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Abstract 

 

The South Pacific Convergence Zone (SPCZ) is the largest rainfall feature in the 

Southern Hemisphere, and is a critical component of the climate of Southwest Pacific 

Island nations. The small size and isolated nature of these islands leaves them 

vulnerable to short and long term changes in the position of the SPCZ. Its location and 

strength is strongly modulated by the El Niño-Southern Oscillation (ENSO) cycle and 

the Inter-decadal Pacific Oscillation (IPO), leading to large inter-annual and decadal 

variability in rainfall across the Southwest Pacific. Much of the analysis on the SPCZ 

has been restricted to the modern period, more specifically the “satellite era”, starting in 

1979. 

Here, the representation of the SPCZ in the Twentieth Century Reanalysis (20CR) 

product, which reconstructs the three-dimensional state of the atmosphere based only on 

surface observations is discussed. The performance of two versions of the 20CR 

(versions 2 and 2c) in the satellite era is tested via inter-comparison with other 

reanalysis and observational satellite products, before using 20CR version 2c 

(20CRv2c) to perform extended analysis back to the early twentieth century. 

This study demonstrates that 20CR performs well in the satellite era, and is considered 

suitable for extended analysis. It is established that extra data added in the SPCZ region 

between 20CR versions 2 and 2c has improved the representation of the SPCZ during 

1908-1958. Well-established relationships between ENSO and the IPO with the SPCZ 

are shown to be present through the entire 1908-2011 period, although it is suggested 

that the physical link between the IPO and the SPCZ has changed between the first and 

second half of the twentieth century. Finally, evidence of a southward trend of the 

SPCZ over the past century is presented, potentially due to an expansion of the tropics 

as a result of climate change. 
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Chapter 1   Introduction 

1.1 General Introduction to the South Pacific Convergence Zone 

The South Pacific Convergence Zone (SPCZ) is the most extensive band of convection 

and precipitation in the Southern Hemisphere, extending from the tropical West Pacific 

Warm Pool (WPWP) south-eastward toward French Polynesia (Figure 1.1) (Folland et 

al., 2002; Vincent, 1994). The SPCZ is most developed in the austral summer 

(December-February) and consists of two distinct components, a zonally-oriented 

tropical component in the west, and a diagonally oriented sub-tropical component to the 

east (Haffke & Magnusdottir, 2013; Niznik et al., 2015).  

 

Figure 1.1 Map showing the average position of SPCZ and Intertropical Convergence Zone shaded in blue. The 

yellow arrows show surface winds. The WPWP resides within the dashed red oval. Source:(Australian Bureau of 

Meterology and CSIRO) 

The SPCZ responds to different climate modes on various timescales. It is influenced by 

the Madden-Julian Oscillation (MJO) on intraseasonal timescales (e.g. Matthews et al., 

1996), the El Niño-Southern Oscillation (ENSO) on inter-annual timescales (e.g. 

Borlace et al., 2014), and the Inter-decadal Pacific Oscillation (IPO) on decadal 
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timescales (e.g. Folland et al., 2002). It also modulates the formation and distribution of 

tropical cyclones in the Southwest Pacific, with tropical cyclone genesis favoured 

within 10°S of the SPCZ location (Diamond et al., 2013; Vincent et al., 2011). 

The SPCZ plays a key role in the climate of isolated South Pacific nations, being a 

major control on rainfall distribution (Cai et al., 2012; Lorrey et al., 2012; Niznik et al., 

2015; Vincent et al., 2011). Strong rainfall gradients at the edges of the SPCZ mean that 

any short- or long-term changes in position of the convection zone can lead to dramatic 

changes in climatic and hydrological conditions for small island nations in the 

Southwest Pacific (Cai et al., 2012; Vincent et al., 2011). Floods and droughts which are 

influenced by variation of the SPCZ about its mean position can cause severe 

socioeconomic impacts, such as damage to agricultural crops and civil infrastructure, as 

a result of heavy rainfall induced flooding (Lorrey et al., 2012). These impacts mean 

that understanding past and present variability of the SPCZ is extremely important in 

assessing how future changes could affect vulnerable South Pacific nations. 

1.2 Study Aims and Objectives 

This study uses the representation of the SPCZ in reanalysis and satellite products to 

test the performance of the Twentieth Century Reanalysis (20CR) product. This 

reanalysis will then be used to perform various analysis to investigate SPCZ behaviour 

extending back to the early twentieth century. 

The three key objectives are to: 

1. Assess whether the depiction of the SPCZ in the 20CR version 2c (20CRv2c) product 

is reliable for evaluating different metrics of SPCZ convective activity. This will be 

accomplished via inter-comparison with other reanalysis and observational satellite 

products, with analysis being performed for the 1979-2011 period. 

2. Investigate whether there are any significant differences in the representation of the 

SPCZ between the 20CR Version 2 (20CRv2) and 20CRV2c products. This analysis 

will be performed for the 1908-2011 period. 

3. Use 20CRv2c to investigate the effect of inter-annual and decadal variability on the 

SPCZ, with particular focus on ENSO, the IPO, and twentieth century trends. This 

analysis will also be performed for the 1908-2011 period. 
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1.3 Thesis Structure 

This thesis contains six chapters, detailing all the information necessary to provide a 

robust understanding of SPCZ history and the key findings. 

 Chapter 1 (this chapter) provides an introduction to this study by outlining its 

relevance. It then details the aims and objectives of the research, before 

explaining the structure of the thesis. 

 Chapter 2 provides a detailed background of the thesis via a comprehensive 

review of the current understanding of the SPCZ, describing the mechanics that 

control the SPCZ, the modulators of the SPCZ, its control on tropical cyclone 

genesis, and the potential influences of climate change on the SPCZ. 

 Chapter 3 describes the various datasets that are used in this study, before 

detailing the methodologies which are utilised to carry out the research. 

 Chapter 4 outlines the results that were found during the analysis that was 

carried out for this study. 

 Chapter 5 provides a discussion of the results in conjunction with the 

understanding of the SPCZ in current literature. 

 Chapter 6 concludes the thesis by highlighting the keys findings that were 

made, along with suggestions of potential future work related to this study. 
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Chapter 2   Background 

Chapter 2 of this thesis provides a brief review of the current understanding of the 

SPCZ. An outline of the mechanics leading to the formation of the SPCZ will be 

discussed in section 2.1. This will be followed by an overview of three SPCZ 

modulators - the MJO, ENSO, and the IPO. The relationship between the SPCZ and 

tropical cyclones is examined, followed by a brief overview of how the SPCZ might 

respond to climate change. 

2.1 Mechanisms Controlling the SPCZ  

The SPCZ is one of three diagonally-orientated convergence zones that are present in 

the Southern Hemisphere during the Austral summer (Van Der Wiel et al., 2015b; 

Widlansky et al., 2011). The other two sub-equatorial convergence zones are the South 

Atlantic Convergence Zone (SACZ), and the much smaller South Indian Convergence 

Zone (SICZ) (Van Der Wiel et al., 2015a). What makes these three convergence zones 

unique is that the Northern Hemisphere does not contain any such diagonally oriented 

convergence zones in the subtropics – instead there is the zonally-aligned Intertropical 

Convergence Zone (ITCZ), which is located just north of the equator (Van Der Wiel et 

al., 2015b). 

