacific. Expansion of warm equatorial 

waters eastward during the ‘warm’ ENSO phase and build-up of warmer-than-normal waters 

in the eastern equatorial Pacific has the effect of spreading the requisite conditions for TC 

inception and activity to a wider than normal region flanking the equator. Not only are 

positive surface temperature anomalies more broadly distributed in the tropical part of the 

southwest Pacific during well-coupled El Niños, but the eastward expansion of warm waters 
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serve to deepen the thermocline from west to east along the Equator coincident with 

anomalous Sverdrup transport away from the Equator.  

These findings are consistent with the premise that deepened thermocline depth within the 

subtropics further east than normal (see ENSO sea surface temperature oscillation schematic 

of Jin, 1997 and Meinen and McPhaden, 2000) is a likely candidate in helping to maintain TC 

activity east of the Dateline during well-coupled El Niños. Conversely, during La Niñas, the 

anomalous Sverdrup transport is toward the Equator with warmer waters ‘piled up’ in the 

western Pacific (underpinned by a deeper thermocline). The differences in east-west 

distribution of warm surface waters would help change the zonal SST gradient, change the 

zonal wind stress, and help shift the SPCZ (and also TC action) relative to normal. 

Examination of the TC genesis region and ETT locations for different ENSO phases (Figure 

4-5), and the slant of the zone encompassing TC action between the time of genesis and ETT 

reinforce this point. 

Placing the comparison of SST spatial characteristics to the ENSO phase-TC traits in the 

context of warm water volume changes at the Equator (Meinen and McPhaden, 2000) 

suggests the auto-oscillatory feedback provided by the oceanic component of ENSO 

(volumetric exchanges of oceanic surface and mixed layer waters) could be a significant 

contributor to triggering anomalous TC action in the southwest Pacific. It is therefore 

reasonable to suggest that the widely varying spatio-temporal characteristics of each ENSO 

phase style (including equatorial and subtropical SST anomalies), superimposed on the 

annual cycle could lead to subtle but important stylistic differences in Sverdrup transport 

anomalies that occur at the Equator. While not examined in this study, future work should 

test this linkage; this requires an analysis of the Sverdrup transport in the NIÑO SST regions 

paired with the climatological analysis presented in this study. From the standpoint of this 

hypothesis, it would also be highly likely that follow-on effects in zonal wind changes would 

affect all elements linked to TC formation (including SPCZ position), transport through the 

sub-tropics, and ETT. The development of antecedent conditions emplaced by the ‘recharge 

mode’ of ENSO (Meinen and McPhaden 2000) may be useful for seasonal climate prediction 

of TC activity. Vincent et al. (2011) clearly illustrated the importance of the eastern edge of 

the western Pacific warm pool for dictating SPCZ orientation. A similar conclusion to 

Vincent et al. (2011) is reached by the conjecture provided above, supported by the major 
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details of this study, in that Equatorial warm water spatial traits are crucially linked to 

southwest Pacific TC dynamics. What is suggested here that is new is that the stylistic 

differences of ENSO (including timing and rate of late season collapse) dictate a dynamical 

response of the regional atmosphere and ocean circulation in the southwest Pacific, which in 

turn dictates a style of seasonal TC activity.  

While the approach of atmosphere-ocean coupling has not yet been investigated in great 

detail or applied broadly to TC research, it has obvious potential for application to seasonal 

climate and severe weather prediction. Tying into the recommendation for future work made 

above, the current monitoring of central and southwest Pacific ocean anomalies by the 

Tropical Atmosphere and Ocean (TAO) and ARGO arrays, and a host of past information 

(historical climate data) about the NIÑO oceanic zones gathered by ships (Wilkinson et al. 

2010), along with new reanalysis products (see Compo et al. 2011), could expand the overall 

understanding of pre-1970 TC behaviour.  This would be done in conjunction with SPEArTC 

(Diamond et al. 2012), which extends continuously back to 1903 and discontinuously to the 

1840/41 season. Continued monitoring from the present TAO and ARGO buoy array 

coverage, and spatial additions to those arrays, are therefore requisite for providing valuable 

data that could lead to insights into ocean-atmosphere dynamics relevant for TC prediction 

linked to ENSO. In addition, maintenance of the current arrays are required for further testing 

of forecast schemes based on climatological information presented in this study with the 

ultimate aim of preventing or reducing impacts of TCs in a highly vulnerable region. Finally, 

to assist studies of rainfall catches in TAO-based capacitance rain gauges advance 

(Morrissey, et al. 2012) the ability to better link the occurrence of TCs to specific TAO rain 

events would be important; for instance underestimates of TAO rain catch totals are subject 

to problems due to wind biases, which may be substantial, and need to be closely studied. In 

doing so, the wider climate research community will continue to benefit from improved TC 

climatologies as well as from the development of modern climate monitoring data gathered in 

situ and remotely (i.e. TAO, TRMM) that is further developed using traditional approaches 

(indices, etc.) and extended reanalysis assimilations (Compo et al. 2006). 
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 Summary and Conclusions 4.5.

Building on a new and comprehensive database of tropical cyclones (TC) in the southwest 

Pacific, and coupling that with data from the Twentieth Century Reanalysis and the Coupled 

ENSO Index (CEI), the most comprehensive climatology to date of TCs in the region from 

1970-2011 has been developed. The CEI has allowed for a better refinement of the already 

known relationships between TCs and ENSO by examining the varying degrees of coupling 

between the ocean and atmosphere during various ENSO phases; and this is the first study to 

employ the CEI-based ENSO approach. The correlations between TCs, SSTs and the SOI to 

derive ENSO relationships have been confirmed, and found significant and consistent 

linkages, highlighting the interplay of TCs and SSTs in the southwest Pacific basin west of 

170º E and a closer atmospheric connection to the east of 170º E. Therefore, the use of the 

CEI is an advancement on previous work because it provides at least seven different ENSO 

typologies to examine. While the dynamical mechanisms for the observed changes are still to 

be determined, the findings of this work form a climatological foundation of TC behaviour in 

the region.  This foundation facilitates allows for posing of hypotheses related to sea-air flux 

changes involving the importance of Sverdrup transport anomalies in the equatorial Pacific 

region, that need to be tested in future studies. Furthermore, the use of the CEI approach adds 

to the overall body of knowledge regarding TC behaviour in the southwest Pacific that could 

be applied to similar studies for other tropical basins.  

Sub-dividing the SPEArTC data in terms of the degree of ocean-atmosphere coupling is seen 

as a step forward from the simpler division using only one ENSO index for defining an event, 

which subsequently under-characterises the TC activity that could be associated with such an 

event. The analysis presented here captures the subtleties of ENSO events traits, how they 

propagate and collapse through the austral warm season, and how the ocean and atmospheric 

dynamics and changing base climate state contribute to the generation of extreme weather 

systems. This new information is relevant to the dynamical understanding of how TCs 

develop in the southwest Pacific and evolve during ENSO events, and further illustrates the 

importance of ENSO variability on regional circulation and regional TC behaviour. 

Furthermore, details about the spatial extent and frequency of TCs and how they undergo 

ETT were assessed, which is a new addition to southwest Pacific climatology information 

74 



  Chapter 4. A Southwest Pacific Tropical Cyclone Climatology and 
Linkages to the El Niño Southern Oscillation 

 
 

that will help underpin future improvements on TC seasonal forecasts and potential risk for 

affected countries.  

In summary, the main findings of the study fall into the following four main areas of the 

study: (1) overall climatology; (2) anomalies associated with various degrees of ENSO 

coupling (following Gergis and Fowler 2005); (3) TC genesis and ETT; and (4) central 

pressures. 

By extending the arbitrary WMO boundary of 160º E west into the Gulf of Carpentaria, a 

more realistic picture of TC numbers and intensities is gained for the region as a whole, as 

documented in Table 4-3. On average, from 1970-2011 the region experiences 13 TCs per 

season with 6.4 attaining major status. Consistent with previous studies, the latter half of this 

period not only has experienced a fewer total number of storms, but the proportion of major 

storms has been shown to be higher, at a statistically significant level. 

The CEI-based ENSO phase plots of TCs in Figures 4-3 and 4-4 reveal some consistent 

patterns that reinforce previously found relationships between ENSO and TCs, but do so in a 

more refined way. Well-coupled El Niño and La Niña events result in distinct and quite 

opposing patterns of TC activity. During well-coupled NIÑO events there is greater than 

normal activity in the northeast portion of the basin (largely east of the Dateline), with much 

greater activity during the late season, particularly as far east as French Polynesia (typically 

an area of low TC activity). Conversely, the greatest positive anomalies during a fully 

coupled NIÑA event lie to the south of New Caledonia and into the north Tasman Sea. 

During atmospheric-dominated (SOI) events, TC anomalies generally reflect lower activity 

for either NIÑO or NIÑA events, with patches of increased activity south of Vanuatu in SOI-

NIÑO events and amplified late season activity along the Dateline in SOI- NIÑA events. 

During ocean-dominated (3.4) events, TC anomalies show increased late season activity in 

the very western and southern portions of the basin in the Gulf of Carpentaria and New 

Zealand during 3.4-NIÑO events, while 3.4-NIÑA phases show increased late season activity 

further north in the Coral Sea region. Finally, neutral events demonstrate the largest full 

season anomalies to the west of the Dateline with negative anomalies occurring in the area 

from Vanuatu and New Caledonia, south and southwest to the east of New Zealand. 
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The Main Development Region (MDR) for TCs in the region is centred on Vanuatu and is 

depicted in Figure 4-5 as it relates to the 500-hPa steering winds and the 26.5º C and 29º C 

isotherms. In terms of genesis, an overall greater number of storms develop during seasons 

with ocean-dominated La Niña events (15.3 per season). However, the greatest number of 

major TCs develop during seasons with ocean-dominated El Niño events (6.0 per season), 

with the second (4.9 per season), and third (4.1 per season) greatest number of major TCs 

occurring during well-coupled and atmospheric-dominated El Niño events respectively. 

Figure 4-5 shows many of the general details related to cyclogenesis and ETT with well-

coupled NIÑO events (as indicated by the CEI) resulting in cyclogenesis further north and 

east in the basin for all seasonal phases, with fully coupled NIÑA events essentially being 

opposite of that. The spatial difference in the latitudinal position of the upper-air steering 

winds is more clearly to the east of the Dateline during all three phases of El Niño. The 

trajectories and ETT longitudes for full, early, and late season ENSO phases (Figure 4-6) 

indicate an average ETT within ±10° of the Dateline, which exhibits an easterly orientation 

during well-coupled El Niño events. Table 4-4 documents TC pressures for each of the CEI 

phases from the standpoint of mean central pressure of all storms in those phases, the average 

minimum central pressure for all storms in a phase, as well as the average central pressure for 

all storms in a phase as they approach ETT at 25º S.  

The greatest number of major TCs (occurring during NIÑO phases) is documented in section 

4.3, and match up with the greatest negative MSLP anomalies (e.g., lowest pressures). That 

trait persists even as storms approach ETT. Interestingly, early season neutral phases have the 

greatest negative departure from normal pressure at ETT (-6.5 hPa). The lowest minimum 

central pressures during NIÑO phases are about 1% lower (with stronger winds) than the 

climatological normal for the 1970-2011 period, while the NIÑA phases have MSLPs nearly 

equal to the climatological normal pressures. This difference may also be related to the 

general track locations during El Niños being closer to the Equator than in La Niña years, 

which suggests reduction of baroclinicity (a more barotropic storm structure) plays a 

significant role in maintaining storm strength. 

By demonstrating subtle differences between a fully coupled NIÑO and NIÑA compared to 

atmospheric- or ocean-dominated phases, or neutral conditions, the importance of ENSO 

activity on regional TC behaviour has been better refined, including the spatial extent and 
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frequency of TCs and how they undergo ETT, all of which have enormous implications for 

producing higher quality seasonal TC outlooks. As such, it is believed that the findings of this 

study will provide a baseline for better characterizing the behaviour of TCs in the southwest 

Pacific, and assist in improving seasonal outlooks and TC impact information for the people 

of the region.  
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 The Climatological Relationship between Chapter 5.

Tropical Cyclones in the Southwest Pacific and the 

Southern Annular Mode  

 

 Introduction 5.1.

 

The relationship between tropical cyclones (TCs) in the southwest Pacific (135ºE - 120ºW, 

0º-25ºS) and the El Niño-Southern Oscillation (ENSO), and their resultant behaviour, has 

been examined by a number of investigators (Basher and Zheng, 1995; Kuleshov et al. 2008; 

Terry and Gienko, 2010; Dowdy et al. 2012; and Diamond et al. 2013). While considerable 

study in the region has been done on how TCs undergoing extratropical transition are affected 

by mid- and high-latitude systems (Sinclair 2002 and Lorrey et al. 2013), relatively little is 

known about how the genesis and tracking of TCs are possibly influenced by mid- and high-

latitude circulation patterns while they are still in the tropics, and the knowledge about how 

extratropical processes might affect TCs is still being developed. 

Of particular interest with regard to influences on TC behaviour is the Southern Annular 

Mode (SAM; Barnston and Livezey, 1987, Limpasuvan and Hartmann, 1999; Thompson and 

Wallace, 2000); which is also referred to as the Antarctic Oscillation (AAO).   

SAM’s influence on TCs has not been greatly studied (particularly in the southwest Pacific), 

although previous work has examined influences on TCs in the north- and south-western 

Pacific. Ho et al. (2005) in particular demonstrated the development of anomalous high-

pressure systems across these regions of the Pacific involving anticyclones both near 

southeastern Australia and over the East China Sea, which resulted in significant differences 

in TC behaviour over the northwest Pacific during different phases of the SAM. More 

recently, Mao et al. (2013) investigated the linkage between TCs and the AAO in the south 

Indian Ocean.  In light of these works, the role that SAM plays on the genesis and behaviour 

of TCs in the southwest Pacific is not as well defined, but improving the understanding of 

how this phenomenon interacts with tropical weather systems could assist the development of 
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seasonal TC outlooks for the basin.  SAM’s impact on the region’s climate may also give 

new insights into how mid- and high-latitude synoptic scale events interact with tropical 

systems to produce severe weather. The impetus for undertaking this analysis also stems from 

previous work that has linked ENSO to the SAM (e.g., Fogt and Bromwich 2006; L'Heureux 

and Thompson 2006; and Fogt et al. 2011).  In addition, the SAM has been found to have 

profound effects on regional climate patterns (Kidston et al. 2009; Gong et al. 2010; Gomez 

et al. 2011). Therefore, it is reasonable to investigate whether the behaviour of southwest 

Pacific TCs are affected in some manner by the overall variability of the SAM.  

This study aims to characterise TCs in the southwest Pacific with respect to the SAM, and 

document the state of atmospheric and oceanic conditions under different SAM phases during 

the TC season for the period 1970-2011 inclusive. This work also aims to improve on the 

comprehensive examination of TCs in the southwest Pacific basin, which draws upon the 

South Pacific Enhanced Archive of Tropical Cyclones (SPEArTC; Diamond et al. 2012) and 

builds on prior analysis that has linked southwest Pacific TCs and the El Niño Southern 

Oscillation (ENSO; Diamond et al. 2013). 

 Background on SAM 5.2.

The SAM is the leading mode of atmospheric variability south of 20ºS (Karoly et al. 1996; 

Thompson and Wallace 2000; Trenberth et al. 2005). It appears at all time-scales from daily 

to inter-annual, and consists of a fluctuation in atmospheric pressure between the Antarctic 

region and the southern mid-latitudes. In the positive (negative) phase of the SAM, 

anomalous low (high) pressure occurs over Antarctica (mid-latitudes). The mid-latitude 

westerly wind maximum and the tracks of extratropical storms (Kidston and Gerber 2010; 

and Yin 2005) also shift toward the pole (the equator) during the positive (negative) phase of 

the SAM.  In order to look for any small-scale patterns of cyclogenesis on an intraseasonal 

basis a derived daily SAM index from reanalysis data was used, while for interannual 

patterns of TC activity, a monthly index of observed data was employed. 

The SAM has been shown to have profound impacts in the ocean – atmosphere system in the 

Southern Hemisphere (SH).  Given that sea surface temperature (SST) is a critical controlling 

mechanism of TC development, track, and intensity (Chan et al. 2001; and Chang and 

Madala 1980), it may be relevant that the SAM has been shown to have a significant effect 
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upon mid-latitude SST and upper-ocean circulation (Sen Gupta and England 2006; Hall and 

Visbeck 2002; Pohl et al. 2010). 

Over recent years, SAM has tended towards its positive phase, a signal that has been 

attributed to both stratospheric ozone depletion and anthropogenic greenhouse gas forcing 

(Arblaster and Meehl 2006). This trend has been shown (Pohl et al. 2010) to be related to a 

significant increase in the atmospheric weather regimes corresponding to the positive phase 

of the SAM, with little changes in the frequency of the negative SAM phase. This trend 

entails a strengthening in westerlies that encircle Antarctica, but also drives easterly 

anomalies off western and southern Australia (Gong and Wang, 1999).  

 Data and Methodology 5.3.

Numerous investigators (Gray 1968; Briegel and Frank 1997; Gray 1998; Collins and Mason 

2000; Trenberth 2005; Sobel and Camargo 2005) have described various geophysical 

parameters related to the genesis, movement, and sustenance of TCs, and how they depend on 

the interplay of a number of parameters including SST, available moisture, vertical velocity, 

vorticity, and vertical wind shear.  While much of that work is primarily focused on the north 

Atlantic and northwest Pacific basins, similar theoretical concepts apply to TCs in the 

southwest Pacific basin.  

This part of the study continues to use the SPEArTC best tracks dataset 

(http://apdrc.soest.hawaii.edu/projects/speartc/). While SPEArTC contains TC track data 

back to 1840, this study examines the 42-year period from 1970-2011, which is considered 

the highest-quality period of TC data, from the beginning of early satellite observations 

(Diamond et al. 2012).  

For the monthly SAM, the index employed was from the British Antarctic Survey which uses 

an empirical definition of the SAM observed from six in-situ stations near 40ºS and six near 

65ºS to calculate a proxy zonal mean sea level mean sea-level pressure difference from 1958 

to the present (Marshall, 2003; http://www.nerc-bas.ac.uk/icd/gjma/sam.html). The SOI time 

series was taken from the dataset maintained by the New Zealand National Institute of Water 

and Atmospheric Research (NIWA; Mullan, 1995). 

To investigate possible dynamical mechanisms, a number of reanalysis fields were examined, 

including 700-hPa geopotential height, vertical velocity, zonal (U) and meridional (V) winds 
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(and vertical wind shear), relative humidity (RH), and vorticity. All such fields were taken 

from the NCEP/NCAR reanalysis (Kalnay et al. 1996), along with SST from NOAA’s 

Extended Reconstruction SST dataset (Smith et al. 2008).  Vorticity data (both daily and 

monthly) were derived from the U- and V-wind gridded field data (i.e., ζ = ∂v/∂x - ∂u/∂y). 

Most reanalysed atmospheric gridded fields used in this study were at the 700-hPa level.  

However, vertical wind shear data were used that are calculated as the difference between 

200- and 850-hPa winds (Gray, 1968), and 500-hPa steering winds which are more relevant 

to the analysis of TC tracking and associated ETT behaviour (Chan and Gray, 1982; and 

Gray, 1981). 

In order to look for any small-scale patterns of cyclogenesis on an intraseasonal basis, a 

derived daily SAM index was used; while for interannual patterns of TC activity, a monthly 

index was employed. In line with Pohl and Fauchereau (2012), a daily SAM index (referred 

to as dSAM hereafter) was derived as the leading principal component of daily anomalies of 

700-hPa geopotential height south of 20ºS from the NCEP/NCAR reanalysis (Kalnay et al. 

1996) over the period from 1970-2011.  

The relationship between SAM and ENSO has been documented in a number of studies.  The 

high southern latitude ENSO teleconnection is amplified in the South Pacific when the 

positive phase of SAM is associated with La Niña events the summer season (Fogt and 

Bromwich, 2006; Fogt et al. 2011); and as described by L’Heureux and Thompson (2006), 

the majority of the negative SOI events (El Niño) are correlated with in the negative phase of 

the SAM. To separate the SAM and ENSO signals in a linear sense, the effect of the SOI was 

regressed out (method described in the paragraph below) of the monthly SAM index for the 

months of the full TC season from Nov-Apr using a standard linear regression technique that 

resulted in an rSAM index that was, by definition, uncorrelated with the SOI.  