After it was first reported in surface observations by Bergeron (1930), the peculiar 

diagonal SPCZ was first observed early in the early “satellite era” (Hubert, 1961; 

Streten & Troup, 1973). The SPCZ is often split into two portions: a section that is 

mostly orientated in a zonal fashion in the west (between 150°E and 165°W) and a 

component that is more meridionally orientated (i.e. diagonal) to the east (Brown et al., 

2011; Widlansky et al., 2011). The zonal component is a tropical convergence zone 

associated with warm sea surface temperatures (SSTs) of theWPWP, while the diagonal 

component displays tropical, subtropical, and extra tropical characteristics (Brown et al., 

2011). The mechanisms controlling the SPCZ have long been a focus of research, in an 

attempt to understand its unusual diagonal orientation. The following section will 

review the evolution in understanding of SPCZ mechanics since it was first observed. 
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Analysing three years of five-day averaged satellite data, Streten and Troup (1973) used 

maximum cloud brightness to observe the three Southern Hemisphere convergence 

zones. They noted that these bands extending from the tropics into the mid-latitudes all 

showed evidence of being related to the hemispheric longwave circulation patterns, and 

hence are associated with tropical-extratropical interactions. The SPCZ and SACZ are 

the largest and most permanent of these features, however, they are more variable in 

location and intensity when compared to the SICZ (Streten & Troup, 1973; Widlansky 

et al., 2011). 

Trenberth (1976) was the first to coin the term SPCZ in a study looking at spatial and 

temporal variations of the Southern Oscillation. The study noted the mixed 

characteristics of the SPCZ, and noted that even the subtropical component maintained 

convergence zone characteristics between the south-easterlies ahead of migrating 

anticyclones in the southwest Pacific, and the moist north-easterlies on the western edge 

of the South Pacific High (Trenberth, 1976). The eastern component often has frontal 

characteristics related to the subtropical jet-stream, and can lead to cyclogenesis within 

the SPCZ associated with systems moving towards the southeast (Trenberth, 1976). 

However, the SPCZ tends to form a “graveyard” for fronts within troughs between the 

migrating anticyclones moving from the southwest (Trenberth, 1976). The research also 

highlighted the relationship between the Southern Oscillation (SO) and the SPCZ, 

which has been the focus of numerous studies since, and will be discussed in section 

2.2.2. 

Since these early studies, there has been a range of research investigating the position 

and orientation of the SPCZ, with theories largely focussing on tropical-mid latitude 

interactions caused by synoptic scale disturbances and propagating tropospheric waves 

(e.g. Matthews, 2012; Van Der Wiel et al., 2015a; Widlansky et al., 2011). These 

studies have looked at how synoptic scale disturbances interact with the longer term 

mean climatological state in the SPCZ region. Transient Rossby waves emanating from 

the Subtropical jet near Australia are refracted towards the upper tropospheric westerly 

duct over the eastern equatorial Pacific (Matthews, 2012; Van Der Wiel et al., 2015a). 

These waves slow down and accumulate in the SPCZ region while stretching into a 

north-west/south-east orientation, and can trigger deep convection when they pass over 

the warm waters of the tropical south-west Pacific (Matthews, 2012; Van Der Wiel et 

al., 2015a; Widlansky et al., 2011). However, Rossby waves can only propagate when 
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the mean upper tropospheric state is westerly, so if the westerly duct is not present, the 

triggering of convection is less likely (Matthews, 2012). This helps explain why 

convection in the SPCZ is most pronounced during the Austral summer, when the 

westerly duct is in place over the equatorial Pacific (Matthews, 2012).  

The impact of Southern Hemisphere continental landmasses on the distribution of 

Pacific Ocean SSTs, and hence SPCZ location, has also been investigated using model 

simulations. For example, Kiladis et al. (1989) modelled the SPCZ after removing 

South America and Australia, and the results were compared to a control run in which 

the continents were in position. Climatological mean SSTs were used in both cases. It 

was found that the removal of South America had no strong effect on the SPCZ 

position, and that while the tropical western component was weakened with the removal 

of Australia, the spatial form remained similar (Kiladis et al., 1989). These results 

suggested that the orientation of the SPCZ is more reliant on tropical – mid-latitude 

interactions rather than Southern Hemisphere land and SST distribution (Kiladis et al., 

1989). 

The influence of the south-east Pacific high on controlling the eastern margin of the 

SPCZ has also been examined (e.g. Lintner & Neelin, 2008; Takahashi & Battisti, 

2007). Takahashi and Battisti (2007) suggest that the interaction of the subtropical 

westerlies with the Andes causes subsidence in the south-east Pacific, resulting in the 

subtropical high pressure system observed in that area. The western edge of this dry 

zone sets the eastern margin of the SPCZ, and the north-west/south-east tilt seen is due 

to the orientation of the south-easterly trade winds in that region (Takahashi & Battisti, 

2007). Lintner and Neelin (2008) propose that variation in trade wind intensity control 

the eastern edge of the SPCZ, with a decrease in the trade winds associated with an 

eastward expansion of convection and precipitation, as is seen during El Niño events.  

2.2 Modulators of the SPCZ 

The position and intensity of the SPCZ is strongly influenced by different climate 

phenomena on various timescales. There are three main modulators that cause SPCZ 

variability: The MJO influences the SPCZ on intraseasonal timescales, ENSO on inter-

annual timescales, and IPO on decadal timescales. This section provides a brief 

background on these phenomena, followed by a discussion on how each contributes to 

variation of the SPCZ. 
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 The Madden Julian Oscillation and the SPCZ 2.2.1

The Madden Julian Oscillation: 

The MJO is the leading component of intraseasonal variability in the tropical 

atmosphere, and displays large scale atmospheric circulation and convection while 

propagating eastward at ~5ms
-1 

(Madden & Julian, 1994; Roundy, 2008; Yoneyama et 

al., 2013; Zhang, 2005). The lifecycle of the MJO is typically in the order of 30-60 

days, a timescale which describes a large portion of variability in the tropical circulation 

(Krishnamurti et al., 2013). Although the MJO is defined as a planetary-scale 

disturbance in circulation and convection with associated global weather and climate 

impacts, its rainfall signature is most prominent in the Indian and western Pacific 

Oceans, where warm SSTs help maintain convection (Fauchereau et al., 2016; Hendon 

et al., 1999; Yoneyama et al., 2013; Zhang, 2005). The MJO is most pronounced during 

the late austral spring, summer, and early fall, however it exhibits both strong annual 

and seasonal variability in its intensity (Hendon et al., 1999; Zhang, 2005). 