There is essentially no relationship between ENSO and SAM during the austral winter season 

when the explained variance of the SOI on the SAM index is at 0.4%, while during austral 

summer in the middle of the TC season, the SOI accounts for approximately 25% of the 

variability of the SAM (L’Heureux and Thompson 2006). Therefore, the connection between 

ENSO and SAM essentially appears during the TC seasons when the ENSO forcing is 

particularly strong (Fogt et al. 2006).  The relationship between SOI and SAM during the full 

TC season from November to April is moderate, with a Pearson correlation value of r=0.2 
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(p<0.001). During the early season (Nov-Jan), the statistical relationship is strongest with a 

correlation between the SOI and the SAM index of 0.47 (22% explained variance, p<0.001), 

in agreement with the results of Thompson and Solomon (2002) and L’Heureux and 

Thompson (2006). For two highly correlated variables such as SOI and SAM, regression 

removes the influence of SOI on SAM. If it is found that the slope of the regression line is 

significantly different from zero, it can be concluded that there is a significant relationship 

between the independent and dependent variables.  The SOI is used to form a linear estimate 

of the SAM, and then that estimate is subtracted from the SAM; the residual result is then the 

SAM (or rSAM) with the direct linear relationship of the SOI removed. 

The resulting modified rSAM index (with the SOI regressed out as noted above, and referred 

to as rSAM hereafter) was calculated for full TC season (Nov-Apr) averages over the 42-year 

period. Using the rSAM index ensures that there is no residual effects of SOI on the choice of 

rSAM/SOI composite seasons. The effect of using the rSAM index compared to the original 

SAM index was quite small with respect to selecting composite seasons (only a few seasons 

changed the sign of SAM as a result) and this had only minimal effects on the overall TC 

climatology; however, the study proceeded with using the rSAM index to ensure that there 

were no residual effects of SOI on the choice of rSAM/SOI composite seasons. While 

initially considered, after some suggestions, the possibility of regressing the influence of SOI 

out of the large-scale fields were analyzed (e.g., vorticity, vertical velocity, SST, etc.).  This 

was subsequently rejected because such a regression of SOI while linearly removing the 

effect of the SOI from a field, does not remove the effect of the SAM from the field.  

Selecting this approach allowed the study to see exactly what the average anomaly fields 

looked like for each given composite case of rSAM/SOI and was a real-world reflection of 

what the environmental conditions were averaged over each composite case. The derived 

rSAM and NIWA SOI indices used in this study can be found under item 6 of the website at 

http://apdrc.soest.hawaii.edu/projects/speartc/resources.php. 

Individual full TC seasons were categorised according to whether the seasonal mean SOI or 

rSAM index was above or below the respective median value (calculated from the full data 

set, 1970-2011, see Table 5-1). For the purposes of this study, those values above (below) the 

median will be referred to as positive (negative) phases of the SOI and rSAM. From these 

indices, a set of 4 TC phase cases for the full TC season timeframe from Nov-Apr were 

developed as defined in Table 5-1: (a) case 1 (-rSAM/-SOI); (b) case 2 (-rSAM/+SOI); (c) 
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case 3 (+rSAM/-SOI; and (d) case 4 (+rSAM/+SOI). The simple median threshold, rather 

than the use of terciles or a more detailed breakdown, was used to maximise sample size and 

statistical robustness. 

Table 5-1: TC Seasonal Phase Cases from 1970-2011 (Full Season: Nov-Apr) 

 

Care was taken to not characterize the SOI thresholds as “El Niño” or “La Niña” since the 

median threshold value of SOI used is not consistent with the standard global definitions of 

ENSO events, and in some cases an above-median (“positive”) case may be associated with a 

small negative SOI value, since the median SOI is slightly negative. By opting for selecting a 

median threshold eliminates any neutral cases of either SOI or rSAM to examine.  Using a 

tercile approach decreases by half the number of TC seasons to investigate for the four phase 

cases. The inclusion of near-neutral index values is not intended to indicate that there is an 

instantaneous phase shift between negative and positive polarities of both indices, but rather 

to more simply look for TC trends under different phases of rSAM/SOI combinations.   

 Interannual Variability  5.4.

The TC phases in Table 5-1 identify a set of composite seasons from 1970-2011 for each of 

the four rSAM/SOI phase case combinations for full southwest Pacific TC seasons from 

1970-2011.  The available number of TC seasons (42) was split quite evenly between 9-12 

seasons per rSAM/SOI phase case as documented in Table 5-1. 

TC Phase Case 1 
-rSAM/-SOI 

 
TC Seasons: 

70,77,79,80,81,83,87,90,91,92,04,10 
  

rSAM Median Threshold: +0.057 
SOI Median Threshold: -0.292 

TC Phase Case 2 
-rSAM/+SOI 

 
TC Seasons: 

71,72,75,76,84,85,86,01,06 
  

rSAM Median Threshold: +0.057 
SOI Median Threshold: -0.292 

TC Phase Case 3 
+rSAM/-SOI 

 
TC Seasons: 

73,78,88,93,94,95,98,03,05,07 
  

rSAM Median Threshold: +0.057 
SOI Median Threshold: -0.292 

TC Phase Case 4 
+rSAM/+SOI 

 
TC Seasons: 

74,82,89,96,97,99,00,02,08,09,11 
  

rSAM Median Threshold: +0.057 
SOI Median Threshold: -0.292 
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5.4.1. Tropical Cyclone Climatology Classified by the rSAM and SOI 

Diamond et al. (2013) demonstrated how different ENSO phases showed distinct and well-

recognised spatial patterns of TC distribution across the basin. They confirmed that during El 

Niño events TC frequency increases relative to climatology in the eastern portions of the 

basin, while during La Niña events the highest frequency of TC occurrence is shifted to the 

western part of the basin. Climatology and anomalies of TCs by SOI phase are depicted in 

Figure 5-1. They reaffirm the spatio-temporal relationships for ENSO and TCs that are 

documented in Diamond et al. (2013). There is increased TC activity in the north and east, 

and decreased activity in the south and west of the region during negative SOI periods, and 

vice versa for positive SOI.  

 

Figure 5-1: Full season TC frequency of occurrence by the sign of SOI.  

Panels a and c show the full frequency statistics (a is –SOI and c is +SOI; and panels b and d show the 
difference from the 1970-2011 climatology; b is –SOI and c is +SOI).  Contour interval for TC frequencies 

is 0.5 TC occurrence; and for TC anomalies is 0.2 TC occurrence with red contours positive; blue 
contours negative; zero contour omitted. 

The composite rSAM/SOI phase cases for full season TC frequency are depicted in Figure   

5-2. Differences between +rSAM and –rSAM cases, for both positive and negative SOI, are 

shown in Figure 5-3. Spatial anomalies are larger for the positive SOI cases. This suggests 

that during the positive SOI, the polarity of the SAM has a more coherent effect upon TC 
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activity than it does during the negative SOI. This is turn may be related to the reduced 

spatial extent of total TC activity during the positive SOI (Figure 5-1).  

 

 

Table 5-2: TC and ETT Numbers by TC Phase Cases 1-4 

rSAM/ENSO Phases TC #s (total %); ETT #s  
(ETT %) 

TC #s (total %); ETT #s  
(ETT %) 

 -SOI +SOI 
Climatology (All TCs) 273 (53.1%) 241 (46.9%) 

-rSAM (All TCs; ETTs) 149 (29.0%); 76 (51.0%) 116 (22.6%); 64 (55.2%) 
+rSAM (All TCs; ETTs) 124 (24.1%); 69 (55.6%) 125 (24.3%); 75 (60.0%) 

 

 

Figure 5-2: Full season TC frequency climatology from 1970-2011 by TC rSAM/SOI phase case as 
defined (based on SOI climatology) from the seasons in Table 5-1. 

Contour interval is 0.5 TC occurrence. 

In general, there is a greater frequency of TC activity towards the tropical northern portion of 

the basin under conditions of negative rSAM, while during positive rSAM conditions, there is 

a greater frequency of TC occurrence in the higher latitudes in the southern portion of the 
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basin, with particularly positive TC occurrence anomalies coincident with full season positive 

SOI values (phase case 4) reaching into the region around New Zealand.  This is shown 

particularly well in Figures 5-3e-f where delta plots subtracting out negative rSAM values for 

full TC seasons depict strong anomalous TC frequencies poleward in the basin.  As a 

supplement to the TC climatology in Diamond et al. (2013), the information in Tables 5-2 

through 5-4 coupled with the contour plots in Figures 5-2 and 5-3 document various aspects 

of TC climatology (from 1970-2011) related to rSAM from the standpoint of TC occurrence, 

intensity, occurrence, cyclogenesis location, overall TC intensity and intensity at ETT, and 

frequency of storms undergoing ETT. While these tables demonstrate no statistically 

significant deviation from the 42-year climatologies of these parameters, they do provide 

some insights into the behaviour of TCs under different phases of the SAM.  For example, the 

overall strength of TCs were noted; the mean minimum central pressure (MCP) is greatest 

under case 3 while the MCP of TCs undergoing ETT is greatest under case 4 conditions.  The 

period that stands out the most from a climatological standpoint, where an effect of SAM on 

TCs can be suggested, is during conditions of positive rSAM and SOI conditions (case 4) 

when there is the greatest anomalous frequency of TCs undergoing ETT in and around New 

Zealand.   

Table 5-3: TC Intensity, Occurrence [# Anomalies], and Cyclogenesis Position [Anomalies] by TC Phase 
Case (1970-2011) for Full Season (Nov-Apr) 

TC Phase 
Case 

Avg # 
Storms (+/- 

0.66) 

Avg # TDs 
(+/- 0.04)  

Avg # of 
TCs 

(+/- 0.65) 

Avg # Major 
TCs 

(+/- 0.10)  

Cyclogenesis 
Position2526 

Climatology 12.2 2.3 6.0 4.0 13.3ºS; 
168.0ºE 

1 [+0.2] [+0.4] [-0.2] [0.0] [-0.7º; +3.7º] 
2 [+0.7] [+0.4] [+0.7] [-0.4] [+0.7º; -5.9º] 
3 [+0.2] [+0.4] [-0.7] [+0.4] [-2.3º; +2.2º] 
4 [-0.8] [-1.2] [+0.3] [0.0] [+1.7º; -1.2º] 

25 + Latitude Anomalies represents moving south; +Longitude Anomalies represents moving east. 
26 - Latitude Anomalies represents moving north; -Longitude Anomalies represents moving west. 
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Figure 5-3: Full season TC frequency of occurrence anomalies calculated as differences from the overall 
1970-2011 climatology for all TC seasons (panels a-d are the four phases of rSAM/SOI as defined in Table 

5-1) and as illustrated in Figure 5-2.  

Panels e and f represent the difference between +rSAM and –rSAM cases for –SOI (in panel e) and +SOI 
(in panel f).  Contour interval is 0.2 TC occurrence; red contours positive; blue contours negative; zero 

contour omitted. 

 

Table 5-4: TC Pressure Characteristic [Anomalies] by TC Phase Case for the period from 1970-2011. The 
mean Cp (hPa) is the Minimum Central Pressure (MCP) over the full life of TCs; the mean CpETT is the 
mean MCP of TCs as they undergo ETT south of 25°S; and the mean min Cp (hPa) is the mean MCP of 

TCs over the full life of TCs27. 

 Full Season (Nov-Apr) 
 [% Anomalies] ∆Means 

 TC Phase 
Case 

Frequency of 
ETT (%)28 

 

Mean Cp 
(hPa)  
+/- 9.7 

Mean CpETT 
(hPa) 

+/- 14.8 

Mean Min 
Cp (hPa) 
+/-22.8  

∆Mean 
CpETT 
(hPa)29 

∆Mean Min 
Cp 

(hPa)30 
Climatology 55.3% 988.3 983.7 969.7 -4.6 -18.6 

1 [+1.0] [-0.9] [-0.6] [0.0] -4.3 -18.6 
2 [-0.1] [+0.5] [+2.4] [+3.1] -2.7 -15.5 
3 [+0.3] [-1.4] [+0.7] [-5.8] -2.5 -24.4 
4 [+4.7] [+1.7 [-2.0] [+2.2] -8.3 -16.4 

 

5.4.2. Geophysical Relationships to Different Phases of rSAM 

Ho et al. (2005), in analysing the effects of SAM on TCs in the northwest Pacific, linked 

particular anomalous conditions in fields such as SST, vertical wind shear, and vorticity 

27 It should be noted that intensity data is not as reliable prior to the mid-1980s for the region 
28 % of TCs crossing south of 25ºS 
29 ∆Mean CpETT = Mean CpETT – Mean Cp 
30 ∆Mean Min Cp = Mean MinCp – MeanCp 
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during different phases of SAM, to TC activity in that basin.  Additionally, Mao et al. (2013), 

analysed effects of the AAO (or SAM) on TCs in the South Indian Ocean with a particular 

focus on SST and RH. The same has been done here for the southwest Pacific. Figures 5-4 

through 5-6 show full-season anomalies (over the period from 1970-2011) of (a) SST; (b) 

vertical wind shear, U- and V-wind anomalies at 500-hPa; and (c) +rSAM TC phase plots of 

vorticity, vertical velocity, and RH at 700-hPa.  For full-season cases 2 and 4, the SSTs 

(Figure 5-4) were consistently warmer than normal in the sub-tropics, and as found by Graff 

and LaCasce (2011), an increased SST gradient at mid-latitudes leads to a shift poleward of 

storm tracks.  As depicted in Figure 5-5, particularly during the +rSAM/+SOI case, there is 

an extensive region of favourable (weak) vertical wind shear (DeMaria 1996), which also 

contributes to a greater frequency of TCs surviving into the sub-tropics.  Both of these factors 

contributed to storms maintaining their intensity as they exit the tropics and undergo ETT. 

 
Figure 5-4: TC full season SST (0.2ºC contours) anomalies, based upon 1981-2010 climatology, by rSAM 

and SOI phase case 

[red contours – positive; blue contours – negative; zero contour omitted]. Gray shading indicates p < .05 
level of significance via t-testing.  All anomalies based upon 1981-2010 climatology. 

The vertical wind shear plots in Figure 5-5 are also consistent with the relationship between 

El Niño conditions (–SOI), where a weak Walker circulation sets up strong subtropical 

westerlies, that lead to negative wind shear anomalies along the equator and positive 
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anomalies from 20-30ºS (Rasmusson and Wallace 1983).  As depicted in Figure 5-5 (Case 4), 

the influence of the +rSAM enhances the effect of La Niña (+SOI) with respect to the 

existence of a large area of negative wind shear in the mid-latitudes; this favourable area for 

TCs allows for greater survival of storms as they undergo ETT during case 4 conditions. The 

large area of positive wind shear anomalies in the mid-latitude region during +rSAM El Niño 

(-SOI) case 3 conditions, results from subtropical westerlies as positive SAM conditions are 

coincident with a poleward shift of the westerly winds (Hartmann and Lo 1998; Limpasuvan 

and Hartmann 1999).  Therefore, this pattern is the result of and stronger upper level 

westerlies in the mid-latitudes, and weaker winds in the tropics.  

 

Figure 5-5: TC full season vertical wind shear (2 knot contours) anomalies, based upon 1981–2010 
climatology, by rSAM and SOI phase case  

(red contours – positive; blue contours – negative; zero contour omitted); 500-hPa U- and V-wind 
anomalies represented by 5 knot wind barbs. Gray shading indicates p<0.05 level of significance via t-

testing. All anomalies based upon 1981–2010 climatology. 

As Ho et al. (2005) found with the positive SAM phase the formation of some anomalous 

anticyclonic activity, the formation of similar anticyclonic activity with an extensive band of 

anomalously positive vorticity starting from the tropical northwest portion of the basin and 

extending diagonally southeast into the sub-tropics can be seen (Figure 5-6b). This diagonal 

pattern of positive anticyclonic vorticity during +rSAM/+SOI seasons is very consistent with 
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the orientation of the South Pacific Convergence Zone (SPCZ) as noted by Matthews (2012); 

that study discusses the convection which occurs in that SPCZ diagonal band with a poleward 

flow. During full-season case 4 conditions that may suggest that SAM has an influence on 

large-scale circulations and TC behaviour in the basin associated with the SPCZ. The vertical 

velocity (omega) field also demonstrates strong negative anomalies during full-season case 2 

and 4 conditions (Figures 5-6c,d) which helps explain increased TC to ETT storms in the 

region near New Zealand shown in Figures 5-3e,f. These findings are also consistent with 

Mao et al. (2013) that found increased TC frequency during the positive phase of the AAO 

due to enhanced water vapor over the western coast of Australia. 

 

Figure 5-6: Full season +rSAM TC phase cases 2 (top row) and 4 (bottom row) plots of 700-hPa voriticty, 
RH, and vertical velocity anomalies  

[red contours – positive; blue contours – negative; zero contour omitted] by TC phase case of: (a,b) case 2 
and 4 vorticity (10 sec-1 x 107 contours); (c,d) case. Gray shading indicates p < .05 level of significance via 

t-testing.  All anomalies based upon 1981-2010 climatology. 

In addition, with respect to the available atmospheric moisture, in the extratropical region just 

north of New Zealand, there are above average RH conditions prevalent (Figures 5-6e,f) 

during full-season case 2 and 4 conditions, which could have an effect on the size and 

severity of storms as outlined by Hill and Lackman (2009). They found available moisture to 

be one factor controlling TC size. In a wetter environment, TCs exhibit both an increase in 

precipitation, as well as a larger extent to their wind field.  The case 2 and 4 phase plots of 

vorticity, vertical velocity, and RH in Figures 5-6a-f exhibit similar characteristics not present 

in any of the –rSAM phase cases 1 and 3, and therefore, +rSAM conditions are in general 

quite favourable for the increased occurrence of extratropical storms near New Zealand 

during +rSAM conditions. 
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Furthermore, the understanding of the atmospheric moisture conditions could be used to 

study further the effects of TCs which undergo ETT under full-season case 2 and 4 

conditions, as well as how this may affect TCs and their impact upon the New Zealand region 

with respect to rainfall and winds. Therefore, given the greater frequency of TCs undergoing 

ETT and affecting New Zealand during full-season case 2 and 4 conditions, the impact of 

rainfall and winds may be exacerbated by generally wetter upper atmospheric conditions. 

This is an area that lends itself to further study with respect to extreme rainfall events 

associated with extratropical storms. 

 Intraseasonal Relationship of TC Genesis to dSAM  5.5.

As documented by Nolan (2007), the formation of a TC, known formally as tropical 

cyclogenesis, is a complex process by which some pre-existing, synoptic-scale or mesoscale 

weather feature in the tropics evolves so as to take on the characteristics of a TC; and 

furthermore  no universally accepted set of criteria exist   that define a TC.  However, fairly 

similar sets of criteria have been adopted for TCs that include the requirement of a quasi-

circular, closed circulation at or near the surface; the existence of a barotropic warm core 

with the strongest circulating winds within or near the top of the atmospheric boundary layer; 

and the presence of deep moist convection near the center of the circulation. While initially 

analysing the dSAM data, it became apparent that there was a statistically significant 

relationship between negative dSAM (on average) and the period 2-3 weeks before 

cyclogenesis (the first data point for any TC in SPEArTC) during positive SOI TC seasons 

(Figure 5-7b).  In particular, from days 21 to 7 prior to cyclogenesis there was a statistically 

significant positive relationship (p <.05) between the value of dSAM and the day of 

cyclogenesis; at the p<.01 level of significance there was still a statistical significance from 

days 19 to 17 prior to cyclogenesis, and the curve (as noted in Figure 5-7b) shows a regular 

and coherent signature from negative SAM values prior to cyclogenesis, and then building to 

a less negative SAM value on the day of cyclogenesis and into the lifecycle of the TC.   
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Figure 5-7: Relationship between daily SAM values and days prior to TC genesis  

(a) left, First EOF of daily 700-hPa height anomaly fields (during full TC seasons), expressed as a 
correlation map (contour interval is 0.2m, positive contours solid and shaded tan/orange; negative 

contours dashed and shaded blue); and right, associated normalized principal component analysis scores 
and variance of the first EOF; (b) average dSAM values plotted vs days prior to cyclogenesis for SOI 
positive seasons from 1970-2011 (error bars indicate the square root of the standard deviation of the 

dSAM values); and (c) dSAM values plotted vs days prior to cyclogenesis for SOI negative seasons from 
1970-2011. 

 

To test the validity and robustness of this relationship, two experiments were carried out.  

First, 500 Monte Carlo non-parametric simulations were run where the dSAM values were 

randomized and the composite curve as in Figure 5-7b was calculated.  In none of the 500 

runs were any duplication of the curve seen in Figure 5-7b found, and there were no 

statistically significant dSAM values at the p <.05 level.  Second, holding the dSAM 

constant, and then using a modified version of SPEArTC where the dates of all the TCs from 

1970 to 2011 were advanced 6 months, all TCs were modified to occur during non-TC 

months.  However, given the variability of dSAM index on a very small-scale range (-0.25 to 

0.1), and coupled with the fact that SAM is a mid-latitude phenomenon, the candidate was 

somewhat sceptical of this possible ‘precursor’ relationship to TC genesis.  Therefore, an 

investigation of a number of daily-reanalysed fields from Kalnay et al. (1996) was carried out 

in order to see if any relationship between dSAM and TC genesis could be found.  This 
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included daily700-hPa air geopotential height and vertical velocity.  In addition, an 

examination of vorticity anomalies on an individual storm basis was conducted to see if there 

was some kind of energy or vorticity transport towards the equator associated with a negative 

dSAM values which, a couple of weeks later, might help explain the initiation of 

cyclogenesis.  Such a relationship would have to assume either some maintenance of the 

coherence of vorticity over a relatively long time period, or some other physical mechanism 

that may be triggered by such activity.  For this, three randomly chosen TCs from 1972, 

1985, and 2008 were selected, and the vorticity fields across all storms were quite incoherent. 

There are some instances (particularly on day -17) where some advection of negative 

vorticity towards the main development region of TCs for the basin (Diamond et al. 2013) is 

observed, but the results were far from conclusive.   

While statistically significant correlations were found between the dSAM and the genesis of 

TCs (at lags of 17-19 days), no clear physical mechanism linking the mid-latitude dSAM to 

the genesis of TCs was found. However, as with the TC climatology itself in relation to 

rSAM, the atmospheric circulation patterns found during different dSAM phases may be a 

good departure for further study.   

 Concluding Remarks 5.6.

By building on previous recent work (e.g., Diamond et al. 2012; 2013), the possible 

relationship between the SAM and TC genesis and behaviour was investigated.   

The main emphasis of the study was to look at interannual relationships of TC occurrence to 

the rSAM, but the possibility for any intraseasonal relationships via the daily dSAM index 

was also investigated.  From an interannual perspective, there is a greater frequency of TCs 

becoming extratropical particularly in positive rSAM conditions regardless of the phase of 

the SOI.  For the most part the basic climatology of TCs (cyclogenesis, track characteristics, 

and intensity) is unaffected by the phase of SAM.  From an intraseasonal perspective, a 

relationship between values of SAM during La Niña seasons looked promising. However, 

other than anecdotal evidence from selected geophysical parameters, and obvious physical 

linkage was found to justify a direct relationship between the phase of the dSAM and TC 

genesis. 

In summary, with respect to conditions during SAM and relationships to TCs the following 

findings resulted that are consistent with other studies, that: 
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• for full-season cases 2 and 4, the SSTs were consistently warmer than normal in the 

sub-tropics; 

• during +rSAM/+SOI case 4, there is an extensive region of favourable vertical wind 

shear conditions which contribute to a greater frequency of TCs surviving into the 

sub-tropics;  

• the vertical wind shear data are consistent with the relationship between El Niño 

conditions (–SOI) where a weak Walker circulation sets up strong subtropical 

westerlies that lead to negative shear anomalies along the equator and positive 

anomalies from 20-30ºS;  

• the region of positive vertical wind shear conditions in the middle latitudes during 

+rSAM El Niño conditions results from subtropical westerlies, as positive SAM 

conditions are coincident with a poleward shift of the westerly winds, and this pattern 

is the result of and stronger upper level westerlies in the mid latitudes, and weaker 

winds in the tropics; and 

• during +rSAM case 4 conditions, the formation of anticyclonic activity with an 

extensive band of anomalously positive vorticity starting from the tropical northwest 

portion of the basin and extending diagonally southeast into the sub-tropics is 

consistent with La Niña and the SAM is believed to enhance that feature. 

The results support the idea that there is a definite relationship between the positive phase of 

SAM and southwest Pacific TCs behaviour, particularly with respect to the positive phase of 

SOI, when the frequency of TCs undergoing ETT near New Zealand is greatest. The 

relationship between positive SAM conditions and TC ETT is based upon a reasonably 

sufficient number of degrees of freedom as noted in Tables 5.2-5.4 – over the period from 

1970, out of 514 TCs over the 6-monthTC season, a total of 284 (or 55.3%) underwent ETT; 

of which slightly more than half of TCs undergoing ETT did so under positive rSAM vice 

negative rSAM conditions. Therefore, the most distinctive trend in ETT during times of 

positive rSAM conditions is not the overall occurrence of extratropical TCs, but for such 

storms to occur near New Zealand, particularly in the latter half of the season.    

Prior to conducting this research a thorough review of the literature, coupled with 

consultations with a number of colleagues and experts in tropical meteorology found little if 

any connection between the SAM and TC behaviour.  Short of the references noted earlier in 

Ho et al. 2005 and Mao et al. 2013, regarding SAM and TCs in the northwest Pacific and 
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southwest Indian Ocean basins, the literature is quite sparse.  The findings in this chapter are 

therefore rather unique in making a statistically significant connection between the positive 

phase of the SAM and the poleward shift in TCs, at least in the southwest Pacific Ocean 

basin. 

While no conclusive relationship was found between daily SAM values and TC genesis, it is 

believed that the interannual relationship between SAM and SOI is sufficient to warrant 

factoring this in to future seasonal outlooks of TC activity in the southwest Pacific via the 

Island Climate Update (http://www.niwa.co.nz/climate/icu) as another small climatological 

factor to consider.  In conclusion, while there does appear to be a correlation between TCs 

and positive phases of the SAM with respect to extratropical development near New Zealand, 

as a mid- to high-latitude atmospheric phenomenon, it does not have the same direct effect on 

TC behaviour in tropical extent of the southwest Pacific as do other phenomena such as 

ENSO and the Madden-Julian Oscillation. 
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 The Climatological Relationship between Chapter 6.

Tropical Cyclones in the Southwest Pacific and the 

Madden-Julian Oscillation  

 

 Introduction 6.1.

The Madden-Julian Oscillation’s (MJO) influence on tropical cyclones (TCs) has been 

studied in great detail from basin-level to global-scale.  The primary focus has often been on 

the relationship between cyclogenesis and the MJO globally (Camargo et al. 2009; Schreck et 

al. 2011) and regionally, including: the North Atlantic (Klotzbach, 2010a); the Gulf of 

Mexico and eastern North Pacific (Maloney and Hartmann 2000a, b); the South Indian Ocean 

(Bessafi and Wheeler 2006; Ho et al. 2006); the Indian Ocean and western North Pacific 

(e.g., Liebmann et al. 1994; Schreck et al. 2012); and finally, across the Southern 

Hemisphere and specifically in the Australian region  (Leroy and Wheeler, 2008, and Hall et 

al. 2001).  

The impetus for this study was to better characterise the interannual variability of TC 

occurrence and behaviour in the southwest Pacific with respect to the MJO. This study looks 

at the relationship of the MJO to TC genesis and examines other aspects of TCs including the 

overall morphology of tracks; intensity of TCs; and extratropical transition (ETT) of TCs as 

described by Sinclair (2002).  With respect to the ETT of TCs, recent research (Diamond and 

Renwick, 2014a) to investigate a possible interaction between the MJO and the Southern 

Annular Mode (SAM) that may have an effect on TC behaviour is used. 

This work investigates not only the daily relationship between TCs and MJO phase, but also 

the effects of interannual variability of the MJO on TC behaviour. This work is part of a 

comprehensive examination of TCs in the southwest Pacific basin, and draws upon the South 

Pacific Enhanced Archive of Tropical Cyclones (SPEArTC; Diamond et al. 2012), and builds 

on prior analysis that has linked southwest Pacific TCs and the El Niño Southern Oscillation 

(ENSO; Diamond et al. 2013) and with the SAM (Diamond and Renwick, 2014a). 
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 Background on MJO 6.2.

The MJO is the dominant mode of atmospheric intraseasonal variability in the tropics 

(Madden and Julian, 1994); and was initially observed as a significant 40-50 day spectral 

peak in the zonal winds (U), temperature, and surface pressure fields with wave-like 

characteristics (Madden and Julian, 1971&1972). Over the Eastern Hemisphere, it is 

characterized as a large-scale convectively coupled phenomenon that propagates eastward at 

approximately 10 knots (5 m s-1). Meanwhile over the Western Hemisphere, the convective 

coupling breaks down and the eastward propagation accelerates to 20-30 knots (10-15 m s-1). 

The MJO has a 30-90 day period and maximum variance at roughly 50 days (Zhang, 2005).  

Furthermore, Zhang (2005) found that the MJO has a seasonal cycle with two peak seasons: (a) 

a primary peak (the one more germane to this study) which occurs when the strongest MJO 

signal is located directly south of the Equator during the austral summer season; and (b) a 

secondary peak occurring just north of the equator during austral winter (not included in this 

study).   

There is strong year-to-year variability in MJO activity, with periods of strong activity 

followed by long periods in which the oscillation is weak or absent (Hendon et al. 1999; 

Zhang, 2005; and Gottschalck, et al. 2013). Kiladis et al. (2005) conducted an in-depth study 

of the zonal and vertical structure of the MJO that links the origins and genesis of the MJO to 

the physical mechanisms helping explain the 30-50 day oscillation, and notes the unique 

characteristics of the MJO’s behaviour in the western Pacific versus that in the Indian Ocean 

and Indonesia. The path of the MJO is primarily through the monsoon regions. Starting in 

austral winter it moves poleward across India from the equatorial Indian Ocean, while during 

austral summer it moves directly across Indonesia and then into line with the South Pacific 

Convergence Zone (SPCZ) as described by Matthews et al. (1996) and Kiladis and Mo 

(1998).  Liebmann et al. (1994) found that TCs tend to occur during the stronger convective 

phase of the MJO, and cluster around the low-level cyclonic vorticity (VORT) and 

divergence anomalies that appear poleward and westward of the large-scale convective 

anomaly associated with the MJO. 

Although Liebmann et al. (1994) found that the absolute number of TCs is enhanced during 

the convective phase of the MJO they also found that the ratio of TCs formed per depression 

is the same in the convective phase as in the weaker dry phase of the oscillation, and that 

more TCs formed when there were more depressions during the convective phase.  While 
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they found that there was an increase in TC activity during active periods of convection, this 

was not related to MJO activity, as there was an equal increase during the convective phase 

of an arbitrarily chosen, completely independent band from the MJO.  Liebmann et al. (1994) 

concluded that the MJO does not influence TCs in a unique fashion, but rather was an 

important factor to take into account given the relatively large proportion of tropical variance 

that it explains.   

With respect to the geographic aspect of MJO there are eight phases that are generally paired 

together (Wheeler and Hendon, 2004) as follows: (a) 8-1 (Western Hemisphere and Africa); 

(b) 2-3 (Indian Ocean); (c) 4-5 (Maritime Continent); and (d) 6-7 (Western Pacific or warm 

pool region).  The 8 individual MJO phases are depicted in Figure 6-1 (courtesy of NOAA’s 

Climate Prediction Center) and as described by Madden and Julian (1971 and 1972).  In 

Figure 6.1, the eastward propagation of the MJO is depicted by the movement of the 850-hPa 

velocity potential field. 

 

Figure 6-1: Depiction of the eastward propagation of the MJO through its 8 individual phases 
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Finally, while the MJO is not correlated with ENSO, there is some evidence that the 

interannual variability of the MJO has an effect on the ENSO cycle particularly during 

exceptional warm periods of ENSO (Hendon et al. 1999; and Hendon et al. 2007).  Strong 

MJO activity is often observed during weak La Niña years or during ENSO-neutral years, 

while weak or absent MJO activity is typically associated with weak El Niño episodes 

(Kessler and Kleeman, 2000).   

 Data and Methodology 6.3.

While the period of study for this study dates back to the 1969/70 season, the daily Real-

Time Multivariate MJO Index (RMM) dataset developed by Wheeler and Hendon (2004) 

dates back only to 1974 when satellite Outgoing Longwave Radiation (OLR) data first 

became available.  However, in developing the statistical prediction scheme for TCs detailed 

in Leroy and Wheeler (2008), which dates back to the 1969/70 season, Dr. Matthew Wheeler 

developed a reconstructed pseudo-RMM dataset using only wind data to extend the RMM 

index back to the 1969/70 season 

(http://apdrc.soest.hawaii.edu/projects/speartc/resources.php) when no OLR data were 

available. That modified RMM dataset was used in this study.  Straub (2013) has shown that 

the RMM index is dominated by the winds such that the version used here is highly 

correlated with the full version of the RMM index that includes OLR data. 

As discussed in Diamond and Renwick (2014a), numerous investigators (Gray 1968; Chang 

and Madala, 1980; Basher and Zheng, 1995; Briegel and Frank, 1997; Gray 1998; Collins 

and Mason, 2000; Trenberth 2005; Sobel and Camargo, 2005; Kuleshov et al. 2008; Terry et 

al. 2010; and Dowdy et al. 2012) have described various geophysical parameters related to 

the genesis, movement, and sustenance of TCs.  They show the dependence on the interplay 

of a number of parameters including relative humidity (RH), SST, vertical velocity (VVEL), 

VORT, and vertical wind shear.  With respect to SST, Krishnamurti et al. (1988) found that 

in the context of the 30-50 day cycle of the MJO that the use of 10-day (overlapping) 

averaged SST data was useful; indicating that a minimum of 10 days’ worth of SST data is 

required to draw any statistical conclusions regarding MJO.  

Both Hendon and Glick (1997), and Woolnough et al. (2000) found lag times on the order of 

10 days between MJO-related convection and SST maxima and minima in the west Pacific.  

From the SPEArTC dataset, the average number of days per TC for MJO with amplitude 
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greater than 1.0 (matching days TC existence to the daily MJO dataset) is only 4.8, and only 

7.6 days when all MJO amplitudes are factored in.  Therefore, given that SST is a slowly-

varying element, its use related to investigating very short-term TC events (in the context of 

the MJO) is not justified, and therefore, any SST analysis has been omitted from this study.  

While SST may be useful in the context of the interannual time scale that is the focus here, 

the decision to not use it was verified by some of this analysis of the long-term SST dataset 

(Smith et al. 2008) where no coherent patterns of SST anomalies were found related to MJO 

on the very short timescale of TC events noted earlier. This study uses the SPEArTC best 

tracks dataset (http://apdrc.soest.hawaii.edu/projects/speartc/). While SPEArTC contains TC 

track data back to 1840, this study examines only the 42-year period from the 1969/1970 

season to 2010/2011, which is considered the highest-quality period of TC data, from the 

beginning of early satellite observations (Diamond et al. 2012).  

Regarding the relationship between TC behaviour and the interaction of MJO and SAM, a 

modified version of the Marshall (2003) monthly SAM index (known as rSAM) was used, 

which has had the influence of the Southern Oscillation Index (SOI) linearly regressed out 

(see Diamond and Renwick, 2014a for more information).  The SOI time series was taken 

from the dataset maintained by the New Zealand National Institute of Water and Atmospheric 

Research (Mullan, 1995). 

To investigate possible dynamical mechanisms involved, a number of reanalysis fields were 

examined, including daily geopotential height (GPH), relative vorticity (VORT) as derived 

from the wind fields, vertical velocity (VVEL), zonal (U) and meridional (V) wind 

components and their vertical shear, and relative humidity (RH).  This selection is consistent 

with Camargo et al. (2009) where VORT, vertical wind shear, and RH were closely linked to 

TC genesis. All fields were taken from the NCEP/NCAR reanalysis (Kalnay et al. 1996).  

This first generation reanalysis product was used because it has information dating back to 

the beginning of this study with the 1969/70 TC season in November 1969. This reanalysis 

dataset does depict coherent convective variability associated with the MJO across the study 

basin (Shinoda et al. 1999). 

Most reanalysed atmospheric gridded fields used in this study were at the 700-hPa level in 

order to be consistent with the findings in Diamond and Renwick (2014a) and in order to 

present a consistent TC climatology between the two studies.   The statistical significance of 

these gridded field anomalies was calculated using a two-tailed t-test. To ensure that a more 
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representative spatial analysis was performed in determining the statistical significance of the 

fields shown in Figures 6-4 to 6-7, those results were compared to a Monte Carlo approach of 

generating 100 TC-related anomaly fields after randomly shuffling the TC seasons in time 

and comparing the resulting distribution of those fields to those observed, as in Livezey and 

Chen (1983). 

TC seasons from 1970-2011 (note that a season is labelled here by the year it ends, e.g., 1970 

refers to the 1969-70 season) were categorised as either being weak or strong with respect to 

MJO.  The daily MJO amplitude was averaged over each TC season. Seasons with below-

median average MJO amplitude was labelled as weak or “quiet” (20 seasons) and those with 

above-median MJO amplitude were labelled as strong or “active” (22 seasons) as listed in 

Table 6-1. The median seasonally-averaged MJO amplitude was 1.28.  

Table 6-1: TC Seasons (Nov-Apr) from 1969/70-2010/11 by Median Interannual MJO Threshold 

MJO Strength Seasons # TCs/named 
storms/ETTs 

Weak (20) 70,71,72,73,76,80,82,83,84,89,91,93,94,96,98,
00,06,07,10,11  

241/201/140 

Strong (22) 74,75,77,78,79,81,85,86,87,88,90,92,95,97,99,
01,02,03,04,05,08,09 

273/218/144 

It should be stressed that while the use of this median threshold value to investigate the effect 

of MJO activity on TCs on an interannual basis was employed. This should is not be 

interpreted as a change in the well-accepted daily threshold of 1.0 as the basis for 

distinguishing weak from strong MJO values on an intraseasonal basis, but rather as a 

convenient way to more evenly divide the seasons between strong and weak phases of the 

MJO. Based on a personal communication regarding standard techniques related to MJO 

analyses (Schreck, 2013, pers. comm), and following on to previous work conducted (e.g., 

CLIVAR, 2009; and Klotzbach, 2010a), TCs were analysed using daily MJO amplitude 

values > 1.0.  However, it should be noted, as Camargo et al. (2009) did, that the results were 

found to be qualitatively very similar when all daily MJO intensity values were used.  In 

Table 6-2, the average median daily amplitude value for the MJO on the 514 instances of TC 

genesis events (across all phases of the MJO over a total of 3887 total TC days from 1970-

2011) was 1.31, close to the median interannual threshold value of 1.28 across all days of 42 

TC seasons (7612 days).  

 

 

101 



Chapter 6. The Climatological Relationship between Tropical Cyclones in the Southwest 
Pacific and the Madden-Julian Oscillation 

Table 6-2: Daily MJO TC Days by MJO Phase, Interannual Threshold, and Amplitude (> 1.0) 

The MJO phase of TCs was classified based on the date of their genesis in the SPEArTC 

dataset, and all geophysical fields were averaged over the entire lifetime of each of the TCs 

for each MJO phase pair.  This provided a total of 12 MJO groupings for analysis that looked 

at the four MJO phase pairs during all MJO amplitudes, weak interannual amplitudes (<1.28) 

and strong interannual (>1.28) MJO seasons.  The use of a median interannual threshold 

value ensured a large enough sample size for drawing statistically valid conclusions. 

Finally, to address discontinuities in the temporal representation of TCs during intraseasonal 

MJO events (e.g., number of TCs in a season versus number of TC days in a season), the TC 

events were normalised in terms of TC days rather than in number of storms. Therefore, for 

each of the MJO phase pairs the following normalisation scaling factors (in parentheses) were 

applied based upon a total of 2489 TC days over the full period from 1970-2011: (a) phase 8-

1, 586 TC days (4.25); (b) phase 2-3, 424 TC days (5.87); (c) phase 4-5, 565 TC days (4.42); 

and (d) phase 6-7, 914 TC days (2.72).   