The MJO is observed in the Indian and western Pacific Oceans as an eastward-moving 

centre of strong convection and precipitation, otherwise known as the “active phase”, 

which is bordered to the east and west by regions of weaker convection (“suppressed 

phases”) (Zhang, 2005). The two phases are linked by zonal overturning circulations, 

which extend through the entire troposphere (Figure 2.1). The lower troposphere 

contains anomalous westerly winds, in, and to the west of the strong convective centre, 

with anomalously strong easterly winds to the east (Zhang, 2005). The situation is 

reversed in the upper troposphere, with anomalous easterly winds to the west, and 

anomalous westerlies to the east (Zhang, 2005). The slow eastward movement at ~5ms
-1 

is one of the distinguishing features that separates the MJO from other equatorial 

propagating waves, however, this speed varies slightly between, and within individual 

events (Hendon & Salby, 1994; Knutson et al., 1986; Weickmann et al., 1985). The 

convection associated with the MJO usually disappears as it moves into the eastern 

Pacific, however, indicators such as surface pressure and wind anomalies continue to 

move eastwards at speeds of up to 30-35 ms
-1

, significantly faster than propagation 

speeds in the Indian and western Pacific Oceans (Zhang, 2005). Fields such as 

divergence, water vapour, and temperature all show patterns consistent with the 

convection and winds associated with the MJO (Hendon & Salby, 1994; Zhang, 2005). 

These fields show zonal asymmetry and vertical westward tilt in relation to the centre of 
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strong convection, creating favourable conditions for new convection to the east of the 

existing main centre, and unfavourable conditions to the west (Zhang, 2005). This 

results in the eastward propagation of the strong convective centre. 

 

Figure 2.1 The lifecycle of an MJO event as it propagates eastward along the equator. The cloud symbols represent 

areas of convection and arrows represent the zonal circulation. The curved lines above and below the circulation 

represents raised and lowered areas of tropospheric and sea level pressures. Source: Zhang (2005). 

The MJO interacts with tropical weather and climate on multiple scales, from the 

formation of individual convective clouds, to the global scale propagation and 

organisation of convection (Hirons et al., 2013). It is known to influence rainfall 

variability in many regions, including the Pacific Islands and the monsoon regions of 

Australia and Asia (Zhang, 2005). It is also seen to interact with ENSO, as convective 

activity moves eastwards with the warm SST anomalies in the eastern Pacific Ocean 
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associated with El Niño events (Hirons et al., 2013; Zhang, 2005). The MJO has proved 

difficult to forecast beyond a few weeks, but there have been recent advancements in 

accurately predicting the MJO signal through an entire integration period, via modified 

convective parametrisation based on relative humidity rather than moisture convergence 

(e.g.Hirons et al., 2013). 

In an attempt to monitor and predict the MJO in real time, Wheeler and Hendon (2004) 

used a pair of empirical orthogonal functions (EOFs) to develop a seasonally 

independent index. The data used were near equatorially averaged 200 hPa and 850 hPa 

zonal winds, along with outgoing longwave radiation (OLR) data. The equatorial area 

studied was broken down longitudinally to represent where the active phase of the MJO 

was located, such that: the western hemisphere and Africa are represented by phases 8 

and 1, the Indian Ocean is represented by phase 2 and 3, the Maritime Continent is 

represented by phases 4 and 5, and the Western Pacific is represented by phases 6 and 7. 

These phases will be referred to in the following section when discussing the influence 

of the MJO on SPCZ activity. 

Interactions with the SPCZ 

The relationship between the MJO and the SPCZ has been well-documented since the 

1980’s. Various studies (e.g.Lau & Chan, 1985, 1988; Vincent et al., 1991; Weickmann 

et al., 1985) noticed an austral summer spectral peak in OLR in the zonal SPCZ region 

at around 50 days, which falls within the life cycle of an MJO event. These studies also 

showed intense convective episodes in the SPCZ (phases 6 and 7) occurring out of 

phase with Indian Ocean (phases 2 and 3) episodes on MJO time scales (Vincent, 1994). 

These early studies could not definitively say that their findings were a result of MJO 

cycles, however they did show the eastward propagation of enhanced convection and 

circulation anomalies, along with out of phase convection between the Western Pacific 

and Indian Ocean (Vincent, 1994). 

Matthews et al. (1996) presented a hypothesis of how the MJO affects convection 

within the SPCZ, which is forced by MJO related enhanced convection over the 

Indonesian region leading to an upper tropospheric anticyclone. There is a large 

potential vorticity (PV) gradient associated with the subtropical jet which is advected 

equatorward on the eastern edge of the anticyclone, causing an upper atmospheric 

trough. Strong ascent develops on the eastern side of the trough as a result of strong 
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horizontal temperature gradients, which can force convection if the process occurs over 

an area such as the SPCZ, which is susceptible to intense convection. Matthews et al. 

(1996) used an atmospheric model in an attempt to corroborate this hypothesis, and 

found that the model response to atmospheric heating and convection in the Indonesian 

region was to cause ascent in the SPCZ region due to advection of high PV air. 

Matthews (2012) found the presence of two SPCZ modes: an enhanced mode and a 

shifted mode, related to propagating synoptic wave trains from the subtropical jet to the 

westerly duct. The variability of the SPCZ is dependent on where these wave trains 

originate, which is strongly modulated by ENSO and the MJO (Matthews, 2012). The 

study found that anomalous convection between the eastern Indian Ocean and the 

western Pacific associated with La Niña or MJO phases 3-6 significantly increased the 

likelihood of a westward shift in the SPCZ, due to an expanded westerly duct. This 

results in propagating synoptic waves to refracting towards the equator further westward 

than normal (Matthews, 2012). A shifted SPCZ however, is much less likely to occur 

when strong convection in the central Pacific associated with El Niño or MJO phases 7-

8 is present (Matthews, 2012).  

Expanding on this explanation of the MJO-SPCZ relationship, Haffke and Magnusdottir 

(2013) investigated the spatial expression of the SPCZ during each of the MJO phases 

of Wheeler and Hendon (2004). Their analysis was for the November-April period from 

1980-2011 and only considered days that showed a strong MJO signal. The results are 

shown below in Figure 2.2. 
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Figure 2.2 Plot demonstrating where the SPCZ is likely to be located during different phases of the MJO. It shows a 

SPCZ fraction of time present anomalies with respect to the average seasonal evolution. Orange and red indicate 

where the SPCZ is located more often than its mean position, while blue indicates where it is located less frequently 

in comparison to its mean position. Source: Haffke & Magnusdottir, 2013. 

Haffke and Magnusdottir (2013) show that the SPCZ is suppressed during phases 2 and 

3 of the MJO when enhanced convection is located over the Indian Ocean. When the 
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MJO is located over the Maritime Continent during MJO phases 4 and 5, SPCZ activity 

is enhanced north of Australia, as well as into the subtropics between around 160°E-

160°W. The location of the SPCZ in these phases could also be considered a south-

westward shift (Haffke & Magnusdottir, 2013). SPCZ activity is enhanced and expands 

equatorward and eastward during phases 6 and 7 (western Pacific) of the MJO. Finally, 

SPCZ activity weakens and moves equatorward and eastward when the MJO is located 

over the Western Hemisphere and Africa (phase 7 and 8). 