 TC Variability  6.4.

A categorization of TC behaviour with respect to the state of the MJO at the time of genesis 

was performed i.e. the time of the beginning of the track in the SPEArTC dataset (Table 6-2).  

As documented by Nolan (2007), the formation of a TC (tropical cyclogenesis) is a complex 

process by which some pre-existing, synoptic-scale or mesoscale weather feature in the 

tropics evolves so as to take on the characteristics of a TC.   

MJO 
Phase 

 

Average Daily 
MJO Amplitude at 

TC Genesis 

# TC Days per MJO 
Phase  

[2489 total TC Days] 

# ETT Days per 
MJO Phase [1731 
total ETT Days] 

# Major TC Days per 
MJO Phase [1243 

total Major TC Days] 
8-1 Weak 1.12 253  202 115 
8-1 Strong 1.49 333  250 195 
2-3 Weak 1.01 198  121 98 
2-3 Strong 1.35 226  112 61 
4-5 Weak 1.09 242  191 144 
4-5 Strong 1.50 323  181 159 
6-7 Weak 1.29 366  295 192 
6-7 Strong 1.61 548  379 279 
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6.4.1. Tropical Cyclone Activity by Phases of the MJO and by Interannual MJO 

Intensity 

Utilising a cumulative density function for binary distribution test, there is a statistically 

significant (p <0.01) decrease (increase) of TC frequency in MJO phases 2-3 (6-7).  The MJO 

paired 6-7 phase is the statistically significantly dominant one with nearly 37% of all TCs 

generated, and this is the same proportion for either weak or strong MJO seasons.  This trend 

is also consistent with respect to ETT TCs and major Australian category 3-5 TCs [with 

maximum sustained winds >64 knots (33 m s-1)] as noted in Tables 6-3 through 6-5. While 

there are anomalously greater proportions of major TCs under phases 6-7, the anomaly for 

major TCs is greater during weak MJO seasons.  These findings suggest that regardless of the 

intensity of the MJO, during phases 6-7 the MJO-related convection has a more coherent 

effect upon TC genesis and intensity than during the other phases of the MJO.  

Table 6-3: %Anomalies of TCs (# of TCs and Days of TCs) per MJO Strength Phase-Pair and Intensity 
(1970-2011) anomalies that are statistically significant at the p <.05 level are noted by italicized text, and 

the p <.01 level data are noted by italicized and underlined text. 

 

MJO Strength Full TC Seasons [2489 TC days] 
 % Frequency Anomaly of TCs [2489 TC Days 

total or 32.7% of the TC Season] 
MJO Paired Phase 8-1 2-3 4-5 6-7 

% of TCs over all MJO Phases 23.5 17.0 22.7 36.7 
Anomaly per MJO phase pair (%) -9.2 -15.7 -10.0 +4.0 

Anomaly for Weak seasons (%) -8.9 -14.0 -9.8 +1.9 
Anomaly for Strong seasons (%) -9.5 -16.9 -10.1 +5.6 

 

Table 6-4: %Anomalies of ETT Frequency by MJO Phase-Pair and Intensity (1970-2011) anomalies that 
are statistically significant at the p <.05 level are noted by italicized text, and the p <.01 level data are 

noted by italicized and underlined text. 

MJO Strength Full TC Seasons 
 % Frequency Anomaly of ETT [1731 

ETT Days total or 69.5% of all TC Days] 
MJO Paired Phase 8-1 2-3 4-5 6-7 

% of ETT TCs over all MJO Phases 26.1 13.5 21.5 38.9 
Anomaly per MJO phase pair (%) +7.6 -14.6 -3.7 +4.2 

Anomaly for Weak seasons (%) +10.3 -8.4 +9.4 +11.1 
Anomaly for Strong seasons (%) +5.5 -20.0 -13.5 -0.3 
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Table 6-5: %Anomalies of Major TC Frequency of TCs by MJO Phase-Pair and Intensity (1970-2011) 
anomalies that are statistically significant at the p <.05 level are noted by italicized text, and the p <.01 

level data are noted by italicized and underlined text. 

MJO Strength Full TC Seasons  
 % Frequency Anomaly of Major TCs 

[1243 Major Days total or 49.9% of all TC 
Days] 

MJO Paired Phase 8-1 2-3 4-5 6-7 
% of major TCs over all MJO Phases 24.9 12.8 24.4 37.9 

Anomaly per MJO phase pair (%) +3.0 -12.4 +3.7 +1.6 
Anomaly for Weak seasons (%) -4.4 -0.4 +9.6 +2.5 
Anomaly for Strong seasons (%) +8.7 -22.9 -4.4 +1.0 

 

The climatology of TC track frequency by MJO intensity and phase are depicted in Figures  

6-2 and 6-3.  As can be seen in Figure 6-3d, there is an anomalously increased frequency of 

TCs in the basin during MJO phase pair 6-7 in a broad diagonal band from Vanuatu to the 

south and east of New Zealand and east of the date line. Other phases may have larger 

positive anomalies over specific regions, such as the positive anomalies near New Caledonia 

in phases 2-3 (Figure 6-3d). However, on a basin scale these are offset by the negative 

anomalies in other regions. Therefore, it is clear that during years with more robust MJO 

activity, the frequency and extent of TCs in the basin during phase 6-7 increases and moves 

towards the east in line with the eastward movement of the MJO.  This is shown particularly 

well depicted in Figures 6-3d and 6-3i-iii where delta plots comparing differences between 

MJO 6-7 phases to phases 8-1, 2-3, and 4-5 depict strong anomalous TC frequencies during 

6-7 phases.  In addition, during strong MJO seasons, the TC frequency anomalies are very 

consistent with the orientation of the SPCZ as noted by Matthews (2012).  
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Figure 6-2: Full season TC climatology frequency from 1970-2011 by MJO phase pair 

 (a) 8-1; (b) 2-3; (c) 4-5; (d) 6-7.  Contour interval is 0.2 TCs per season. The TC frequencies are 
calculated based on a 5ºx5º grid box. 

While Table 6-6 documents no statistically significant deviation from the 42-year 

climatology related to TC genesis, the data do provide some general insights into the 

tendency of the longitudinal position of TC genesis, particularly for MJO phase pairs 8-1 and 

4-5. Diamond et al. (2012), found the average TC genesis position for all TCs in the basin to 

be at 13.3ºS and 168.0ºE.  The largest longitudinal displacements noted in Table 6-6 were an 

eastward shift of nearly 8º during MJO phases 8-1, and a westward shift of over 6º during 

phases 4-5.  The shifts, while more pronounced during weak MJO phases 8-1 (11.2º 

eastward) and strong MJO phases 4-5 (9.2º westward) are not statistically significant. 
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Table 6-6: Average TC Genesis Positions by MJO Phase Pair and Intensity 

MJO Strength Full TC Season – Average Position 13.3ºS, 168.0ºE  
[+/- 3.9º latitude/20.3º longitude] 

 Average Genesis Position Anomaly  
MJO Paired Phase 8-1 2-3 

 
4-5 

 
6-7 

Anomaly per MJO phase pair (º)  +0.4/+7.7 -0.3/-1.7 -0.5/-6.4 +0.3/-0.6 
Anomaly for Weak seasons (º) +0.4/+11.2 -1.0/-3.7 -0.7/-3.4 +0.4/-3.5 
Anomaly for Strong seasons (º) +0.5/+4.4 +0.4/+0.4 -0.4/-9.2 +0.2/+1.4 

The data in Tables 6-1 through 6-6, coupled with the contour plots in Figures 6-2 and 6-3, 

documents various aspects of TC climatology (from 1970-2011) related to the MJO from the 

standpoint of TC occurrence, intensity, cyclogenesis location, overall TC intensity, and 

frequency of storms undergoing ETT. A more in-depth discussion of ETT TCs related to the 

information in Table 6-7 will be presented in section 6.5. 

 

 
Figure 6-3: Full season TC frequency anomalies by MJO phase pairs 

(a) 8-1; (b) 2-3; (c) 4-5; (d) 6-7. Panels i-iii are anomaly plots of TC frequency during MJO 6-7 phases 
compared to MJO phase pairs 8-1, 2-3, and 4-5.  Contour interval is 0.2 TCs; red contours positive; blue 

contours negative; zero contour omitted.  All anomalies based on 1970-2011 TC climatology.  
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6.4.2. Geophysical relationships to different phases of MJO 

Several previous studies noted earlier including Maloney and Hartmann (2000a, b); Ho et al. 

(2006); Bessafi and Wheeler (2006); and Klotzbach (2010a) have analysed the modulating 

effect of MJO on TCs by looking at specific geophysical conditions related to TC 

development and sustenance.  The same framework in Figures 6-4 to 6-6 was employed 

showing anomalies (over the period from 1970-2011) of: (a) daily 700-hPa RH; (b) daily 

700-hPa relative VORT; (c) daily vertical wind shear using the difference in U- and V-winds 

between 200 and 850-hPa; (d) daily 700-hPa VVEL; and (d) 700-hPa GPH.   

 

Figure 6-4: Full-season anomalies for MJO phases 2-3 (left column) and 6-7 (right column) respectively 
for daily 700-hPa RH (top row); (2% contours); panels a and b; and daily 700-hPa VORT (1 sec-1 x 10-6 

contours); panels c and d. 

Gray shading indicates p<.025 and > .975 levels of significance.  Red contours – positive; blue contours – 
negative; zero contour omitted. All anomalies based upon 1981-2010 climatology. 
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Figure 6-5: Full season anomalies for MJO Phases 2-3 and 6-7 respectively for daily vertical wind shear 
(2-knot contours); panels a and b; and 700-hPa daily VVEL (4 mPa sec-1 contours); panels c and d. 

Gray shading indicates p < .025 and > .975 levels of significance.  Red contours – positive; blue contours – 
negative; zero contour omitted. All anomalies based upon 1981-2010 climatology. 
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Figure 6-6: Full season anomalies of daily 700-hPa GPH (5gpm contours) by MJO strength and phase 
pair 

   

(a) full 2-3; (b) full 6-7; (c) weak 4-5; and (d) weak 6-7. Gray shading indicates p < .025 and > .975 levels 
of significance.  Red contours – positive; blue contours – negative; zero contour omitted. All anomalies 

based upon 1981-2010 climatology. 

As found by Gray (1968, 1975) and McBride and Zehr (1981) there are a number of factors 

that determine the best conditions for TC genesis.  Chief amongst these is relative VORT.  

Therefore, in the southern hemisphere an examination of anomalous areas of negative VORT 

for cyclogenesis is what is looked for.  Figure 6-4d depicts broad and significant (p <.05) 

areas of negative VORT and the contour interval is in the range of 6-8 sec-1 x 10-6, which is 

coincident with increased TC cyclogenesis associated with MJO paired phase 6-7. With 

respect to RH, there is significantly increased moisture required for cyclogenesis as depicted 

in the positive anomalies of RH in Figure 6-4b. Conversely, the RH and VORT values 

depicted in Figures 6-4a,c are consistent with the finding that there is a statistically 

significant decrease in TC frequency during MJO phases 2-3; Figure 6-5c depicts very high 

positive anomalous values of VVEL which would also help to explain a significant lower 

frequency of TCs during MJO phases 2-3.  In the adjacent Australian region basin, enhanced 

TC formation was also found to be coincident with regions of enhanced low-level VORT 
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(Hall et al. 2001).  Hall et al. (2001) also found that anomalous cyclonic VORT was more 

important than reduced vertical wind shear for TC genesis.  Bessafi and Wheeler (2006) also 

found that VORT conditions were conducive for TC genesis, and coupled with the presence 

of favourable wind shear conditions (as described by DeMaria 1996), they were both key for 

locating areas of positive TC genesis.  Finally, negative 700-hPa daily GPH anomalies were 

found (more conducive for storm formation) in the range of 15 gpm (see Figures 6-6a-d) 

across a wide portion of the main development region (MDR) of TCs in the southwest Pacific 

as described by Diamond et al. 2013.  Therefore, it is clear that there is a complex set of 

interactions occurring tied to basic atmospheric dynamics which dictate specific relationships 

between various geophysical parameters and TCs.  The relationship between negative 

(positive) VORT conditions and TC genesis, coupled with reduced (increased) GPH values, 

and increased (decreased) levels of RH in MJO paired phase 6-7 (2-3) are most likely the 

primary factors as has been found by other studies and confirmed here. 

 Interannual Relationship between the MJO and SAM 6.5.

First, the intra-seasonal relationship between the daily SAM values (Diamond and Renwick, 

2014a) and the daily RMM index (amplitude > 1.0) was investigated for the period of TC 

occurrence days (2489) during the study period.  While a statistically significant (p <.05) but 

weak Pearson correlation (r=0.10 and 0.12) was found respectively between the daily SAM 

index and strong MJO phases 4-5 and 6-7, no real intra-seasonal relationship to any TC 

behaviour could be found.  

Table 6-7: Relationship of MJO Phases to rSAM/SOI Phases – From Diamond and Renwick (2014a): 
rSAM median threshold is +0.057 and SOI median threshold is -0.292. 

MJO Phase 
 

Mean Daily SAM 
Value at TC 

Genesis 

Mean Monthly 
SOI Value at TC 

Genesis 

rSAM/SOI Phase 
Case 

8-1 Weak -0.15 -0.68 1 
8-1 Strong -0.04 -0.47 1 
2-3 Weak -0.15 -0.20 2 
2-3 Strong -0.08 +0.04 2 
4-5 Weak +0.35 -0.15 4 
4-5 Strong -0.06 +0.02 2 
6-7 Weak +0.29 -0.39 3 
6-7 Strong -0.09 -0.43 1 
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On an interannual basis, Diamond and Renwick (2014a) concluded that in phases with 

positive rSAM values (using a median interannual threshold value of +0.057) for either 

positive or negative SOI that there was a tendency for TCs to have a greater chance of 

undergoing ETT (rSAM/SOI phase cases 3 and 4 as noted in Table 6-7).  As detailed in Table 

6-4, MJO weak phases 4-5 and 6-7 had a statistically greater frequency of TCs undergoing 

ETT (+9.4% and +11.1% respectively), and this equated to positive rSAM phases in both 

cases as noted in Table 6-7.  The state of the geophysical parameters depicted in Figures 6-7i-

vi for weak MJO phases 4-5 and 6-7 are consistent with conditions that are favourable for TC 

genesis; namely negative (cyclonic) anomalies of vorticity and vertical wind shear, coupled 

with positive anomalies of RH in the MDR for TCs.  While not depicted, there are also 

decreased anomalies of GPH in the region north of New Zealand where TCs undergo ETT, 

and this  further aids in explaining the anomalously greater frequencies of ETT TCs during 

weak phases of MJO paired phases 4-5 and 6-7 as depicted in Figures 6-7a-b.   

 

Figure 6-7: Full season anomalies of TCs under weak MJO phase pairs 

 (a) 4-5 and (b) 6-7.  Anomalies of VORT (1 sec-1 x 107 contours), vertical wind shear (2-knot contours), 
and RH (2% contours) for weak MJO phase pairs 4-5 (i-iii) and 6-7 (iv-vi) Gray shading indicates p < 
.025 and > .975 levels of significance.  Red contours – positive; blue contours – negative; zero contour 

omitted. All anomalies based upon 1981-2010 climatology. 
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Pohl et al. (2010) concluded that the SAM does not clearly interact with any global-scale 

MJO activity. However, Flatau and Kim (2012) found some significant relationship between 

the MJO and the SAM, with the strongest relationship during the extent of the southwest TC 

season starting in the austral summer months (DJF) and extending into austral autumn 

(MAM).  Therefore in line with Flatau and Kim (2012), some statistically significant 

relationships between specific interannual strength of the MJO and SAM were found with 

respect to TC climatology concerning a heightened ETT tendency of TCs during MJO weak 

interannual phase pairs 4-5 and 6-7. 

 Concluding Remarks 6.6.

By building on previous recent work (e.g., Diamond et al. 2012, 2013; Diamond and 

Renwick 2014a), the relationship between the MJO and TC genesis and behaviour was 

investigated.   

The main emphasis of the study was to look at the interannual climatology of TCs in the 

southwest Pacific with respect to the MJO, but the possibility for any intraseasonal 

relationships between the SAM and MJO with respect to TCs was also investigated.   

The results of this study show a clear effect of the MJO on modulating TC activity and 

behaviour in the southwest Pacific. The results support the idea that there is a definite 

relationship in the southwest Pacific between TC activity and the MJO in phases 6-7, 

especially during strong MJO years. In this particular phase, the (a) genesis of overall 

numbers of TCs; (b) major TCs; (c) numbers of TC days in a season; and (d) frequency 

extent across the basin coincident with the SPCZ are all anomalously greater than with the 

other phases and intensities of MJO in the southwest Pacific.  

The relationship between various MJO conditions and TC behaviour (e.g., ETT and major TC 

status) is based upon a reasonably sufficient number of degrees of freedom as noted in Tables 

6-3a-c.  From 1970-2011, out of 2489 TC days (with an MJO amplitude >1.0) over the 6-

month TC season, the greatest proportion of TCs (36.7%) occurs during paired MJO phases 

6-7; while the lowest proportion of TCs (17.0%) occurs during MJO phases 2-3. Looking 

solely at TC numbers, these proportions are quite consistent, as out of 514 TCs over the 

period from 1970-2011, 37.2% (17.1%) of all TCs also occur during MJO phases 6-7 (phases 
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2-3).  Additionally, during this paired MJO phases 6-7, the largest proportion of TCs 

undergoing ETT (38.9%), and major TCs (37.8%) were found; and conversely those 

proportions are only 13.5% and 12.8% respectively for MJO phases 2-3. 

In addition, the morphology of TC frequency tracks for MJO phases 6-7, in comparison to the 

8-1, 2-3, and 4-5 phases, not only shows a greater frequency across the basin, but the tracks 

resemble the characteristic diagonal shape of the SPCZ going from northwest to southeast 

across the basin (Figures 6-3ii-iii). A statistically significant relationship between the MJO 

and the SAM during two MJO states (weak phases 4-5 and 6-7) were found that are 

coincident with the positive phase of the SAM.  The anomalously greater frequency 

percentages of TCs undergoing ETT are +9.4% and +11.1% respectively for weak MJO 

paired phases 4-5 and 6-7. 

As a global tropical convective feature, the MJO has been well studied with respect to its 

modulating effect on TCs in many basins.  The results presented here are quite consistent 

with those previous studies and therefore, and by focusing on interannual relationship of the 

MJO to TCs, adds to the overall knowledge of TC climatology in the southwest Pacific basin.  

It is believed that the interannual relationship between SAM and MJO presented here is of 

practical importance and could be used in seasonal outlooks of TC activity in the southwest 

Pacific, such as via the Island Climate Update (http://www.niwa.co.nz/climate/icu).   
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 Synthesis and Conclusion Chapter 7.

 Introduction 7.1.

This thesis has documented a synoptic climatological study, based on an environment to 

circulation approach Yarnal (1993), whereby synoptic processes are believed to have a 

distinctive effect on TCs as outlined in the conceptual framework provided in Figure 1-1.  

Synoptic climatological classification is a well-known technique for defining surface climate 

and local atmospheric circulation variability over a region (e.g., Yarnal 1993).  The science of 

synoptic climatology is a well-documented methodology in the literature related to the 

description of an entire weather situation at a specific location.  Historically, the study and 

analysis of climate in terms of synoptic weather information has principally been done in the 

form of synoptic charts. These charts portray weather information for a given locality under a 

given synoptic situation rather than using climatic parameters which represent averages over 

all synoptic conditions. In regard to the analysis of climatic parameters, correlation-based 

analysis, a common form of synoptic climatological study as documented by Sheridan and 

Lee (2012), is generally employed, and this was the approach undertaken in this study. 

In this sense, the overarching aim of this research was designed to better characterise and 

understand the specific behaviour of TCs in the southwest Pacific Ocean basin in response to 

a number of key global and regional climatic teleconnection patterns that involve ENSO, 

SAM, and MJO.  The study period is limited to the 42-year period from 1970-2011 due to the 

limitations, as noted in section 1.2, of the SPEArTC dataset and given the fact that the 

1969/70 TC season is generally considered to be the first reliable one due to the availability 

of geostationary satellite data (Webster, 1981). In turn, this is why the IPO/PDO was not 

addressed in the same manner as was able to be done with the ENSO, SAM, and MJO 

teleconnection patterns.   

To achieve the overarching aim of the study, a primary objective was to build a high-quality 

TC best tracks dataset as outlined in Chapter 3. Without this dataset in place, it would not 

have been possible to have moved forward with the remainder of the synoptic climatological 

study detailed in Chapters 4-6.  Therefore, what has followed the dataset development has 

been a significant addition to the climatological knowledge base of TCs in the region. This 
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has been accomplished through a classification of a wide-range of synoptic processes during 

the study period as they are modulated by the effects of ENSO, SAM, and MJO.  The study 

assessed the dependence of various aspects of TCs to synoptic processes that included their 

genesis, frequency, morphology, intensity, and ETT as described by a range of synoptic 

variables.  The result of this study has helped contribute toward an enhanced knowledge base 

of TC behaviour for the benefit of a range of communities, and has also facilitated continued 

scientific investigation with respect to TCs in the region. 

The work documented in this thesis was designed to make a significant addition to the 

knowledge base of TC climatology and attempt to understand large scale modes of climate 

variability in the southwest Pacific Ocean basin with respect to ENSO, SAM, and MJO as 

those phenomena relate to TC behaviour.  This design revolved around two primary 

objectives: (1) the creation of a comprehensive new dataset of TCs across the region; and (2) 

applying that new dataset to perform a classical synoptic climatological study, by 

investigating the spatial patterns and characteristics of TCs for the period from 1970-2011 

with respect to the: (a) inter-annual El Niño Southern Oscillation (ENSO); (b) intra-annual 

Southern Annular Mode (SAM); and (c) intra-seasonal Madden-Julian Oscillation (MJO).  

This was done in the context of an essentially one mode warm-phase (since 1976) of the 

inter-decadal Pacific Decadal Oscillation/Inter-decadal Pacific Oscillation (PDO/IPO) 

teleconnection. The PDO/IPO has been in its positive warm phase for a 23-year period 

beginning with the 1976/77 season until about 2000; and was in the negative phase for 19 

years (the first seven years and last 12 years) of the overall study period. The research 

conducted uncovered some new and unique findings concerning TC behaviour in the basin 

and will serve as a springboard for further research to be detailed in section 7.6.  

 High-Level Synthesis  7.2.

Figure 1-2 presented an overall schematic wiring diagram of the research strategy embodied 

in this thesis.  The red box at the bottom indicates that the formal end product should be a 

synthesis of the synoptic climatological environment to circulation analysis that is the 

overarching philosophical background for this study.  This is in fact the overall aim of this 

study, that is, to investigate the relationship of various teleconnection patterns to the synoptic 

and seasonal climatic behaviour of TCs.  While these relationships are well documented in 

Chapters 4-6 and the key findings are detailed in sections 7-4 through 7-6 of this chapter, a 
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broad overview that attempts to depict these relationships is presented here; the aim of which 

is to convey a sense of the environmental response of TCs to the forcing effects of the ENSO, 

SAM, and MJO.  For the MJO, two tables have been included to address both the intra-

seasonal and inter-annual aspects of that study.   

The synthesis focuses on five elements of TC behavioural effects that are common amongst 

the three studies from Chapters 4-6.  This synthesis involves a qualitative assessment based 

on informed statistical analyses that considers statistically significant correlations between 

the climatic teleconnection patterns and TC: (a) genesis; (b) frequency; (c) morphology (the 

longitudinal clustering of TCs across the basin); (d) intensity; and (e) ETT (the tendency of 

TCs to perpetuate south of 25ºS and become extratropical systems). Relationships between 

teleconnection patterns and TC behaviour are coded in the tables as green (statistically 

significant connection) and red (not statistically significant).  Non-applicable relationships 

are coded as black.  

Table 7-1: Summary of TC Effects by ENSO 

TC Effects Teleconnection Pattern – ENSO (Based on Coupled ENSO Index) 
 NIÑO SOI-NIÑO 3.4-

NIÑO31 
Neutral 3.4-NIÑA SOI-NIÑA NIÑA 

Genesis        
Frequency        

Morphology        
Intensity        

ETT        
 

Table 7-2: Summary of TC Effects by SAM 

TC Effects Teleconnection Pattern – SAM (based on rSAM/SOI Phase Cases) 
 Case 1 Case 2 Case 3 Case 4 

Genesis     
Frequency     

Morphology     
Intensity     

ETT     
 
  

31 There were no seasonal analogues from 1970-2011 found for this CEI case. 
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Table 7-3: Summary of TC Effects by MJO (Intra-Seasonal) 

TC Effects Teleconnection Pattern – MJO Phase Pairs (Intra-Seasonal) 
 8-1 2-3 4-5 6-7 

Genesis     
Frequency     

Morphology     
Intensity     

ETT     
 

Table 7-4: Summary of TC Effects by MJO (Inter-Annual) 

TC Effects Teleconnection Pattern – MJO Phase Pairs (Inter-Annual) 
 8-1 2-3 4-5 6-7 
 Weak Strong Weak Strong Weak Strong Weak Strong 

Genesis         
Frequency         

Morphology         
Intensity         

ETT         
 

It is frankly difficult to summarise the considerable work documented in chapters 4-6 on the 

various aspects of TC effects from ENSO, SAM, and MJO. Sections 7.4 to 7.6 will give brief 

summaries of each of those chapters; however, a couple of succinct and high-level points can 

be made from the above tables, and again, this qualitative assessment of the connection 

between ENSO, SAM, and MJO, and the five TC behavioural elements is based on the 

various statistical analyses conducted in the preceding chapters.  

• Overall, the seven CEI phases of ENSO have a significant connection to 4 of the 5 TC 

elements, with no significance with respect to ETT. 

• Not surprisingly, and in opposition to ENSO, the SAM, as a high-latitude 

phenomenon has no statistical significance with respect to four out of the five TC 

elements, with a significance (in concert with the SOI) with respect to the 

development of more extratropical storms during positive phases of the SAM; and 

• The phase pairs of the MJO, indicating the geographic position of this tropical 

convective phenomenon, are tied very closely to the behaviour of TCs.  On an 

intraseasonal basis, phase pairs 6-7 and 2-3 are diametrically opposed and statistically 

significant regarding all of the TC elements, except for ETT.  However, on an 

interannual basis, when taking in the intensity of the MJO, there is a statistically 

significant relationship between weak MJO 4-5 and 6-7 that is also coincident with 

the behaviour exhibited by TCs during positive phases of the SAM. 
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Sections 7.3 through 7.6 will go into more detail in summarising the results of Chapters 3-6 

of this study. 

 Summary and Key Findings Related to the Development of the New 7.3.

SPEArTC Dataset 

The compilation of as comprehensive a dataset as possible of TCs for the region formed the 

foundation for this study.  While this was not the first TC dataset for the southwest Pacific, it 

is thought to be the most comprehensive both spatially as well as temporally.  From a spatial 

standpoint, it crosses over an artificial political boundary at 160ºE that was established by the 

WMO in assigning the responsibility for TC warning and forecasting.  In this study, the 

candidate had the luxury to investigate what would be the most effective scientifically 

spatially extensive dataset.  Building on work from Kuleshov (2006), the climatological 

boundary for TCs for the southwest Pacific was found to be in the Gulf of Carpentaria at 

135ºE.  Therefore, a significant and unique feature of this work is in its more expanded 

geographic extent across the Pacific. Furthermore, it brings together a diverse array of 

sources from the various regional meteorological services; existing datasets from New 

Zealand, Australia; and internationally from the International Best Tracks Archive for 

Climate Stewardship (IBTrACS), that for the first time attempted to develop a truly 

comprehensive dataset of TCs for the basin.  In addition, from a temporal standpoint, the 

dataset extended the existing data coverage from 1907, by 66 TC seasons, back to the 1841 

season.  While the period of record has been extended by 66 years, this by no means implies 

that the dataset is complete as far back as the 1841 season. 

Three distinct time periods of the dataset can be identified as follows: (1) 1841-99; (2) 1902-

69; and (3) 1970-2011. These periods are also significant because the first set of TC seasons 

are the most poorly observed of the three. While it was beneficial to obtain as much data from 

that period as possible, it should also be recognized that the observational record in the 19th 

century is incomplete.  The second period had a considerable volume of data, and 

overlapping observations from across the region. While these data were considered to be 

more reliable than the first period, they are not as reliable as the third and most recent period 

of 1970-2011 which is coincident with the beginning of the satellite era of TC monitoring.  

While it is difficult to draw conclusions regarding TC climatology from track data prior to the 

satellite era beginning with the 1970 season, the improved track data prior to that time, 
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resulting from this study, still has considerable value in being able to contribute to studies on 

the impact of individual tropical cyclones on, for example, coral reefs, coastal erosion, 

deposition, slope stability, hydrology and fluvial geomorphology. 

For the seasons from 1841-2011, there were 55 seasons that had at least one storm deleted 

from IBTrACS totalling 138 deleted tracks, while for another 56 seasons, at least one storm 

per season was added to IBTrACS. These changes amounted to the addition of 114 new 

tracks to the database.  Furthermore, another 176 storm tracks were either corrected or were 

enhanced by concatenating previously identified individual storms into existing storms (49 of 

these in the period from 1970-2011), thus lowering the total number in the database.  In 

addition to better storm numbers for the region, each track was for the first time carefully 

quality controlled. The Graphical Interpretation of Tracks (GrIT) quality control (QC) 

process that was employed has from feedback received, and in the opinion of many users who 

have used it and commented that is has produced a much higher quality best tracks dataset for 

the basin, and as such have begun using it for TC studies in the basin (e.g., Fauchereau, 2013; 

Kossin, 2014; and Lintner, 2014). The dataset is freely available at   

http://apdrc.soest.hawaii.edu/projects/speartc and the candidate continues to update it with 

new data, revised data, and corrections as required.  At the time of the writing of this thesis, 

the dataset has been updated to bring it up to date as of the end of the 2012/13 TC season, and 

section 7.6 outlines some planned efforts to continue to improve the quality and utility of 

SPEArTC on behalf of the scientific and public communities. 

The detailed information on seasonal activity is included in Chapter 3, but the analysis 

indicates that the latter half of the TC season for the southwest Pacific is nearly 50% more 

active than the first half for the modern era.  A monthly analysis of the data from 1970-2011 

clearly demonstrates that the height of the TC season in the basin is from January through 

March, which is a period in which over 67% of the storms occur.   

Since SPEArTC was released in 2011, over 85 users have registered for the dataset, and 

according to the Digital Commons service (see http://network.bepress.com/) hosted at the 

University of Nebraska – Lincoln, the Diamond et al. (2012) paper documenting the dataset 

has been uniquely downloaded 150 times as of March 2014.  The dataset has become the 

standard for annual TC outlooks issued by New Zealand’s National Institute of Water and 

Atmosphere (NIWA), and has been formally cited in at least two papers (Lorrey et al. 2012 

and 2013; and Revell, et al. 2014).  As a result of the work conducted in Chapters 3-4 of the 
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thesis, NIWA has begun using and citing the papers associated with those chapters in their 

annual TC seasonal outlook products. In addition anecdotally, the candidate has seen the 

SPEArTC start to be used by others involved in conducting various TC studies in the region 

(e.g., Chand et al. 2013). 

Subsequent to the publication of the SPEArTC paper, which comprises Chapter 3 of this 

thesis, the candidate had presented the new dataset at an international best-tracks conference 

conducted in Honolulu, Hawaii, in 2011 32 .  Representatives of the WMO Regional 

Specialised Meteorological Centres were in attendance when the GrIT QC methodology was 

briefed. Many agreed that the TC datasets from other basins, in particular the North and 

South Indian Ocean basins, would benefit from employing this approach, and in concert with 

looking for as yet to be digitised paper-based track data.  The candidate has agreed to assist 

others who might like to take on such a task in an effort similar to what was done for 

SPEArTC. 

Again, the existence of the SPEArTC dataset has been invaluable in facilitating a more in-

depth synoptic climatological analysis of TCs with respect to teleconnection patterns such as 

ENSO, SAM, and MJO, which are found in Chapters 4-6 of this thesis.  The construction of 

the dataset was very instructive with respect to better understanding the data in the region, 

working with a number of persons across the region in compiling and quality controlling the 

data, and learning about what other work still is required in continuing to improve this critical 

foundational dataset for the study region. For ease of file handling, the data were split into 

three distinct time periods as follows: (1) 1841-99; (2) 1902-69; and (3) 1970-2011.  

These time periods were also significant because the first set of TC seasons are the most 

poorly observed of the three. While it was beneficial to obtain as much data from that period 

as possible, it is clear that the observational record in the 19th century is still quite 

incomplete.  The second period had a considerable volume of data, and overlapping 

observations from across the region.  While these data were considered to be more reliable 

than the first period, they are not as reliable as the most third and most recent period of time 

(1970-2011) which is coincident with the beginning of the satellite era of TC monitoring.  In 

particular, the data from the 1902-69 timeframe will continue to need attention paid to 

improving the quality of the TC intensity information.  This will not only improve the overall 

32 See http://www.ncdc.noaa.gov/ibtracs/index.php?name=workshop 
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climatological knowledge of TCs in the study region, but will also serve to better facilitate 

future research not only for the teleconnection patterns in this study, but also for an inter-

decadal phenomenon such as the PDO/IPO. 

 Summary and Key Findings Related to the Paper Detailing the 7.4.

TC/ENSO Relationship based upon the Coupled ENSO Index (CEI) 

The ENSO dominates seasonal to inter-annual climate variability in the Pacific region 

(Philander 1990) and is composed of two dynamically linked components. The atmospheric 

component (the Southern Oscillation, SO, Walker and Bliss 1932; Trenberth and Caron 2000) 

involves variations in the strength of the wind stress index as measured, on a proxy basis, by 

the Southern Oscillation Index (SOI) of the wind and pressure gradient. The SOI is the 

normalised mean sea-level pressure value, on a monthly basis, of the difference in surface 

pressure between Papeetee, French Polynesia, and Darwin, Australia (Mullan, 1995) and is 

therefore closely related to the strength of the trade winds. 

Given the dominant role that ENSO plays in the region, there has been considerable study of 

the relationship between TCs and ENSO carried out by a number of previous investigators 

(Basher and Zheng, 1995; Kuleshov et al. 2008; Terry and Gienko, 2010; and Dowdy et al. 

2012).  With respect to the CEI basis for ENSO, its use for TC-related studies is unique given 

that it is an index more in line with paleoclimate studies; however, given its uniqueness, it 

was thought to be a valid approach to pursue in order to validate previous TC studies with 

respect to more conventional views of ENSO utilising SOI or SST.  Therefore, the unique 

aspect to the paper that constitutes Chapter 4 of this thesis was to employ the CEI (Gergis and 

Fowler, 2005) in trying to better focus the relationship of TC climatology to more discrete 

phases of ENSO which takes into account the coupling (or not) of the oceanic (SST) and 

atmospheric (SOI) components of ENSO.   

According to Gergis and Fowler (2005), paleoclimate studies concerning ENSO have tended 

to focus on only one aspect of the ENSO phenomenon, either the SOI atmospheric 

component of ENSO (e.g., (Stahle et al. 1998), or the ocean-sourced Niño- 3.4 SST region 

(e.g., D’Arrigo et al. 2005; Evans et al. 2002; and Mann et al. 1998, 2000), which can be 

argued as only partially characterising the nature of ENSO.  The CEI then results in a 

continuum of seven distinct ENSO cases resulting by combining a five-month running mean 

of SST with an 11-month running mean of SOI.  The seven ENSO cases range from (1) a 
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fully coupled El Niño case (NIÑO) where both the SOI and SST running means agree; to (2) 

an atmospheric dominated El Niño case (SOI-NIÑO); to (3) an oceanic dominated El Niño 

case (3.4-NIÑO); to (4) a NEUTRAL case; to (5) a fully coupled La Niña case (NIÑA) where 

both the SOI and SST running means agree; to (6) an atmospheric dominated La Niña case 

(SOI-NIÑA); and finally to (7) an oceanic dominated La Niña case (3.4-NIÑA).  This 

detailed information is important in interpreting the results for TCs noted later in this section. 

While this previous work has done a very good job in defining some of the distinct climate 

anomalies (e.g., rainfall, SSTs, SPCZ position) that are important for the region during El 

Niño or La Niña events (Sinclair 2002), many more nuances in terms of ENSO typologies are 

known. A similar approach utilizing CEI was also used to define warm season rainfall 

patterns in the southwest Pacific (Lorrey et al. 2012). 

The overarching goal in this chapter was to take advantage of these more discrete phases of 

ENSO, in conjunction with the temporal nature of the TC season (e.g., full season from Nov-

Apr; early season from Nov-Jan; and late season from Feb-Apr), in order establish a more 

detailed climatology of storm behaviour during ENSO and assist in the generation of annual 

TC outlooks undertaken by NIWA. The average number of tropical storms (including all 

tropical depressions and tropical cyclones) over the 42-year period from 1970-2011 is 12.9 

per season; of those no more than 2.4 were greater than tropical depression strength; 6.4 

attained either an Australian Bureau of Meteorology (BoM) Category 1 or 2 TC status, and 

4.2 attained major TC status (Australian BoM category 3-5). Of the number of major TCs 

during the climatology period, a total of 24 (0.57 per season) attained the most severe 

Australian Category 5 status with maximum sustained winds of (using a 10-minute average) 

greater than 106 knots (54.5 m s-1). 

In general, the latter portion of the TC season is the most active in the southwest Pacific 

(Diamond et al. 2012), and the TC swarm plots in Figs. 3a-c demonstrate this point. During 

1970-2011 a total of 176 major TCs occurred out of a total of 541 storms (32.5%). However, 

it is interesting to note that there were 84 major TCs that developed out of a total of 297 

storms (28.3%) during the period 1970-1990, while from 1991-2011 there were 92 major TCs 

out of a total of 244 storms (37.7%). The increased proportion of major TCs over the past 20 

years is statistically significant (p < 0.005, t-test with 19 degrees of freedom). Furthermore, 

of the 24 Category 5 storms that occurred in the region during that time, slightly over 79% of 

them (19) occurred during 1991-2011. The increased proportion of major TCs in the basin, 
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coupled with fewer overall TCs, is quite consistent with findings by Webster et al. (2005), as 

well as Maue (2011). 

The CEI-based ENSO phase plots of TCs reveal some consistent patterns that reinforce 

previously found relationships between ENSO and TCs, but do so in a more refined 

way. Well-coupled El Niño and La Niña events result in distinct and quite opposing 

patterns of TC activity. During well-coupled NIÑO events, there is greater than normal 

activity in the northeast portion of the basin (largely east of the Dateline), with much 

greater activity during the late season, particularly as far east as French Polynesia 

(typically an area of low TC activity). Conversely, the greatest positive anomalies during 

a fully coupled NIÑA event lie to the south of New Caledonia and into the north 

Tasman Sea. During atmospheric-dominated (SOI) events, TC anomalies generally 

reflect lower activity for either NIÑO or NIÑA events, with patches of increased activity 

south of Vanuatu in SOI-NIÑO events and amplified late season activity along the 

Dateline in SOI- NIÑA events. During ocean-dominated (3.4) events, TC anomalies 

show increased late season activity in the very western and southern portions of the 

basin in the Gulf of Carpentaria and New Zealand during 3.4-NIÑO events, while 3.4-

NIÑA phases show increased late season activity further north in the Coral Sea region. 

Finally, neutral events demonstrate the largest full season anomalies to the west of the 

Dateline with negative anomalies occurring in the area from Vanuatu and New 

Caledonia, south and southwest to the east of New Zealand. 33 

The Main Development Region (MDR) for TCs in the study region is centred on Vanuatu at 

latitude 13.1ºS and longitude 168.0ºE.  In terms of genesis, an overall greater number of 

storms develop during seasons with ocean-dominated La Niña events (15.3 per season). 

However, the greatest number of major TCs develop during seasons with ocean-dominated El 

Niño events (6.0 per season), with the second (4.9 per season), and third (4.1 per season) 

greatest number of major TCs occurring during well-coupled and atmospheric-dominated El 

Niño events respectively. The trajectories and ETT longitudes for full, early, and late season 

ENSO phases indicate an average ETT within ±10° of the Dateline, which exhibits an 

easterly orientation during well-coupled El Niño events.  