 The El Niño Southern Oscillation and SPCZ 2.2.2

The El Niño Southern Oscillation 

ENSO describes the irregular, inter-annual oscillation of SSTs and sea level pressure 

(SLP) in tropical Pacific Ocean (Latif et al., 1998; Wang et al., 2017). The term “El 

Niño” (“the boy Christ-child” in Spanish) originally referred to the anomalously warm 

water that appeared around Christmas time every few years off the coasts of Peru and 

Ecuador, negatively affecting fisheries in the area (Trenberth, 1997). This term has now 

evolved to refer to the irregular eastern-central Pacific warming of the equatorial ocean 

SSTs that represent the warm phase of the ENSO phenomenon (Trenberth, 1997; Wang 

& Fiedler, 2006). The cold phase is referred to as “La Niña” (“the girl” in Spanish) 

which consists of eastern-central Pacific cooling of tropical SSTs (Trenberth, 1997). 

The Southern Oscillation alludes to the inter-annual seesaw of SLP in the tropical 

Pacific, and was first described in the 1920’s by Walker (1928), whilst conducting 

studies on global pressure variations in relation to the Indian monsoon intensity (Latif et 

al., 1998; Wang et al., 2017). This variation in SLP across the tropical Pacific Ocean is 

driven by the periodic strengthening and weakening of the trade winds (Wang et al., 

2017). 

A study by Bjerknes (1969) coined the term the “Walker Circulation” in reference to the 

equatorial zonal circulation that exists across the Pacific Basin (Julian & Chervin, 

1978). Bjerknes postulated that when cold water in the eastern equatorial Pacific was 

well-established, the air above would be too cold and heavy to rise with the ascending 

branch of the Hadley circulation. Instead, the air would flow westwards towards the 

WPWP by which point it would be sufficiently heated to undergo largescale ascent 

(Bjerknes, 1969). This upper level air would then flow eastwards before cooling and 

descending back to the surface over the eastern Pacific (Wang et al., 2017). Bjerknes 

(1969) was the first study indicating that the ocean and atmosphere in the tropical 
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Pacific were closely coupled, and that El Niño and the Southern Oscillation were 

actually two different expressions of the same phenomenon (Wang et al., 2017). The 

idea that ENSO is driven by a positive ocean-atmosphere feedback involving the 

Walker Circulation is now the widely recognised theory (Wang et al., 2017). 

The described state of the tropical Pacific Ocean manifests itself in easterly trade winds 

and a zonal SST gradient, with cold upwelling water off the South American coast and 

very warm SSTs in the west near Indonesia (Collins et al., 2010; McPhaden et al., 

2006). This is the so called “normal” state of the tropical Pacific Ocean, with La Niña 

intensifying the mean climatological state (Wang et al., 2017). El Niño will form when 

a warm SST anomaly develops over the central or eastern tropical Pacific Ocean 

reducing the zonal SST gradient, leading to a weakening of the Walker Circulation and 

subsequent breakdown in the trade winds (Wang et al., 2017). A comparison between 

the two phases can be seen in Figure 2.3. During El Niño events, low SLP and high SST 

anomalies are observed in the eastern equatorial Pacific, along with high SLP and low 

SST anomalies in the off-equatorial western Pacific (Wang & Fiedler, 2006). This 

breakdown in the background state of the equatorial Pacific region drives atmospheric 

circulation changes, with major convection and rainfall shifting eastwards from the 

WPWP towards the central and eastern Pacific Ocean (Latif et al., 1994). The change in 

location of major convection not only causes climate anomalies in the immediate region 

of the Pacific, but is also known to have global impacts via atmospheric and oceanic 

teleconnections (Latif et al., 1994; Liu & Alexander, 2007). 

 

Figure 2.3 Diagrams showing varying atmosphere (top) and oceanic (bottom) characteristics of A) El Niño B) La 

Niña conditions during ENSO phases. The atmospheric parts of the diagram show how areas of convection (clouds) 

and trade winds (black arrows) change between El Niño and La Niña conditions. The oceanic parts of the diagram 

indicate how oceanic currents (black arrows) and the thermocline varies between El Niño and La Niña events. Orange 

(blue) shading represents warmer (colder) than usual ocean temperatures. Source: (Philander, 1989). 

In the South American region during El Niño conditions, anomalous heavy rainfall 

generally occurs along the northern Peru and southern Ecuador coasts, along with south-

A B
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eastern South America, while precipitation is largely below average in the tropical 

Andes and north-eastern South America (Sulca et al., 2017). Over North America, 

above average precipitation generally occurs in the southern and western areas, 

particularly in winter. Precipitation is also often above average over eastern North 

America (Whan & Zwiers, 2017). Drier than average conditions tend to occur from the 

Great Lakes across to western Canada, as well the Ohio Valley to south-eastern Canada 

(Whan & Zwiers, 2017). In the western Pacific, drier than average conditions and 

droughts are common over large parts of northern and eastern Australia, particularly in 

spring. The monsoon trough is also often weaker and displaced equatorward in the 

Austral summer during El Niño events, leading to lower than average wet season 

rainfall, particularly in the north-east of tropical Australia (Evans & Allan, 1992; 

Hamada et al., 2002; Power et al., 2006; Risbey et al., 2009). A similar situation occurs 

over Indonesia, with a late onset of the summer monsoon and generally lower rainfall 

amounts, particularly in eastern regions (Hamada et al., 2002). 

ENSO also has a strong impact on the Indian Monsoon variability. The majority of El 

Niño events often lead to below average rainfall and droughts in India, while La Niña 

events often coincide with above average rainfall and flooding over India (Kripalani & 

Kulkarni, 1997; Kumar et al., 1995). The relationship between ENSO and the Indian 

monsoon is not a simple one, because although all severe droughts have occurred during 

El Niño events, not all El Niño events have caused severe droughts (Kumar et al., 

2006).  

Interactions with the SPCZ 

Numerous studies have shown that the position of the SPCZ varies on inter-annual 

timescales with ENSO (Borlace et al., 2014; Brown et al., 2011; Folland et al., 2002; 

Trenberth, 1976; Vincent et al., 2011). During El Niño events, the SPCZ tends to move 

north-east of its climatological mean position, while in La Niña conditions there is 

generally a shift to the south-west of the mean position (Borlace et al., 2014; Brown et 

al., 2011; Folland et al., 2002; Kidwell et al., 2016; Trenberth, 1976; Vincent et al., 

2011). Observations have shown that the SPCZ generally maintains its diagonal 

orientation across the subtropics despite its change of location (Vincent et al., 2011). 

The movement of the SPCZ occurs as a result of ENSO forced changes of the tropical 

Pacific Ocean and atmosphere. During La Niña conditions, increased trade winds and 

cooler SSTs in the eastern and central Pacific Ocean (Collins et al., 2010; McPhaden et 
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al., 2006; Wang et al., 2017) push SPCZ associated convection south-west of the 

climatological mean position. Conversely, during El Niño conditions, a breakdown of 

the trade winds is caused by warm SST anomalies in the eastern and central Pacific 

Ocean resulting in a reduced zonal SST gradient and weakened Walker Circulation 

(Wang et al., 2017). This movement of warm SSTs allows the SPCZ associated 

convection to occur further north and east of its mean position. 