33 The bold text in sections 7.4-7.6 highlights new findings as a result of this study. 
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The majority of major TCs occur during fully coupled CEI NIÑO phases, and this trait 

persists even as storms begin to undergo extratropical transition (ETT). Interestingly, 

early season neutral phases have the greatest negative departure from normal pressure 

at ETT (-6.5 hPa). The lowest minimum central pressures during NIÑO phases are 

about 1% lower (with stronger winds) than the climatological normal for the 1970-2011 

period, while the NIÑA phases have MSLPs nearly equal to the climatological normal 

pressures. This difference may also be related to the general track locations during El 

Niños being closer to the Equator than in La Niña years, which suggests reduction of 

baroclinicity (a more barotropic storm structure) plays a significant role in maintaining 

storm strength. 

By demonstrating subtle differences between a fully coupled NIÑO and NIÑA compared to 

atmospheric- or ocean-dominated phases, or neutral conditions, the importance of ENSO 

activity on regional TC behaviour has been better refined, including the spatial extent and 

frequency of TCs and how they undergo ETT, all of which have enormous implications for 

producing higher quality seasonal TC outlooks.  

The Diamond et al. (2013) paper which constitutes Chapter 4 of this thesis has already been 

formally cited four times, including in Chapter 14 on Climate Phenomena and their 

Relevance for Future Regional Climate Change in the recently published 5th Assessment 

Report of the Intergovernmental Panel on Climate Change (Christensen, et al. 2013).  

Specifically the IPCC chapter (14) by Christensen, et al.(2013) related the finding found in 

Chapter 4 that, “…during El Niño events, the ITCZ and SPCZ move closer to the Equator, 

rainfall decreases in western regions and increases in the central Pacific, and tropical 

cyclone numbers tend to increase and to occur farther east than normal”. 

 Summary and Key Findings Related to the Paper Detailing the 7.5.

TC/SAM Relationship (Both Monthly and Daily) 

The SAM is the leading mode of atmospheric variability south of 20ºS (Karoly et al. 1996; 

Thompson and Wallace 2000; Trenberth et al. 2005); and has been shown to have profound 

impacts in the ocean – atmosphere system in the Southern Hemisphere.  It appears at all time-

scales from daily to inter-annual, and consists of a fluctuation in atmospheric pressure 

between the Antarctic region and the southern mid-latitudes. In the positive phase of the 

SAM, anomalous low (high) pressure occurs over Antarctica (mid-latitudes). The mid-
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latitude westerly wind maximum and the tracks of extratropical storms (Kidston and Gerber 

2010; and Yin 2005) also shift toward the pole (the equator) during the positive (negative) 

phase of the SAM.  Over recent years, the SAM has tended toward its positive phase, a signal 

that has been attributed to both stratospheric ozone depletion and anthropogenic greenhouse 

gas forcing (Arblaster and Meehl 2006). This trend has been shown (Pohl et al. 2010) to be 

related to a significant increase in the atmospheric weather regimes corresponding to the 

positive phase of the SAM, with little change in the frequency of the negative SAM phase. 

This trend entails a strengthening in westerlies that encircle Antarctica, but also drives 

easterly anomalies off western and southern Australia (Gong and Wang, 1999).  

The main emphasis of the study was to look at interannual relationships of TC occurrence to 

the monthly SAM index as defined by Marshall (2003).  Due to the relationship between SOI 

and SAM during the full TC season from November to April (with a correlation value of 

r=0.2; p<0.001) as discussed in Chapter 5, a modified SAM index (with the SOI regressed 

out) was developed and this regressed SAM (rSAM) index was subsequently used in the 

analysis of TCs and SAM.  In addition, a daily SAM index (dSAM) that was derived from a 

principal component analysis of the 700-hPa geopotential height data was also employed for 

an analysis of TC genesis and daily derived SAM data. 

From an interannual perspective a greater frequency of TCs become extratropical, 

particularly under positive rSAM conditions, regardless of the phase of the SOI.  For the most 

part the basic climatology of TCs (cyclogenesis, track characteristics, and intensity) is 

unaffected by the phase of SAM.  From an intraseasonal perspective, initially, while a 

relationship between values of dSAM during La Niña seasons and 17-19 days prior to TC 

genesis looked somewhat promising, there was in the end no obvious physical linkage or 

relationship found between that time period prior to TC genesis and the daily SAM index 

value regardless of the phase of the SOI. 

These results support the idea that there is a definite relationship between the positive 

phase of SAM and southwest Pacific TCs behaviour, particularly with the positive 

phase of SOI, when the frequency of TCs undergoing ETT near New Zealand is greatest. 

The relationship between positive SAM conditions and TC ETT is based upon a 

reasonably sufficient number of degrees of freedom as noted in Tables 2-4 – over the 

period from 1970, out of 514 TCs over the six-month TC season, a total of 284 (or 

55.3%) underwent ETT; of which slightly more than half of TCs undergoing ETT did 
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so under positive rSAM versus negative rSAM conditions. Therefore, the most 

distinctive trend in ETT during times of positive rSAM conditions is the significant 

occurrence of extratropical TCs near New Zealand, particularly during the latter half 

of the season and thus is a factor for consideration in seasonal outlooks of TC activity 

for the region. While no conclusive relationship was found between daily SAM values and 

TC genesis, the interannual relationship between the monthly rSAM and SOI is sufficient to 

warrant looking more deeply into this with respect to future TC research work in the basin. 

 Summary and Key Findings Related to the Paper Detailing the 7.6.

TC/MJO Relationship  

The MJO is the dominant mode of atmospheric intraseasonal variability in the tropics 

(Madden and Julian 1994); and was initially observed as a significant 40-50 day spectral peak 

in the zonal winds (U), temperature, and surface pressure fields with wave-like characteristics 

(Madden and Julian, 1971&1972). Over the Eastern Hemisphere, it is characterized as a 

large-scale convectively coupled phenomenon that propagates eastward at approximately 10 

knots (5 m s-1). Meanwhile over the Western Hemisphere, the convective coupling breaks 

down and the eastward propagation accelerates to 20-30 knots (10-15 m s-1). The MJO has a 

30-90 day period and maximum variance at roughly 50 days (Zhang, 2005).  Furthermore, 

Zhang (2005) found that the MJO has a seasonal cycle with two peak seasons: (a) a primary 

peak (the one more germane to this study) which occurs when the strongest MJO signal is 

located directly south of the Equator during the austral summer season; and (b) a secondary 

peak occurring just north of the equator during austral winter (not included in this study).   

There is strong year-to-year variability in MJO activity, with periods of strong activity 

followed by long periods in which the oscillation is weak or absent (Hendon et al. 1999; 

Zhang, 2005; and Gottschalck, et al. 2013). Kiladis et al. (2005) conducted an in-depth study 

of the zonal and vertical structure of the MJO that links the origins and genesis of the MJO to 

the physical mechanisms helping explain the 30-50 day oscillation, and notes the unique 

characteristics of the MJO’s behaviour in the western Pacific versus that in the Indian Ocean 

and Indonesia. The path of the MJO is primarily though the monsoon regions. Starting in 

austral winter it moves poleward across India from the equatorial Indian Ocean, while during 

austral summer it moves directly across Indonesia and then into line with the South Pacific 

Convergence Zone (SPCZ) as described by Matthews et al. (1996) and Kiladis and Mo 
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(1998).  Liebmann et al. (1994) found that TCs tend to occur during the stronger convective 

phase of the MJO, and cluster around the low-level cyclonic vorticity (VORT) and 

divergence anomalies that appear poleward and westward of the large-scale convective 

anomaly associated with the MJO. 

Although Liebmann et al. (1994) found that the absolute number of TCs is enhanced during 

the convective phase of the MJO, they also found that the ratio of TCs formed per depression 

is the same in the convective phase as in the weaker dry phase of the oscillation, and that 

more TCs formed when there were more depressions during the convective phase.  While 

they found that there was an increase in TC activity during active periods of convection, this 

was not related to MJO activity, as there was an equal increase during the convective phase 

of an arbitrarily chosen, completely independent band from the MJO.  Liebmann et al. (1994) 

concluded that the MJO does not influence TCs in a unique fashion, but rather was an 

important factor to take into account given the relatively large proportion of tropical variance 

that it explains.   

With respect to the geographic aspect of MJO, there are eight phases that are generally paired 

together (Wheeler and Hendon, 2004) as follows: (a) 8-1 (Western Hemisphere and Africa); 

(b) 2-3 (Indian Ocean); (c) 4-5 (Maritime Continent); and (d) 6-7 (Western Pacific or warm 

pool region).  Therefore, in looking at the convective nature of the MJO, it is critical to focus 

on the spatial extent of where the MJO is located. As such, these four paired phases of MJO 

were used in analysing the resultant TC behaviour that resulted in the study area. 

Finally, while the MJO is not correlated with ENSO, there is some evidence that the 

interannual variability of the MJO is partially linked to the ENSO cycle particularly during 

exceptional warm periods of ENSO (Hendon et al. 1999; and Hendon et al. 2007).  Strong 

MJO activity is often observed during weak La Niña years or during ENSO-neutral years, 

while weak or absent MJO activity is typically associated with weak El Niño episodes 

(Kessler and Kleeman, 2000).   

The main emphasis of this study was to look at the interannual climatology of TCs in the 

southwest Pacific with respect to the MJO, but the possibility for any intraseasonal 

relationships between the SAM and MJO with respect to TCs was also investigated.   

The results of this study show a clear effect of the MJO on modulating TC activity and 

behaviour in the southwest Pacific. The results support the idea that there is a definite 

127 



  Chapter 7. Synthesis and Conclusion 

relationship in the southwest Pacific between TC activity and the MJO in phases 6-7, 

especially during strong MJO years. In this particular phase, the (a) genesis of overall 

numbers of TCs; (b) major TCs; (c) numbers of TC days in a season; and (d) frequency 

extent across the basin coincident with the SPCZ are all anomalously greater than with the 

other phases and intensities of MJO in the southwest Pacific.  

The relationship between various MJO conditions and TC behaviour (e.g., ETT and major TC 

status) is based upon a reasonably sufficient number of degrees of freedom as noted in Tables 

2a-c.  From 1970-2011, out of 2489 TC days (with an MJO amplitude >1.0) over the 6-month 

TC season, the greatest proportion of TCs (36.7%) occurs during paired MJO phases 6-7; 

while the lowest proportion of TCs (17.0%) occurs during MJO phases 2-3. From the 

standpoint of TC frequency, these proportions are quite consistent, as out of 514 TCs over the 

period from 1970-2011, 37.2% (17.1%) of all TCs also occur during MJO phases 6-7 (phases 

2-3).  Additionally, during the paired MJO phase 6-7, the largest proportion of TCs undergo 

ETT (38.9%), and is also the phase with the greatest proportion of major TCs (37.8%). 

Conversely, for paired MJO phase 2-3, the proportion of ETT and major TC development are 

the smallest, only 13.5% and 12.8% respectively. 

In addition, the morphology of TC tracks for MJO phases 6-7, in comparison to the 8-1, 

2-3, and 4-5 phases, not only shows a greater frequency across the basin, but the tracks 

resemble the characteristic diagonal shape of the SPCZ going from northwest to 

southeast across the basin. A statistically significant relationship was found between the 

MJO and SAM during two MJO states (weak phases 4-5 and 6-7) that are coincident 

with the positive phase of the SAM.  The anomalously greater frequency percentages of 

TCs undergoing ETT are +9.4% and +11.1% respectively for weak MJO paired phases 

4-5 and 6-7. 

As a global tropical convective feature, the MJO has been well studied with respect to its 

modulating effect on TCs in many basins.  The results for this study are quite consistent with 

those previous studies from other TC basins (e.g., Klotzbach, 2010a in the North Atlantic).  

Therefore, and by focusing on interannual relationship of the MJO to TCs, this is another 

important factor that adds to the overall knowledge of TC climatology in the southwest 

Pacific basin.  

128 



  Chapter 7. Synthesis and Conclusion 

 Contribution of Thesis to Knowledge 7.7.

The work documented in this effort has already been applicable to a number of related 

research and operational activities related to TCs.  As the work evolved over the period from 

2005 to the present, the results became applicable to a number of research efforts in the 

region in several papers and efforts where the enhanced TC knowledge provided important 

inputs.  This documentation is provided not for any self-aggrandizement, but rather to 

demonstrate the positive impact that the research embodied in this thesis has provided to the 

candidate that has allowed him the opportunity to contribute to the scientific literature.  This 

leveraged effort has hopefully demonstrated a synergistic benefit to the community.  

These efforts have included:  

a) Serving as the Editor of the Tropics Chapter for the annual State of the Climate report 

for the Bulletin of the American Meteorological Society (Diamond, 2013; Diamond, 

2012; Diamond, 2011; Diamond, 2010; Diamond, 2009; Diamond, 2008; Diamond, 

2007; and Diamond and Levinson, 2006); 

b) Conducting research related to improved TC database work (Knapp, et al. 2010;  

Levinson, et al. 2010; Levinson and Diamond, 2009); 

c) Conducting complementary TC climatological research or contributing TC 

climatological knowledge to related research on precipitation, ocean studies, and 

instrumentation (Ganachaud et al. 2007; Jones et al. 2013; Kruk et al. 2014, Lorrey et 

al. 2013; Lorrey et al. 2012; Lorrey et al. 2008; Morrissey et al. 2012; and Revell et 

al. 2014); and 

d) Operational inputs related to the annual TC outlooks produced by NIWA.  The work 

done, particularly as it relates to Chapters 3 and 4 of this thesis are used as a central 

component of this annual region-wide information provided to all island states. 

In addition, the work imparted the candidate enhanced knowledge and abilities that resulted 

in his being invited to give a number of talks on the subject and be invited to serve as a 

formal peer reviewer for papers involving TCs, not only in the basin, but globally.  In this 

regard, during the time of this effort, he has served as a reviewer on 12 papers related to 

various aspects of TC climatology.  
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The study embodied here is a significant contribution to the science of TC climatology in the 

region. In particular, it provides new insights into TC behaviour in the southwest Pacific and 

both validates existing work with respect to TC behaviour in the basin, and also has 

developed new findings on trends in intensity and frequency of TCs with respect to 

teleconnection drivers. It provides a solid basis for input into various (academic and non-

academic) communities of knowledge, most notably to governmental organizations, the 

media, disaster preparedness officials, and the general public.  

On a practical level, the overarching goal of this effort was to fill in some knowledge gaps in 

the overall TC picture for this critical region of the globe.  Climate change is a prominent 

environmental issue on the public policy stage, and as such, it is important to better document 

TC activity in the region, and as such it is vital to make that knowledge more readily 

available for use by the climate community as well as the public. This knowledge is a 

critical element in making more definitive conclusions about whether perceived 

increases in the occurrence and intensity of TCs are related to climate change, or 

whether such changes in the behaviour of TCs is part of some natural climatic 

variability.   

As environmental issues have increasingly moved from the world of the individual scientist 

into the realm of public policy it is important that all areas of society, from policymakers 

down to individual citizens, have unbiased information from which they can make 

appropriate decisions in preparing for natural disasters.  Worldwide attention has been 

focused on record breaking hurricane seasons in the Atlantic and Gulf of Mexico; the amount 

of data and study of TCs in that region of the world is exponentially greater than what has 

been done in the southwest Pacific.  The candidate believes that the research embodied in this 

thesis has played a role in helping to fill that gap in the overall knowledge of TCs in this 

basin and to serve as a springboard for further study and contributions in this area. 

Returning back to the conceptual framework of this study as depicted in Figure 1-1, it is 

critical evaluate to what degree the main aim of this study has been met.  The overarching 

aim of this research, and the resultant objectives that flowed from that, has always been to 

improve the overall climatology of TCs in the study basin by better characterising and 

understanding the specific behaviour of TCs in response to ENSO, SAM, and MJO.  In this 

self-evaluation, the candidate believes that the study has fulfilled that goal.  A new and 

consolidated dataset of TCs been constructed which improves the quality of such data, and 
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extends it back in time.  The study has also provided a resource to the greater community 

with demonstrated utility and value to other researchers and applications as noted in the 

following summaries of the work concerning ENSO, SAM, and MJO.   

By employing a different ENSO index to studying TC behaviour, previous work on the 

relationship between TCs and ENSO been confirmed. In addition, a temporal analysis of the 

TC season using a full season (Nov-Apr), early season (Nov-Jan), and late season (Feb-Apr) 

approach has been employed.  This approach, coupled with the finer tuning of ENSO via the 

CEI’s seven phases, has resulted in a paradigm that has been operationally implemented for 

applying the knowledge of past analogue seasons in producing an annual seasonal outlook of 

TCs.  This work has demonstrated some real promise for assisting the communities across the 

basin better prepare for TC seasons. 

TCs are by their nature primarily, a low-latitude phenomenon, however, given the fact that 

the SAM is the leading mode of atmospheric variability south of 20ºS, it was important to see 

what if any effects the SAM might have on TC behaviour in the study area.  Coupled with the 

fact that there a great dearth of literature on this relationship (only two papers cited for the 

South Indian and Northwest Pacific), being able to characterise the SAM’s possible effect on 

TCs was an important component of this study. Since the results demonstrated a clear 

interannual climatological relationship between an increased frequency of TCs 

undergoing extratropical transition near New Zealand, and the positive phase of SAM, 

this was another key finding and improvement to the overall climatological knowledge 

of TCs in the study region that was successfully accomplished in the context of the 

overarching study aim. 

Finally, the investigation of TC seasonal characteristics (e.g., cyclogenesis, track 

morphology, ex-tropical transition, and intensity), as modulated by the phase and intensity of 

the MJO, was the final building block of this study.  The approach taken was novel as in 

addition to the focus on the intraseasonal variability of TCs, there was also a focus on the 

interannual variability of TCs even though the MJO is an intraseasonal phenomenon. Links 

between the MJO, SAM, and TC variability were also investigated. Using the MJO phase 

pairs detailed earlier, the frequency of TCs in the study region exhibited a statistically 

significant decrease during MJO phase pair 2-3 and an increase in frequency during MJO 

phase pair 6-7. During the positive phase of the SAM, an increased frequency of TCs 

undergoing extratropical transition was observed.  The MJO results demonstrated a clear 
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intraseasonal climatological relationship between specific phases of the MJO with 

respect to a decreased (increased) frequency of TCs during the paired MJO phases 2-3 

(6-7); as well as the existence of a statistically significant relationship between the MJO 

and SAM with respect to the ETT of TCs.  During positive phases of the SAM, 

coincident with weak interannual MJO phases 4-5 and 6-7, there are statistically 

significant greater frequency percentages of TCs undergoing ETT. 

In summary, the findings on the relationship between TCs and ENSO, SAM, and MJO have 

(1) positively contributed to the knowledge base of TC science; (2) demonstrated some 

immediate applicability to improving seasonal outlooks, and (3) established a solid 

foundation for further study of TCs in the study region by the candidate and others. 

 Outline of Future Work to be Accomplished which Builds on the Work 7.8.

Herein 

The work conducted and documented here lays the foundation for further research to improve 

the climatological knowledge of TCs in the study area.  The additional work can be classified 

into three areas of research involving: (a) continuous dataset improvement; (b) investigating 

the relationship between TCs and the PDO/IPO; (c) future work to better understand the 

physics and dynamics of some of the statistical relationships found in the work to date; and 

(d) the application of the techniques and knowledge obtained in this effort to conduct tailored 

case studies of TCs (e.g., extreme events).  While the SPEArTC dataset is a very good 

resource, there is considerable room to continuously improve it.  While the historical data on 

the morphology of TC tracks prior to 1970 is generally good, the dataset for that period lacks 

good information on storm intensity.  Obtaining such information will be more difficult and 

will require investigating a diverse array of sources including ship’s logs, newspapers and 

personal accounts, and other paper-based meteorological records across the region.  In 

addition, work done via efforts such as the 20th Century Reanalysis (Compo et al. 2011 and 

Compo et al. 2006) and other reanalysis efforts may be able to reveal more insights into the 

intensity of storms during this period.   