There have been three El Niño events observed (the strong events of 1982/83 and 

1997/98, as well as the moderate event of 1991/92) in which the SPCZ has undergone 

an extreme equatorward swing and become orientated in a near-zonal fashion (Borlace 

et al., 2014; Brown et al., 2011; Kidwell et al., 2016; Vincent et al., 2011). Borlace et al. 

(2014) attribute this extreme zonal swing of the SPCZ to strong warming in eastern 

equatorial Pacific Ocean reducing the zonal SST gradient across the equatorial Pacific 

Ocean. This warming shifts the main area of rainfall and convection east towards South 

America, leading to the northward shift of the eastern portion of the SPCZ (Borlace et 

al., 2014; Kidwell et al., 2016). At the same time as this northward shift, the cold SST 

anomalies and reduced convection in the western equatorial Pacific lead to the western 

end of the SPCZ being located slightly south of its climatological mean position, 

producing the overall zonal orientation of the SPCZ across the equatorial Pacific Ocean 

(Borlace et al., 2014; Kidwell et al., 2016; Vincent et al., 2011). 

 Inter-decadal Pacific Oscillation and SPCZ 2.2.3

The Inter-decadal Pacific Oscillation 

The IPO is a multi-decadal fluctuation of Pacific SSTs, with an expression similar to 

that of ENSO (Parker et al., 2007). It is similar, and often compared to, the Pacific 

Decadal Oscillation (PDO), however the PDO is defined only for the North Pacific, 

while the IPO is defined over the entire Pacific basin (Newman et al., 2016; Parker et 

al., 2007). With the south-west Pacific region being the focus of this particular study, 

this decadal scale pattern of variability will be referred to as the IPO herein. 

The positive phase of the IPO is expressed as warmer than average SSTs over the 

central and eastern Pacific Ocean, while cooler than average SSTs occur over the north 

and south-west Pacific Ocean (similar to SST anomalies seen during El Niño) (Henley 

et al., 2015). The opposite sign exists during the negative phase of the IPO (similar to 

SST anomalies seen during La Niña) (Figure 2.4). There have been two full IPO cycles 
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recorded in the last century: negative (cool) IPO conditions were evident from the late 

1800’s to 1924 and from 1947-1976, while positive (warm) IPO conditions occurred 

from 1925-1946 and 1977 until the late 1990s (Mantua & Hare, 2002). The IPO has 

wide ranging climatic and ecological repercussions, including: impacts on North Pacific 

Salmon fisheries productivity (Mantua et al., 1997), modulation of ENSO related 

rainfall in Australia (Power et al., 1999), influence on north-east Asian surface 

temperature anomalies (Minobe, 2000), anomalies in North American surface 

temperatures (Mantua & Hare, 2002) and precipitation (Cayan et al., 1998), among 

others. It has also been shown to be an important modulator of globally averaged 

surface air temperatures, with decades showing rapid warming (e.g. the 1970s) being 

associated with positive IPO conditions, whereas periods showing a relative hiatus in 

warming (e.g. the early 2000s) are associated with negative IPO conditions (Henley et 

al., 2015; Meehl et al., 2013). 

 

Figure 2.4 Composites of SST anomalies during IPO positive and negative phases for HadISST2.1 (left) for 1870–

2007 and ERSSTv3b (right) for 1870-2013 (Henley et al., 2015). 

The existence of low frequency, decadal modulation of Pacific Ocean SSTs was first 

recognised in studies during the 1990s (e.g. Ebbesmeyer et al., 1991; Mantua et al., 

1997; Miller et al., 1994; Trenberth, 1990). A study by Mantua et al. (1997) was the 

first to introduce the term “PDO” during research into North Pacific salmon production. 
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The basis of the study was on the varying success of Pacific Northwest and Alaskan 

salmon fisheries during the second half of the twentieth century. During large parts of 

the 1980s and 1990s, salmon fisheries in the Pacific Northwest struggled and Alaskan 

salmon fishery production thrived, while the reverse of this situation occurred during 

the 1960s and early 1970s (Mantua et al., 1997). The study identified the PDO as the 

leading EOF of monthly SST anomalies in the North Pacific (Newman et al., 2016). 

Following this realisation, there have been numerous attempts to prescribe mechanisms 

to this oscillation, particularly the PDO. Here the mechanisms affecting both the PDO 

and IPO will be discussed, in the knowledge that PDO forcings also strongly influence 

the Pacific wide effects.  

Originally, it was thought that the IPO pattern was possibly its own physical mode of 

Pacific SST variability, due to low simultaneous correlation between the PDO and SST 

anomalies in the eastern equatorial Pacific (Newman et al., 2016). Furthermore, 

modelling studies by Latif and Barnett (1994, 1996) suggested that decadal variability 

could arise in the North Pacific due to coupled ocean-atmosphere feedbacks. However, 

the idea of the IPO being its own physical mode of variability has since been 

challenged, with numerous physical processes seemingly responsible for the decadal 

pattern of variability in Pacific Ocean SSTs (Henley et al., 2015; Newman et al., 2016). 

One of the main processes involves teleconnections from the tropics via atmospheric 

and oceanic waves (Henley et al., 2015; Newman et al., 2016). For example, an El Niño 

event causes a perturbation in the tropical circulation which is manifested in the North 

Pacific Ocean by the deepening of the Aleutian Low, with the resultant oceanic 

response forcing the Pacific into a positive IPO pattern (Newman et al., 2016). This 

North Pacific Ocean incorporation of low frequency ENSO variations caused Newman 

et al. (2003) to first challenge the idea of the IPO as its own physical mode of 

variability. 

Stochastic forcing is also thought to play a part in the expression of the IPO, with large 

scale atmospheric fluctuations possibly explaining a considerable amount of variability 

in the North Pacific Ocean (Alexander, 2010; Frankignoul & Reynolds, 1983; Newman 

et al., 2016). Alexander (2010) suggests that fluctuations in the Aleutian Low is the 

leading cause of North Pacific SLP variability. This idea implies that a strong Aleutian 

Low could help drive positive IPO conditions without the need of tropical influence, 
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having internal atmospheric fluctuations as the main driver (Alexander, 2010; Newman 

et al., 2016). 

Ocean dynamics also contribute to the IPO pattern. Schneider and Cornuelle (2005) 

suggested that anomalies in the Kuroshio Current, along with ENSO variability and SLP 

fluctuations of the Aleutian low, was a component in helping force the decadal SST 

pattern in the Pacific. The “re-emergence mechanism” (Alexander & Deser, 1995) also 

helps modulate Pacific Ocean SSTs, where warm ocean temperature anomalies that 

form during summer are mixed downwards, and become trapped under the summer 

thermocline, before being mixed back to the surface during the following autumn 

(Newman et al., 2016). The theory was first introduced by Namias and Born (1970, 

1974), and has been shown to occur over the North Pacific Ocean, helping to force IPO 

SST pattern over consecutive winters (Newman et al., 2016). Changes in oceanic gyres 

also create IPO related SST variability, particularly in the western Pacific. This occurs 

via westward propagating Rossby waves which take three to ten years to cross the 

Pacific Ocean, leading to largely decadal variability in SSTs (Newman et al., 2016). 