While the work in developing the SPEArTC dataset has extended the record of TCs from 

1907 back to 1840, this is clearly not fully representative of the actual number of storms that 

occurred during those seasons, as many of those seasons have one or two storms for any one 

season.  Again, as an effort such as the 20th Century Reanalysis looks back toward rescuing 
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data from 1850, and coupled with other historical investigation, could reveal additional and 

enhanced storm tracks.  A source of historical TC information from an independent 

Australian researcher (Jeff Callaghan) has proven to be quite promising, and with his more 

detailed TC track data for the western portion of the study area for pre-1900 year storms, 

could result in some significant improvements for SPEArTC in enhancing the overall 

historical record.  Given the inter-decadal nature of the PDO/IPO, it was in a positive phase 

from 1976 until about 1999, and has since transitioned to a negative phase from 2000 to the 

present. As noted in Chapter 1, a limiting factor of the overall study was the fact that this 

study was conducted from 1969/70 onwards (with the most reliable TC data) and therefore 

essentially in the warm phase of that teleconnection.  An improvement in the overall 

climatology would be to at least increase the quality of the tracks data from 1939 to 1969, 

particularly with respect to the intensity data of TCs.  Extending the temporal extent of the 

TC data could yield some variability in the PDO/IPO that would be very interesting for a 

study on the effect on TCs.  While the study has done a good job of showing statistical 

relationships between TCs and a number of geophysical factors, there is still additional work 

that can be done to take this data and better understand the physical and dynamical 

mechanisms behind these relationships. 

Finally, the candidate has begun working with researchers who focus their attention on TCs 

in the northwest Pacific.  In this regard, work has already begun in applying the techniques 

and algorithms developed for this study to some typhoon climatological work in this 

neighbouring TC basin.  Preliminary results have been interesting, and show a real shift in 

overall TC activity over the past 40 years that is in line with what was found in this study and 

backed up by others (e.g., Webster, 2005; and Maue, 2011) showing an increased proportion 

of major TCs coupled with fewer overall storms over the past 20 years.  The prospect of 

extending the techniques from this study and applying them to northwest Pacific TCs should 

result in some positive contributions to the science of TCs.  

 Further Development of the Candidate’s Scientific and Professional 7.9.

Goals 

The thesis and underlying research has (1) enhanced the candidate’s personal quest for 

knowledge in this area; (2) helped facilitate his participation in a dialogue with other TC 

researchers in building an improved knowledge base of global TC issues; and (3) assisted in a 
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more thorough reanalysis of TCs in the region that will lead to more and improved climatic 

information for the study region.  The work here has served as a catalyst to further engage in 

this subject in the candidate’s professional capacity with the National Climatic Data Center in 

the U.S, as well as in enhancing his ability to pursue further research in this area.  In 

conclusion, the work documented here has helped the candidate in serving as an expert for 

issues dealing with southwest Pacific TCs and has enhanced his ability to serve as a reviewer 

for related research as well as to collaborate on other efforts with a number of persons.   

While the journey embarked upon in 2005 has at times been difficult, the work has always 

been exciting, and the overall learning experience has been professionally and personally 

fulfilling.  The techniques learned with respect to the processing and analysis of large gridded 

datasets has been invaluable, and the rigor necessary to produce peer reviewed papers has 

assisted the candidate with his continuing professional development as a scientist. 
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Appendix A  Detailed Listing of TCs by Season 

Portion from 1970-2011 

Season Total # Storms Total NSs Named from Nov-Jan Named from Feb-Apr 
1970 14 6 1 5 
1971 11 8 3 5 
1972 19 14 6 8 
1973 17 12 6 6 
1974 18 12 7 5 
1975 12 6 3 3 
1976 14 13 4 9 
1977 17 14 6 8 
1978 13 10 5 5 
1979 15 10 4 6 
1980 12 10 3 7 
1981 16 11 3 8 
1982 11 10 5 5 
1983 17 14 6 8 
1984 13 10 3 7 
1985 17 12 6 6 
1986 16 10 2 8 
1987 15 13 6 7 
1988 8 6 2 4 
1989 15 13 4 9 
1990 8 8 2 6 
1991 9 5 2 3 
1992 13 11 4 7 
1993 16 12 4 8 
1994 9 6 3 3 
1995 8 5 2 3 
1996 8 8 3 5 
1997 18 16 7 9 
1998 24 19 11 8 
1999 14 10 5 5 
2000 10 9 2 7 
2001 11 9 2 7 
2002 12 7 4 3 
2003 13 11 5 6 
2004 8 7 2 5 
2005 13 11 3 8 
2006 8 8 3 5 
2007 11 9 4 5 
2008 9 6 6 0 
2009 10 10 3 7 
2010 10 10 4 6 
2011 9 9 6 3 

Totals 541 420 172 248 
Averages 12.88 10.00 4.10 5.90 
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Appendix B Documentation of GRiT Corrections  

Season Storm ID Storm Name Correction Comments 
1998 1997319S09180 Nute Extraneous 

points deleted 
25 positions deleted that made storm 
loop abruptly to the north erroneously 

1985 1985061S13170 Gavin Extraneous 
points deleted 

42 positions deleted that made storm 
loop abruptly to the north erroneously 

1984 1983343S14148 Fritz Extraneous 
points deleted 

8 positions deleted that made storm 
move abruptly to the east in a 36 hour 
period 

1983 1983042S11158 Elinor Extraneous 
points deleted 

25 positions deleted that made storm 
abruptly loop to the north and east in 
a 4-day period. 

1983 1983056S11193 Prema Extraneous 
points deleted 

46 positions deleted that made storm 
abruptly loop to the north and repeat 
its track. 

1983 1983097S10222 Veena Extraneous 
points deleted 

57 positions deleted that made storm 
abruptly loop to the north and begin 
repeating its track. 

1980 1980001S13173 Paul Extraneous 
points deleted 

26 positions deleted that made storm 
abruptly loop abnormally to the west. 

1979 1979093S08156 Stan Extraneous 
points deleted 

20 positions deleted that made storm 
abruptly loop abnormally to the east. 

1977 1977034S17175 Miles Extraneous 
points deleted 

14 positions deleted that made storm 
abruptly loop abnormally to the north 
and begin repeating its track. 

1974 1974017S20150 
and 

1974021S17148 

Vera and 
Wanda 

Storm Tracks 
Properly 
Identified 

The tracks for Vera and Wanda were 
confused and via the GrIT process 
were able to be properly sorted and 
separated into two distinct storm 
tracks both just off the eastern coast 
of Australia in January 1974. 

1974 1973029S16185 Glenda Duplicate Track A duplicate track of Glenda was 
identified and removed from the 
database. 

1974 1973052S13151 Kirsty Erroneous points 
deleted and 

smoothed with 
an orphan track 

8 positions deleted that made storm 
abruptly loop abnormally to the north 
and begin repeating its track; and in 
addition, an extraneous track 
identified as a separate storm was 
merged with Kirsty, thus cleaning up 
the database. 

1972 1972001S12159 
and 

1972005S10152 

Carlotta Duplicate Storms Two separate storms both noted as 
Carlotta turned out to be the same 
storm and were merged as one storm 
in the database 
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Appendix C SPEArTC CSV File Data 

Documentation 
 

Column Further Details34 
A Unique Storm Serial Number 
B Season; e.g., 1956 equates to 1955-56 (November 1955-April 1956) 
C Sequential Storm Number within the Season 
D IBTrACS Basin Code – SP (South Pacific); SI (South Indian) 
E IBTrACS Sub-Basin Code – EA (E. Australia); WA (W. Australia) 
F Storm Name (if named) or Source Filename 
G Synoptic Date and Time of the Storm’s Position (MM/DD/YYYY 

hh:mm:ss)35 
H NR – Not Rated; TS – Tropical Storm; ET - Extratropical 
I Latitude in tenths of a degree (‘-‘ indicates degrees South) 
J Longitude in tenths of a degree (‘-‘ indicates degrees West) 
K Mean Wind Speed in Knots36 (-999 indicates missing) 
L Mean Central Pressure in hectopascals or millibars37 (-999 is missing) 
M Tracking Centre or Source38 

 

SPEArTC Data Sample 
 

           A                   B       C     D       E            F                              G                   H           I             J        K        L         M  

2009025S12177    2009    8     SP     MM    HETTIE            1/28/2009 12:00     NR      -21.7    -177.4    35      995      nadi 
2009025S12177    2009    8     SP     MM    HETTIE            1/28/2009 18:00     NR      -22.1    -177.5    35      995      nadi 
2009025S12177    2009    8     SP     MM    HETTIE            1/29/2009 0:00       NR      -22.6    -177.7    35      995      nadi 
2009025S12177    2009    8     SP     MM    HETTIE            1/29/2009 6:00       NR      -23.2    -177.8    30      997      nadi 
2009025S12177    2009    8     SP     MM    HETTIE            1/29/2009 12:00     NR      -23.5    -177.9    25    1000      nadi 
2009025S12177    2009    8     SP     MM    HETTIE            1/29/2009 18:00     NR      -24.1    -177.9    25    1000      nadi 
2009011S16139    2009    9     SP     EA    CHARLOTTE    1/10/2009 18:00     NR      -15.4    138.8    0         995      bom 
2009011S16139    2009    9     SP     EA    CHARLOTTE    1/10/2009 21:00     NR      -15.7    139.1    25      994       bom 
2009011S16139    2009    9     SP     EA    CHARLOTTE    1/11/2009 0:00       NR      -15.9    139.4    35      993       bom 
2009011S16139    2009    9     SP     EA    CHARLOTTE    1/11/2009 3:00       TS      -16        139.7    40      990       bom 
2009011S16139    2009    9     SP     EA    CHARLOTTE    1/11/2009 6:00       TS      -16.1     139.9    40      990       bom 

 

 

34 MM indicates missing data 
35 From 1840-1899 the format of this field is YYYY-MM-DD hh:mm:ss 
36 Through the 2008 season, this is the IBTrACS averaged value based on IBTrACS Format v02r01; beginning 
in 2009 this is actual value from IBTrACS v03r02. 
37 Through the 2008 season, this is the IBTrACS averaged value based on IBTrACS Format v02r01; beginning 
in 2009 this is actual value from IBTrACS v03r02. 
38 This is either a Forecast Center (e.g., Australian BoM; Wellington, Nadi; or Joint Typhoon Warning Center); 
or a supplementary data source (Neumann; NCDC TD9636; or SPEArTC data rescue as described in this paper) 
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Appendix D  Coupled ENSO Index (CEI) Data from 1970-2011  

CEI Phases (based on Gergis and Fowler, 2005) used to ascribe full, early, and late TC analogue seasons for the southwest Pacific). The CEI is 

an index used to jointly indicate ocean and atmosphere conditions associated with ENSO (Gergis and Fowler 2005). The primary components of 

the CEI are the Southern Oscillation Index (SOI), which is the normalized pressure difference between Tahiti in French Polynesia and Darwin, 

Australia (Troup, 1965) and the Niño3.4 (N3.4) index, which is a measure of central-western equatorial Pacific sea surface temperature 

anomalies. Each of these indices is smoothed (as explained in Gergis and Fowler 2005) and minimum threshold values indicate whether the 

atmosphere (SOI) or ocean (N3.4) indicates if an ENSO phase is present. 

When both indices indicate the same ENSO state, the ocean-atmosphere system is considered to be well-coupled (either a NIÑO or NIÑA style 

event). When only the N3.4 index or SOI indicates ENSO is present, a N3.4 NIÑO/N3.4NIÑA or SOI NIÑO/SOI NIÑA style of event is 

suggested, respectively. For more details about the CEI, the reader is referred to Gergis and Fowler 2005. The table, beginning on the next page, 

contains detailed monthly CEI value data from the 2010/11 TC season back to the 1969/70 TC season with values from November to April of 

each TC season. 
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Table of CEI values from the 2011 TC season back to the 1970 TC season. 

 

Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

 
2011 4 -0.56 1.45 

 
NIÑA 

 
NIÑA 

 
NIÑA 2.01 NIÑA NIÑA NIÑA 

 
2011 3 -0.87 1.51 

 
NIÑA 

 
NIÑA 

 
NIÑA 2.37    

 
2011 2 -1.08 1.67 

 
NIÑA 

 
NIÑA 

 
NIÑA 2.75    

 
2011 1 -1.25 1.75 

 
NIÑA 

 
NIÑA 

 
NIÑA 2.99    

 
2010 12 -1.35 1.93 

 
NIÑA 

 
NIÑA 

 
NIÑA 3.28    

 
2010 11 -1.37 1.93 

 
NIÑA 

 
NIÑA 

 
NIÑA 3.30    

2010 4 0.74 0.34 NIÑO NIÑA ? -0.39 NIÑO NIÑO 
N3.4 
NIÑO 

 
2010 3 1.12 0.02 

NIÑO 
NEUTRAL N3.4 NIÑO? -1.10    

2010 2 1.44 -0.11 
 
NIÑO NEUTRAL N3.4 NIÑO? -1.55 

NB: No majority status for full season 
indicated from CC; 

    
 

   
Full season ascribed on persistent N3.4 
values in NIÑO range for 6 of 6 months 

2010 1 1.59 -0.34 NIÑO NIÑO NIÑO -1.93    
2009 12 1.56 -0.34 NIÑO NIÑO NIÑO -1.91    
2009 11 1.43 -0.46 NIÑO NIÑO NIÑO -1.88    
2009 4 -0.08 0.51 NEUTRAL NIÑA SOI NIÑA? 0.60 SOI NIÑA NIÑA SOI NIÑA 
2009 3 -0.40 0.60 NEUTRAL NIÑA SOI NIÑA? 1.00    

2009 2 -0.60 0.77 NIÑA NIÑA NIÑA 1.38 
NB: No majority status for full season 
indicated from CC; 

2009 1 -0.61 0.84 NIÑA NIÑA NIÑA 1.45 
Full season ascribed on persistent SOI 
values in NIÑA range for 6 of 6 months 
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

2008 12 -0.57 0.88 NIÑA NIÑA NIÑA 1.45    
2008 11 -0.48 0.97 NEUTRAL NIÑA SOI NIÑA? 1.45    
2008 4 -0.94 0.53 NIÑA NIÑA NIÑA 1.47 NIÑA NIÑA NIÑA 
2008 3 -1.24 0.45 NIÑA NIÑA NIÑA 1.69       
2008 2 -1.42 0.38 NIÑA NIÑA NIÑA 1.80       
2008 1 -1.54 0.39 NIÑA NIÑA NIÑA 1.93       
2007 12 -1.60 0.30 NIÑA NIÑA NIÑA 1.90       
2007 11 -1.40 0.35 NIÑA NIÑA NIÑA 1.75       
2007 4 0.02 -0.15 NEUTRAL NEUTRAL NEUTRAL -0.17 SOI NIÑO NIÑO SOI NIÑO 
2007 3 0.16 -0.30 NEUTRAL NIÑO SOI NIÑO? -0.46    

2007 2 0.46 -0.37 NEUTRAL NIÑO SOI NIÑO? -0.83 
NB: No majority status for full season 
indicated from CC; 

2007 1 0.68 -0.48 NIÑO NIÑO NIÑO -1.16 
Full season ascribed on persistent SOI 
values in NIÑO range for 5 of 6 months 

2006 12 0.85 -0.61 NIÑO NIÑO NIÑO -1.45    
2006 11 0.96 -0.63 NIÑO NIÑO NIÑO -1.60    
2006 4 -0.16 -0.04 NEUTRAL NEUTRAL NEUTRAL 0.11 SOI NIÑA SOI NIÑA NEUTRAL 
2006 3 -0.40 0.10 NEUTRAL NEUTRAL NEUTRAL 0.50       

2006 2 -0.55 0.28 NIÑA NIÑA NIÑA 0.83 
NB: No majority status for full season 
indicated from CC; 

2006 1 -0.56 0.30 NIÑA NIÑA NIÑA 0.86 
Full season ascribed on persistent SOI 
values in NIÑA range for 4 of 6 months 

2005 12 -0.42 0.36 NEUTRAL NIÑA SOI NIÑA? 0.77       
2005 11 -0.30 0.47 NEUTRAL NIÑA SOI NIÑA? 0.77       
2005 4 0.41 -0.63 NEUTRAL NIÑO SOI NIÑO? -1.04 SOI NIÑO NIÑO SOI NIÑO 
2005 3 0.42 -0.70 NEUTRAL NIÑO SOI NIÑO? -1.12    

2005 2 0.50 -0.66 NEUTRAL NIÑO SOI NIÑO? -1.16 
NB: No majority status for full season 
indicated from CC; 

2005 1 0.58 -0.74 NIÑO NIÑO NIÑO -1.32 
Full season ascribed on persistent SOI 
values in NIÑO range for 6 of 6 months 

2004 12 0.66 -0.83 NIÑO NIÑO NIÑO -1.48    
2004 11 0.77 -0.83 NIÑO NIÑO NIÑO -1.60    
2004 4 0.17 -0.28 NEUTRAL NIÑO SOI NIÑO? -0.45 SOI NIÑO NEUTRAL SOI NIÑO 
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

2004 3 0.16 -0.27 NEUTRAL NIÑO SOI NIÑO? -0.43       
2004 2 0.19 -0.22 NEUTRAL NIÑO SOI NIÑO? -0.41       
2004 1 0.26 -0.17 NEUTRAL NEUTRAL NEUTRAL -0.43       
2003 12 0.39 -0.02 NEUTRAL NEUTRAL NEUTRAL -0.41       
2003 11 0.42 -0.24 NEUTRAL NIÑO SOI NIÑO? -0.66       
2003 4 0.24 -0.53 NEUTRAL NIÑO SOI NIÑO? -0.77 NIÑO NIÑO SOI NIÑO 
2003 3 0.49 -0.58 NEUTRAL NIÑO SOI NIÑO? -1.07    
2003 2 0.89 -0.63 NIÑO NIÑO NIÑO -1.52    
2003 1 1.21 -0.79 NIÑO NIÑO NIÑO -2.00    
2002 12 1.37 -0.75 NIÑO NIÑO NIÑO -2.12    
2002 11 1.45 -0.74 NIÑO NIÑO NIÑO -2.19    
2002 4 0.40 -0.46 NEUTRAL NIÑO SOI NIÑO? -0.87 SOI NIÑO SOI NIÑO SOI NIÑO 
2002 3 0.21 -0.41 NEUTRAL NIÑO SOI NIÑO? -0.62       
2002 2 0.07 -0.26 NEUTRAL NIÑO SOI NIÑO? -0.33       
2002 1 0.01 -0.27 NEUTRAL NIÑO SOI NIÑO? -0.28       
2001 12 -0.03 -0.24 NEUTRAL NIÑO SOI NIÑO? -0.21       
2001 11 -0.10 -0.09 NEUTRAL NEUTRAL NEUTRAL 0.00       
2001 4 -0.20 0.38 NEUTRAL NIÑA SOI NIÑA? 0.58 NIÑA NIÑA SOI NIÑA 
2001 3 -0.39 0.45 NEUTRAL NIÑA SOI NIÑA? 0.85    
2001 2 -0.54 0.62 NIÑA NIÑA NIÑA 1.16    
2001 1 -0.65 0.70 NIÑA NIÑA NIÑA 1.35    
2000 12 -0.72 0.65 NIÑA NIÑA NIÑA 1.37    
2000 11 -0.69 0.68 NIÑA NIÑA NIÑA 1.37    
2000 4 -0.87 0.74 NIÑA NIÑA NIÑA 1.61 NIÑA NIÑA NIÑA 
2000 3 -1.15 0.73 NIÑA NIÑA NIÑA 1.88       
2000 2 -1.33 0.68 NIÑA NIÑA NIÑA 2.01       
2000 1 -1.48 0.73 NIÑA NIÑA NIÑA 2.21       
1999 12 -1.46 0.83 NIÑA NIÑA NIÑA 2.29       
1999 11 -1.34 0.80 NIÑA NIÑA NIÑA 2.15       
1999 4 -0.94 0.78 NIÑA NIÑA NIÑA 1.72 NIÑA NIÑA NIÑA 
1999 3 -1.08 0.88 NIÑA NIÑA NIÑA 1.96    