The current consensus suggests that rather than one process causing the IPO pattern, the 

decadal modulation of Pacific Ocean SSTs is most likely a combination of all the 

mechanisms mentioned above (Newman et al., 2016). However, regardless of the causal 

mechanisms, the climatic and societal impacts of the IPO mean it is important to 

understand (Henley et al., 2015; Newman et al., 2016). 

Interactions with the SPCZ 

Many climatic impacts of the IPO are similar to that of ENSO, except they are on longer 

timescales and of lower amplitude (Latif & Barnett, 1996; Mantua & Hare, 2002; 

Mantua et al., 1997). Folland et al. (2002) used surface wind convergence and noted a 

north-east (south-west) movement of the SPCZ during positive (negative) IPO phases, 

however it was more significant when the ENSO phase was incorporated into the 

analysis. They found that the greatest movement of the SPCZ occurred when the IPO 

and ENSO phases were working together. For example, when El Niño conditions occur 

during a positive IPO phase, the SPCZ moved maximally north-east, with the furthest 

south-west displacement occurring when La Niña conditions coincided with a negative 

IPO phase (Folland et al., 2002). The movement was less significant when ENSO and 

the IPO opposed each other (Figure 2.5). Salinger et al. (2014) and Kidwell et al. (2016) 
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note similar SPCZ displacement in relation to the IPO. The SPCZ was east of its mean 

position during the period 1978-1999 (positive IPO) and west of the mean position for 

the period 1945-1977 (negative IPO). It appears to have moved westward since 1999 

with a switch to negative IPO (Kidwell et al., 2016; Salinger et al., 2014). Kidwell et al. 

(2016) also noted that the SPCZ area seems to decrease in size during negative IPO 

events when compared to positive IPO events. 

 

Figure 2.5 Mean SPCZ location in relation to IPO and ENSO phase. Figure modified from Folland et al., (2002). 

Using oxygen isotopes from coral cores collected in Tonga and Fiji, Zhang (2007) 

constructed an IPO index in the region back to 1650. This index was shown to closely 

correlate with IPO and SPCZ indices, and effectively extends knowledge of decadal 

variability in the South Pacific back 250 years prior to instrumental records (Zhang, 

2007). This study suggests that the north-east movement of the SPCZ during the 

positive IPO phase, and south-west movement during the negative IPO phase remains 

consistent prior to the beginning of instrumental records (Zhang, 2007). However, in a 

similar study using a coral core from Rarotonga, Linsley et al. (2004) found evidence 

that the twentieth century spatial pattern of the IPO has varied in the South Pacific 

region over the past 300 years, particularly in the mid-1800s. It is suggested that this 

difference is likely due to trade wind variations and the position of the SPCZ, and 

implies that the IPO-SPCZ relationship might not be consistent prior to instrumental 

records (Linsley et al., 2004). 

2.3 Tropical Cyclones and the SPCZ 

 Tropical Cyclone Formation 2.3.1

The conditions accompanying tropical cyclone development are relatively well 

understood, although they are complex and variable in time and space (Briegel & Frank, 
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1997; Frank & Roundy, 2006). Early studies investigating favourable conditions for 

tropical cyclone development from Gray and Brody (1967) and Gray (1975) identified 

several key environmental conditions that influence genesis: SSTs above 26.5°C along 

with a deep oceanic mixed layer; deep instability through the troposphere; high 

humidity in the middle of the troposphere; no greater than moderate vertical wind shear; 

high low-level vorticity; and a location far enough from the equator to allow influence 

from the Coriolis effect. Briegel and Frank (1997) state that the first three parameters, in 

conjunction with favourable Coriolis conditions exist over significant parts of the 

tropical oceans over large time periods, whilst vertical wind shear and low-level 

vorticity conditions vary markedly on much smaller temporal and spatial scales. This 

theory implies that tropical cyclone development will occur in areas where locally weak 

wind shear and strong low level vorticity exist over an area of ocean exhibiting 

environmentally favourable conditions (Briegel & Frank, 1997; Frank & Roundy, 

2006). An observational study by Zehr (1992) also noted that tropical cyclones usually 

develop when an area containing pre-existing deep convection and large-scale uplift 

coincide with cyclonic low-level vorticity and anticyclonic upper-level vorticity.  

While the climatological parameters present during the formation of a tropical cyclone 

are relatively well understood, the mechanisms that produce these circulations are still 

uncertain (Camargo et al., 2007; Frank & Roundy, 2006). Frank and Roundy (2006) 

state that the majority of tropical cyclones develop within the vicinity of the 

intertropical convergence zone (ITCZ), particularly when there is the existence of a 

monsoon trough with westerly flow on the equatorward side of the trough axis. The 

initial phase of genesis is the formation of a mesoscale vortex within an area of tropical 

convection, which can form in two ways: The spontaneous breakdown of the monsoon 

trough within the ITCZ if it remains unperturbed for a sufficient length of time; or 

external perturbations that can accelerate formation of tropical cyclones within preferred 

portions of the ITCZ (Briegel & Frank, 1997; Frank & Roundy, 2006). Genesis most 

probably occurs due a combination of these two factors (Frank & Roundy, 2006). Once 

a mesoscale vortex is of sufficient maturity, it can sustain itself through interaction with 

warm ocean waters in the absence of further external perturbations (Briegel & Frank, 

1997). These external forces can come in a variety of forms, with Briegel and Frank 

(1997) showing that north-west Pacific typhoons tend to form when a mid-latitude 

trough interacts with the monsoon trough. 
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 Influence of the SPCZ on Tropical Cyclones 2.3.2

The majority of early work investigating tropical cyclone genesis in the south-west 

Pacific region largely revolved around their relationship with ENSO (e.g.Basher & 

Zheng, 1995; Hastings, 1990; Revell & Goulter, 1986). Many of these studies noted 

distinct spatial shifts in where tropical cyclones originated, with a north-eastward shift 

during El Niño conditions and a south-west displacement during La Niña conditions 

(Basher & Zheng, 1995; Kuleshov et al., 2008). This trend is similar to the displacement 

of the SPCZ during El Niño and La Niña conditions noted in section 2.2.2, suggesting a 

strong relationship between the location of the SPCZ and tropical cyclone genesis 

(Vincent et al., 2011). 

It has long been known that the SPCZ region (particularly the tropical component) is 

favoured for tropical cyclone development, after which they generally propagate to the 

south-east (Streten & Troup, 1973; Vincent, 1994). However, it was only a more recent 

study by Vincent et al. (2011) that specifically looked into why tropical cyclone genesis 

was favoured in the SPCZ region. The study found that tropical cyclone Genesis was 

preferred within 10°S of the SPCZ location, due to: favourable cyclonic vorticity of 

low-level winds, sufficient deep convection, and low wind shear within this region 

(Vincent et al., 2011). Conversely, anti-cyclonic vorticity of low level winds helps to 

prevent tropical cyclone genesis to the north and east of the SPCZ (Vincent et al., 

2011). They also demonstrated that tropical cyclone development is only likely to occur 

in the far south-west Pacific Ocean during most SPCZ conditions, however the region 

of genesis and tropical cyclone activity can extend further east towards French 

Polynesia during zonal swings of the SPCZ such as those of 1982/1983, 1991/1992, and 

1997/1998 (Diamond et al., 2012; Sinclair, 2002; Vincent et al., 2011). 