166 



  Appendices 

Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1999 2 -1.26 0.96 NIÑA NIÑA NIÑA 2.22    
1999 1 -1.36 1.00 NIÑA NIÑA NIÑA 2.36    
1998 12 -1.43 1.13 NIÑA NIÑA NIÑA 2.56    
1998 11 -1.39 1.21 NIÑA NIÑA NIÑA 2.59    
1998 4 0.90 -0.65 NIÑO NIÑO NIÑO -1.55 NIÑO NIÑO NIÑO 
1998 3 1.57 -0.90 NIÑO NIÑO NIÑO -2.48       
1998 2 1.99 -1.13 NIÑO NIÑO NIÑO -3.12       
1998 1 2.37 -1.44 NIÑO NIÑO NIÑO -3.82       
1997 12 2.60 -1.62 NIÑO NIÑO NIÑO -4.21       
1997 11 2.62 -1.84 NIÑO NIÑO NIÑO -4.46       
1997 4 0.44 -0.82 NEUTRAL NIÑO SOI NIÑO? -1.26 SOI NIÑO NEUTRAL SOI NIÑO 
1997 3 0.04 -0.64 NEUTRAL NIÑO SOI NIÑO? -0.68    

1997 2 -0.22 -0.40 NEUTRAL NIÑO SOI NIÑO? -0.18 
NB: No majority status for early season 
indicated from CC; 

1997 1 -0.35 -0.27 NEUTRAL NIÑO SOI NIÑO? 0.08 
Early season ascribed on persistent SST 
values in neutral range for  

1996 12 -0.40 0.01 NEUTRAL NEUTRAL NEUTRAL 0.41 
3 of 3 months in the absence of clear 
atmospheric signal 

1996 11 -0.40 0.34 NEUTRAL NIÑA SOI NIÑA? 0.74    
1996 4 -0.45 0.49 NEUTRAL NIÑA SOI NIÑA? 0.94 NIÑA NIÑA NIÑA 
1996 3 -0.57 0.42 NIÑA NIÑA NIÑA 0.99       
1996 2 -0.67 0.41 NIÑA NIÑA NIÑA 1.08       
1996 1 -0.78 0.35 NIÑA NIÑA NIÑA 1.13       
1995 12 -0.86 0.26 NIÑA NIÑA NIÑA 1.13       
1995 11 -0.83 0.24 NIÑA NIÑA NIÑA 1.07       
1995 4 0.31 -0.34 NEUTRAL NIÑO SOI NIÑO? -0.64 NIÑO NIÑO SOI NIÑO 
1995 3 0.50 -0.49 NEUTRAL NIÑO SOI NIÑO? -0.99    
1995 2 0.79 -0.65 NIÑO NIÑO NIÑO -1.44    
1995 1 1.01 -0.85 NIÑO NIÑO NIÑO -1.86    
1994 12 1.09 -0.99 NIÑO NIÑO NIÑO -2.08    
1994 11 1.01 -1.00 NIÑO NIÑO NIÑO -2.02    
1994 4 0.20 -0.97 NEUTRAL NIÑO SOI NIÑO? -1.17 SOI NIÑO SOI NIÑO SOI NIÑO 
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1994 3 0.12 -0.94 NEUTRAL NIÑO SOI NIÑO? -1.06       
1994 2 0.12 -0.85 NEUTRAL NIÑO SOI NIÑO? -0.98       
1994 1 0.16 -0.83 NEUTRAL NIÑO SOI NIÑO? -0.98       
1993 12 0.20 -0.83 NEUTRAL NIÑO SOI NIÑO? -1.02       
1993 11 0.27 -0.86 NEUTRAL NIÑO SOI NIÑO? -1.14       
1993 4 0.71 -1.04 NIÑO NIÑO NIÑO -1.75 SOI NIÑO SOI NIÑO NIÑO 
1993 3 0.59 -1.13 NIÑO NIÑO NIÑO -1.72    
1993 2 0.43 -0.99 NEUTRAL NIÑO SOI NIÑO? -1.42    
1993 1 0.24 -0.88 NEUTRAL NIÑO SOI NIÑO? -1.13    
1992 12 0.09 -0.79 NEUTRAL NIÑO SOI NIÑO? -0.88    
1992 11 0.00 -0.83 NEUTRAL NIÑO SOI NIÑO? -0.83    
1992 4 1.37 -1.07 NIÑO NIÑO NIÑO -2.44 NIÑO NIÑO NIÑO 
1992 3 1.64 -1.20 NIÑO NIÑO NIÑO -2.84       
1992 2 1.78 -1.36 NIÑO NIÑO NIÑO -3.14       
1992 1 1.75 -1.37 NIÑO NIÑO NIÑO -3.13       
1991 12 1.62 -1.26 NIÑO NIÑO NIÑO -2.88       
1991 11 1.32 -1.32 NIÑO NIÑO NIÑO -2.64       
1991 4 0.42 -0.67 NEUTRAL NIÑO SOI NIÑO? -1.09 SOI NIÑO SOI NIÑO SOI NIÑO 
1991 3 0.35 -0.54 NEUTRAL NIÑO SOI NIÑO? -0.88    
1991 2 0.31 -0.53 NEUTRAL NIÑO SOI NIÑO? -0.84    
1991 1 0.30 -0.57 NEUTRAL NIÑO SOI NIÑO? -0.86    
1990 12 0.35 -0.46 NEUTRAL NIÑO SOI NIÑO? -0.82    
1990 11 0.33 -0.29 NEUTRAL NIÑO SOI NIÑO? -0.61    
1990 4 0.26 -0.22 NEUTRAL NIÑO SOI NIÑO? -0.48 NEUTRAL NEUTRAL NEUTRAL 
1990 3 0.25 -0.09 NEUTRAL NEUTRAL NEUTRAL -0.34       
1990 2 0.17 0.01 NEUTRAL NEUTRAL NEUTRAL -0.17       
1990 1 0.05 -0.10 NEUTRAL NEUTRAL NEUTRAL -0.15       
1989 12 -0.08 -0.02 NEUTRAL NEUTRAL NEUTRAL 0.06       
1989 11 -0.21 -0.08 NEUTRAL NEUTRAL NEUTRAL 0.13       
1989 4 -0.96 1.03 NIÑA NIÑA NIÑA 1.98 NIÑA NIÑA NIÑA 
1989 3 -1.25 1.11 NIÑA NIÑA NIÑA 2.36    
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1989 2 -1.54 1.35 NIÑA NIÑA NIÑA 2.89    
1989 1 -1.79 1.40 NIÑA NIÑA NIÑA 3.19    
1988 12 -1.94 1.43 NIÑA NIÑA NIÑA 3.37    
1988 11 -1.91 1.28 NIÑA NIÑA NIÑA 3.19    
1988 4 -0.46 0.42 NEUTRAL NIÑA SOI NIÑA? 0.88 NIÑO NIÑO NEUTRAL 
1988 3 -0.03 0.19 NEUTRAL NEUTRAL NEUTRAL 0.22       

1988 2 0.46 -0.05 NEUTRAL NEUTRAL NEUTRAL -0.50 
NB: No majority status for full season 
indicated from CC; 

1988 1 0.82 -0.28 NIÑO NIÑO NIÑO -1.10 
Full season ascribed on both indices 
indicating NIÑO for 3 of 6 months 

1987 12 1.08 -0.43 NIÑO NIÑO NIÑO -1.52       
1987 11 1.33 -0.71 NIÑO NIÑO NIÑO -2.04       
1987 4 1.26 -1.57 NIÑO NIÑO NIÑO -2.82 NIÑO NIÑO NIÑO 
1987 3 1.23 -1.42 NIÑO NIÑO NIÑO -2.64    
1987 2 1.28 -1.34 NIÑO NIÑO NIÑO -2.61    
1987 1 1.30 -1.24 NIÑO NIÑO NIÑO -2.53    
1986 12 1.23 -1.03 NIÑO NIÑO NIÑO -2.26    
1986 11 1.10 -0.73 NIÑO NIÑO NIÑO -1.83    

1986 4 -0.31 -0.05 NEUTRAL NEUTRAL NEUTRAL 0.26 
N3.4 
NIÑA 

N3.4 
NIÑA NEUTRAL 

1986 3 -0.49 -0.05 NEUTRAL NEUTRAL NEUTRAL 0.44       

1986 2 -0.52 0.02 NIÑA NEUTRAL N3.4 NIÑA? 0.53 
NB: No majority status for full season 
indicated from CC; 

1986 1 -0.53 0.07 NIÑA NEUTRAL N3.4 NIÑA? 0.60 
Full season ascribed on persistent N3.4 
values in NIÑA range for 3 of 6 months 

1985 12 -0.51 -0.05 NIÑA NEUTRAL N3.4 NIÑA? 0.46       
1985 11 -0.44 -0.08 NEUTRAL NEUTRAL NEUTRAL 0.37       

1985 4 -0.82 0.21 NIÑA NIÑA NIÑA 1.04 
N3.4 
NIÑA 

N3.4 
NIÑA 

N3.4 
NIÑA 

1985 3 -0.91 0.17 NIÑA NEUTRAL N3.4 NIÑA? 1.08    
1985 2 -1.08 0.12 NIÑA NEUTRAL N3.4 NIÑA? 1.19    
1985 1 -1.12 0.15 NIÑA NEUTRAL N3.4 NIÑA? 1.27    
1984 12 -1.07 0.25 NIÑA NIÑA NIÑA 1.32    
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1984 11 -0.91 0.14 NIÑA NEUTRAL N3.4 NIÑA? 1.05    

1984 4 -0.38 -0.01 NEUTRAL NEUTRAL NEUTRAL 0.36 
N3.4 
NIÑA 

N3.4 
NIÑA NEUTRAL 

1984 3 -0.42 0.01 NEUTRAL NEUTRAL NEUTRAL 0.43       
1984 2 -0.53 0.08 NIÑA NEUTRAL N3.4 NIÑA? 0.60       
1984 1 -0.66 0.06 NIÑA NEUTRAL N3.4 NIÑA? 0.71       
1983 12 -0.75 0.07 NIÑA NEUTRAL N3.4 NIÑA? 0.82       
1983 11 -0.72 0.04 NIÑA NEUTRAL N3.4 NIÑA? 0.76       
1983 4 1.48 -1.39 NIÑO NIÑO NIÑO -2.88 NIÑO NIÑO NIÑO 
1983 3 1.91 -1.66 NIÑO NIÑO NIÑO -3.57    
1983 2 2.23 -1.85 NIÑO NIÑO NIÑO -4.07    
1983 1 2.44 -1.99 NIÑO NIÑO NIÑO -4.44    
1982 12 2.47 -2.13 NIÑO NIÑO NIÑO -4.60    
1982 11 2.28 -2.36 NIÑO NIÑO NIÑO -4.64    
1982 4 0.48 -0.69 NEUTRAL NIÑO SOI NIÑO? -1.17 SOI NIÑO NEUTRAL SOI NIÑO 
1982 3 0.28 -0.54 NEUTRAL NIÑO SOI NIÑO? -0.82       

1982 2 0.14 -0.28 NEUTRAL NIÑO SOI NIÑO? -0.42 
NB: No majority status for full season 
indicated from CC; 

1982 1 0.06 -0.06 NEUTRAL NEUTRAL NEUTRAL -0.11 
Full season ascribed on persistent SOI 
values in NIÑO range for 3 of 6 months 

1981 12 0.08 0.20 NEUTRAL NEUTRAL NEUTRAL 0.12       
1981 11 0.07 0.39 NEUTRAL NIÑA SOI NIÑA? 0.32       
1981 4 -0.31 0.14 NEUTRAL NEUTRAL NEUTRAL 0.45 NEUTRAL SOI NIÑO NEUTRAL 
1981 3 -0.37 0.07 NEUTRAL NEUTRAL NEUTRAL 0.44    
1981 2 -0.23 -0.03 NEUTRAL NEUTRAL NEUTRAL 0.20    
1981 1 -0.13 -0.09 NEUTRAL NEUTRAL NEUTRAL 0.04    
1980 12 -0.10 -0.22 NEUTRAL NIÑO SOI NIÑO? -0.12    
1980 11 0.00 -0.33 NEUTRAL NIÑO SOI NIÑO? -0.33    
1980 4 0.32 -0.37 NEUTRAL NIÑO SOI NIÑO? -0.69 SOI NIÑO SOI NIÑO SOI NIÑO 
1980 3 0.32 -0.34 NEUTRAL NIÑO SOI NIÑO? -0.66       
1980 2 0.39 -0.34 NEUTRAL NIÑO SOI NIÑO? -0.73       
1980 1 0.43 -0.37 NEUTRAL NIÑO SOI NIÑO? -0.80       
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1979 12 0.46 -0.41 NEUTRAL NIÑO SOI NIÑO? -0.87       
1979 11 0.54 -0.32 NIÑO NIÑO NIÑO -0.86       
1979 4 0.20 -0.09 NEUTRAL NEUTRAL NEUTRAL -0.28 NEUTRAL NEUTRAL NEUTRAL 
1979 3 0.14 -0.15 NEUTRAL NEUTRAL NEUTRAL -0.29    
1979 2 0.14 -0.10 NEUTRAL NEUTRAL NEUTRAL -0.24    
1979 1 0.08 0.00 NEUTRAL NEUTRAL NEUTRAL -0.08    
1978 12 -0.05 -0.01 NEUTRAL NEUTRAL NEUTRAL 0.04    
1978 11 -0.14 0.01 NEUTRAL NEUTRAL NEUTRAL 0.15    
1978 4 -0.15 -0.30 NEUTRAL NIÑO SOI NIÑO? -0.15 SOI NIÑO NIÑO SOI NIÑO 
1978 3 0.09 -0.43 NEUTRAL NIÑO SOI NIÑO? -0.52       

1978 2 0.30 -0.53 NEUTRAL NIÑO SOI NIÑO? -0.83 
NB: No majority status for full season 
indicated from CC; 

1978 1 0.55 -0.69 NIÑO NIÑO NIÑO -1.24 
Full season ascribed on persistent SOI 
values in NIÑO range for 6 of 6 months 

1977 12 0.65 -0.88 NIÑO NIÑO NIÑO -1.52       
1977 11 0.66 -1.19 NIÑO NIÑO NIÑO -1.86       
1977 4 0.25 -0.64 NEUTRAL NIÑO SOI NIÑO? -0.89 SOI NIÑO NIÑO SOI NIÑO 
1977 3 0.35 -0.53 NEUTRAL NIÑO SOI NIÑO? -0.88    

1977 2 0.44 -0.54 NEUTRAL NIÑO SOI NIÑO? -0.98 
NB: No majority status for full season 
indicated from CC; 

1977 1 0.66 -0.52 NIÑO NIÑO NIÑO -1.18 
Full season ascribed on persistent SOI 
values in NIÑO range for 6 of 6 months 

1976 12 0.77 -0.47 NIÑO NIÑO NIÑO -1.24    
1976 11 0.82 -0.37 NIÑO NIÑO NIÑO -1.19    
1976 4 -0.61 0.35 NIÑA NIÑA NIÑA 0.96 NIÑA NIÑA NIÑA 
1976 3 -0.96 0.63 NIÑA NIÑA NIÑA 1.59       
1976 2 -1.19 0.94 NIÑA NIÑA NIÑA 2.13       
1976 1 -1.31 1.24 NIÑA NIÑA NIÑA 2.55       
1975 12 -1.48 1.43 NIÑA NIÑA NIÑA 2.91       
1975 11 -1.53 1.56 NIÑA NIÑA NIÑA 3.09       
1975 4 -0.69 1.01 NIÑA NIÑA NIÑA 1.70 NIÑA NIÑA NIÑA 
1975 3 -0.55 0.89 NIÑA NIÑA NIÑA 1.44    
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1975 2 -0.51 0.81 NIÑA NIÑA NIÑA 1.32    
1975 1 -0.59 0.68 NIÑA NIÑA NIÑA 1.27    
1974 12 -0.63 0.64 NIÑA NIÑA NIÑA 1.27    
1974 11 -0.65 0.61 NIÑA NIÑA NIÑA 1.26    
1974 4 -0.93 1.48 NIÑA NIÑA NIÑA 2.40 NIÑA NIÑA NIÑA 
1974 3 -1.25 1.45 NIÑA NIÑA NIÑA 2.70       
1974 2 -1.44 1.52 NIÑA NIÑA NIÑA 2.96       
1974 1 -1.63 1.52 NIÑA NIÑA NIÑA 3.15       
1973 12 -1.68 1.55 NIÑA NIÑA NIÑA 3.24       
1973 11 -1.63 1.57 NIÑA NIÑA NIÑA 3.19       

1973 4 0.10 0.14 NEUTRAL NEUTRAL NEUTRAL 0.03 NIÑO NIÑO 
N3.4 
NIÑO 

1973 3 0.61 -0.08 NIÑO NEUTRAL N3.4 NIÑO? -0.70    

1973 2 1.14 -0.33 NIÑO NIÑO NIÑO -1.47 
NB: No majority status for late season 
indicated from CC; 

1973 1 1.59 -0.47 NIÑO NIÑO NIÑO -2.06 
Late season ascribed on persistent N3.4 
values in NIÑO range for 2 of 3 months 

1972 12 1.81 -0.75 NIÑO NIÑO NIÑO -2.56    
1972 11 1.80 -0.88 NIÑO NIÑO NIÑO -2.68    
1972 4 0.32 -0.46 NEUTRAL NIÑO SOI NIÑO? -0.78 NIÑA NIÑA NEUTRAL 
1972 3 0.01 -0.17 NEUTRAL NEUTRAL NEUTRAL -0.18       

1972 2 -0.28 0.05 NEUTRAL NEUTRAL NEUTRAL 0.33 
NB: No majority status for full season 
indicated from CC; 

1972 1 -0.55 0.36 NIÑA NIÑA NIÑA 0.90 
Full season ascribed on both indices 
indicating NIÑA for 3 of 6 months 

1971 12 -0.67 0.48 NIÑA NIÑA NIÑA 1.15       
1971 11 -0.78 0.65 NIÑA NIÑA NIÑA 1.43       
1971 4 -0.93 1.31 NIÑA NIÑA NIÑA 2.24 NIÑA NIÑA NIÑA 
1971 3 -1.12 1.25 NIÑA NIÑA NIÑA 2.37    
1971 2 -1.37 1.23 NIÑA NIÑA NIÑA 2.59    
1971 1 -1.45 1.25 NIÑA NIÑA NIÑA 2.69    
1970 12 -1.48 1.17 NIÑA NIÑA NIÑA 2.65    
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Year Month 
N3.4 5-m 
smoothed 

SOI 11-m 
smoothed 

N3.4 
indication 

SOI 
indication 

Combined 
classification 
(CC) 

CEI 
index 

Full 
season 

Early 
Season 

Late 
Season 

1970 11 -1.41 1.18 NIÑA NIÑA NIÑA 2.59    
1970 4 0.13 0.01 NEUTRAL NEUTRAL NEUTRAL -0.13 NIÑO NIÑO SOI NIÑO 
1970 3 0.39 -0.21 NEUTRAL NIÑO SOI NIÑO? -0.60       

1970 2 0.63 -0.35 NIÑO NIÑO NIÑO -0.98 
NB: No majority status for full season 
indicated from CC; 

1970 1 0.69 -0.34 NIÑO NIÑO NIÑO -1.03 
Full season ascribed on persistent SOI 
values in NIÑA range for 6 of 6 months 

1969 12 0.80 -0.50 NIÑO NIÑO NIÑO -1.30       
1969 11 0.85 -0.52 NIÑO NIÑO NIÑO -1.37       
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Appendix E Co-Authorship and Copyright 

Licensing Forms 

 
The following 8 pages contain the appropriate co-authorship and copyright licensing forms 
related to Chapters 3-6 of this thesis.  Please note that in the body of the co-authorship forms 
that each one is listed for Chapters 2-5 of the thesis, however, this was before the candidate 
decided to add a Chapter 2 to the beginning of the thesis.  Therefore, each co-authorship form 
is indeed for Chapters 3-6 despite what the text from each form says.  The forms are 
organised as follows: 
 

• Co-Authorship form for Chapter 3 
• Copyright license from the International Journal of Climatology for Chapter 3 

(Diamond et al. 2012) 
• Co-Authorship form for Chapter 4 
• Copyright license from the Journal of Climate for Chapter 4 

(Diamond et al. 2013) 
• Co-Authorship form for Chapter 5 
• Copyright license from the International Journal of Climatology for Chapter 5 
• (Diamond and Renwick, 2014a) 

Co-Authorship form for Chapter 6 
• Copyright license from the International Journal of Climatology for Chapter 6 

(Diamond and Renwick, 2014b) 
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