2.4 The SPCZ and Climate Change 

Trying to predict how the SPCZ might react in the future to climate change is a difficult 

task, not only because it relies on the response of ENSO and the IPO, but also because 

models currently have difficulty in representing the SPCZ accurately (Brown et al., 

2013; Evans et al., 2016; Niznik et al., 2015). 

Studies attempting to simulate the SPCZ using the Coupled Model Inter-comparison 

Project phase 3 (CMIP3) and phase 5 (CMIP5) experiments found that the 

representation of the SPCZ in both projects was much too zonal (Brown et al., 2013; 
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Brown et al., 2012; Niznik et al., 2015). This misrepresentation of the SPCZ is caused 

by SST biases, especially a systematic “cold tongue” bias that exists along the equator 

(Evans et al., 2016). In an attempt to overcome this issue, studies (e.g. Evans et al., 

2016; Nguyen et al., 2012) have forced models with bias corrected SSTs from CMIP3 

General Circulation Models (GCMs). This resulted in much more realistic precipitation 

patterns in the SPCZ region (Evans et al., 2016). 

Modelled future changes of the SPCZ have produced varying results. Some suggest no 

major changes to the mean SPCZ location (Brown et al., 2012; Evans et al., 2016). 

Another study using bias corrected models by Widlansky et al. (2013) estimated that 

moderate future warming (1-2°C) would lead to diminished precipitation in the SPCZ, 

while stronger warming (greater than 3°C) would lead to increased precipitation. A 

study by Cai et al. (2012) also indicated no major change in future SPCZ location, 

however, it did suggest an increase in zonal SPCZ events in response to a predicted 

increase in extreme El Niño events. While the response of the SPCZ to climate change 

remains uncertain, attempts to model the SPCZ are of much importance, due to the 

potential future impact even small displacements could have on vulnerable Pacific 

Island nations (Cai et al., 2014; Cai et al., 2012; Evans et al., 2016).  
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Chapter 3   Data and Methodology 

Chapter 3 of this thesis provides an outline of the data used, and methodology employed 

to carry out this study. Section 3.1 gives a description of the various datasets that were 

used, as well as providing information on where to access this data. Section 3.2 then 

briefly details the methodologies that were implemented in order to carry out the 

research needed to complete this thesis. 

3.1 Data 

The initial aim of this study was to assess how realistically the 20CR products (Compo 

et al., 2011) depict the SPCZ over the course of the past century. To achieve this end, 

two 20CR products – 20CRv2 and 20CRv2c were assessed alongside a suite of other 

reanalysis and observational satellite products. The reanalysis products used for 

comparison were: the National Centers for Environmental Prediction – National Center 

for Atmospheric Research Reanalysis 1 (NCEP/NCAR1) (Kalnay et al., 1996), and the 

European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis 

(ERA Interim) (Dee et al., 2011). The satellite products used for comparison were: the 

Global Precipitation Climatology Project (GPCP) (Adler et al., 2003), the Tropical 

Rainfall Measuring Mission (TRMM) (Huffman et al., 2007), and the Outgoing 

Longwave Radiation (OLR) dataset from the National Oceanic and Atmospheric 

Administration (NOAA) (Liebmann & Smith, 1996).  

 Reanalysis Data 3.1.1

Twentieth Century Reanalysis 

The 20CR project was implemented to provide a global reanalysis dataset that spanned 

the entire twentieth century, while assimilating only physical surface observations 

(Compo et al., 2011). It originated out of the need for a long term reanalysis dataset that 

was able to quantify uncertainties of twentieth century climate model simulations 

(Compo et al., 2011). 20CRv2c runs from 1851-2012 (20CRv2 spans 1871-2012) at 2° 

by 2° latitude/longitude spatial resolution, and at 6 hourly time periods (Compo et al., 

2011; Wang et al., 2013).  
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Many reanalyses (e.g. NCEP/NCAR1, ERA Interim, and others) assimilate all usable 

available observations, including, but not limited to; surface observations, upper air 

data, and satellite observations (Compo et al., 2011). The 20CR product assimilates only 

surface observations, thereby avoiding artificial jumps and trends seen in some other 

reanalysis products that are associated with the changing nature of the observational 

record (e.g. the introduction of satellite data in the 1970s). The 20CR uses an ensemble 

of numerical weather prediction (NWP) model forecasts to obtain a first guess field of 

the state of the atmosphere (Compo et al., 2011; Wang et al., 2013). The advantage of 

this approach is that it allows for a coherent and consistent estimate of the atmospheric 

state, with the ability to produce a quality dataset extending further back in time beyond 

the satellite era. However, surface conditions do not uniquely represent the state of the 

full atmosphere, especially beyond the upper troposphere, meaning this approach is 

inherently limited. The 20CR datasets are available for download at 

https://www.esrl.noaa.gov/psd/data/20thC_Rean/, and for a detailed description of the 

20CR project, see Compo et al. (2011) and references therein. 

Data from five stations in the South Pacific were added to the International Surface 

Pressure Databank (ISPD) between 20CRv2 (ISPD version 2) and 20CRv2c (ISPD 

version 3) (Table 3.1). The analysis performed in this study should help determine if 

these extra observations, provided as a contribution from the National Institute of Water 

and Atmosphere (NIWA) to the Atmospheric Circulation Reconstructions over the 

Earth (ACRE) initiative, have helped improve the depiction of the SPCZ between the 

two products (A. Lorrey, personal communication, November 22, 2017). 

Table 3.1 Details of stations where weather observations were added between 20CRv2 and 20CRv2c. Data supplied 

by Andrew Lorrey from National Institute of Water and Atmosphere (NIWA). 

 

ERA Interim Reanalysis 

The ERA Interim Reanalysis product was until recently the most current reanalysis 

from the ECMWF (Dee et al., 2011). The ERA Interim Reanalysis was established 

partly to help prepare for the development of the ERA-20C project, and assimilates 

available satellite and physical observations (Dee et al., 2011). It runs from 1979-

Station Name Lat Lon Time Period Start Time Period End ISPD Version

Rarotonga Radio Station 21.19°S 158.81°W 1/05/1934 31/05/1950 3

Penrhyn 9°S 158.05°W 13/01/1937 31/08/1996 3

Pukapuka   10.88°S 165.82°W 1/11/1929 18/07/2000 3

Rarotonga Aero 21.18°S 159.8°W 1/06/1948 30/09/2010 3

Raro Avarua  21.2°S 159.78°W 1/02/1929 31/12/1933 3
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present using a horizontal spatial resolution of approximately 80km, producing surface 

and upper air parameters at three and six hourly intervals respectively (Dee et al., 2011). 

The ERA Interim dataset is available for download from 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim, and for a 

full description of the product, see Dee et al. (2011) and references therein. 

NCEP/NCAR Reanalysis 1 

The NCEP/NCAR1 reanalysis project arose from a perceived “jump” in many 

meteorological parameters that resulted from changes implemented in the Global Data 

Assimilation System run at NCEP (Kalnay et al., 1996). It was the first global reanalysis 

product available to the research community and its advent transformed research on the 

large-scale circulation of the atmosphere (J. Renwick, personal communication, 

November 28, 2017). The reanalysis runs from 1948-present, with data presented in a 

six hourly (four times daily) format and daily means, on a 2.5° by 2.5° 

latitude/longitude horizontal grid, with 17 vertical levels from the surface of the earth to 

the 10hPa level. Like ERA Interim, the reanalysis assimilates all available satellite and 

physical observations. The NCEP/NCAR1 Reanalysis data is provided by the 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their website at 

https://www.esrl.noaa.gov/psd/, and for a full description of the product, see Kalnay et 

al. (1996) and references therein.   

 Observational Satellite Data 3.1.2

Global Precipitation Climatology Project (GPCP) Data: Version 2.3 merged data 

The GPCP originated out of the need for a consistent, globally complete analysis of 

precipitation over the earth’s land surface and oceans (Adler et al., 2003). It achieves 

this via a merged analysis of surface rain gauge observations, and precipitation 

estimates from satellite infrared and microwave data (Adler et al., 2003). The GPCP 

dataset runs from 1979 to present, providing monthly estimates of global surface rainfall 

at 2.5° by 2.5° latitude/longitude horizontal resolution. For this study, version 2.3 of the 

GPCP was used. The data is provided by the NOAA/OAR/ESRL PSD, Boulder, 

Colorado, USA, from their website at http://www.esrl.noaa.gov/psd/, and for a full 

description of the product, see Adler et al. (2003) and references therein. 
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Tropical Rainfall Measuring Mission (TRMM): TRMM and other satellites 

product 3B42 (version7) 

The TRMM project is a joint U.S.-Japan mission from the Japan Aerospace Exploration 

Agency (JAXA) and the National Aeronautical Space Agency (NASA) (Huffman et al., 

2007). It originated out of the need for a calibrated estimate of precipitation based on 

satellite and gauge data at fine temporal and spatial scales (Huffman et al., 2007). The 

TRMM project provides precipitation estimates from 50° North to 50° South at a 0.25° 

by 0.25° latitude/longitude horizontal resolution (Huffman et al., 2007). It ran from 

1998-2015, and has since been superseded by the Global Precipitation Measurement 

Programme. For this study, the 3B42 Version 7 post-real-time research version was 

used, and data was provided by NASA, from their website at 

https://pmm.nasa.gov/data-access/downloads/trmm. For a full description of the TRMM 

project see Huffman et al. (2007) and references therein. 

Outgoing Longwave Radiation (OLR) Data 

OLR measurements are used to estimate the radiation budget of the Earth and identify 

areas of strong tropical convection, with the dataset being sourced from NOAA polar 

orbiting satellites (Gruber & Krueger, 1984; Gruber & Winston, 1978; Liebmann & 

Smith, 1996). The OLR dataset runs from 1974 to present, with two estimates per day 

(daytime and night time orbits), and are archived onto a 2.5° by 2.5° latitude/longitude 

horizontal grid by the National Environmental Satellite Data and Information Service of 

NOAA (Liebmann & Smith, 1996). Interpolated OLR data are provided by the 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their website at 

http://www.esrl.noaa.gov/psd/. 

 Other Datasets 3.1.3

Multivariate ENSO Index 

The Multivariate ENSO Index (MEI) (Wolter & Timlin, 1993) is one of a number of 

indices used to monitor the state of ENSO. It is based on six observed variables from 

the tropical Pacific: surface air temperature, SSTs, SLP, meridional and zonal winds, 

and the total cloudiness of the sky. The MEI dataset contains overlapping bi-monthly 

MEI values for each year (e.g. Jan/Feb, Feb/Mar, Mar/Apr, etc.). For this study, all bi-

monthly values from November to April were averaged to create an Austral summer 

seasonal MEI value, a method similar to that used by Haffke and Magnusdottir (2013). 

http://www.esrl.noaa.gov/psd/
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This gave one MEI value for each summer season that could be analysed (Appendix A). 

The MEI data were acquired from NOAA/ESRL at 

https://www.esrl.noaa.gov/psd/enso/mei/table.html and 

https://www.esrl.noaa.gov/psd/enso/mei.ext/table.ext.html 

Quintiles of this dataset were used to represent whether any given Austral summer 

season would be classified as El Niño, La Niña, or Neutral for this study. The 80
th

-100
th

 

percentile is used to represent a strong El Niño, the 60
th

-80
th

 percentile to represent a 

weak El Niño, the 0-20
th

 percentile to represent a strong La Niña, and the 20
th

-40
th

 

percentile to represent a weak La Niña. The DJF seasons which fall in the 40
th

-60
th

 

percentile are treated as a neutral seasons. Whilst this is different to the way that ENSO 

events are normally classified, it provides a representative sample size for each chosen 

ENSO classification. 

Tripole Index for the IPO 

The Tripole Index (TPI) (Henley et al., 2015) for the IPO takes the difference between 

the average SST anomalies in the southwest and northwest Pacific, and the SST 

anomalies in the equatorial Pacific Ocean, producing an index to measure Pacific Ocean 

inter-decadal variability (Figure 3.1). 

 

Figure 3.1 The unfiltered correlation between the IPO and SST from HadISST2.1. TPI regions are indicated by the 

black boxes, with the index calculated as the difference between the average SST anomalies from the central Pacific 

(box 2) and the Southwest and Northwest Pacific (boxes 3 and 1 respectively) (Henley et al., 2015) 

For this study, the unfiltered TPI was used from the NOAA Extended Reconstructed 

Sea Surface Temperature (ERSST) version 5 (v5) dataset. This dataset contains monthly 

values from January 1870 to present and the dataset updates monthly. The monthly 

https://www.esrl.noaa.gov/psd/enso/mei.ext/table.ext.html
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values from November to April were averaged to create an Austral summer season TPI. 

This left one TPI value for each Austral summer season from 1908/1909-2011/2012 to 

be used for IPO analysis in this study (Appendix A). The TPI data were current as of 

21/3/2018 and were acquired from NOAA/ESRL at 

https://www.esrl.noaa.gov/psd/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data 

Extended Reconstructed Sea Surface Temperature (ERSST) v5 

The Extended Reconstructed Sea Surface Temperature (ERSST) (Huang et al., 2017) 

version 5 (v5) dataset is the newest monthly SST dataset provided from the 

International Comprehensive Ocean-Atmosphere Dataset (ICOADS). The ERSSTv5 

dataset spans from 1854 to present on a 2° by 2° latitude/longitude horizontal grid, and 

uses new SST data from version 3.0 release from ICOADS. The ERSSTv5 data were 

acquired from NOAA/ESRL at 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.v5.html. 

3.2 Methodology (Data Manipulation) 

All reanalysis and satellite observational data were downloaded into a NetCDF format 

and manipulated through the MATLAB programme. These global datasets were 

interpolated onto a 1.5° x 1.5° horizontal grid covering the area from 150°E to 120°W 

in longitude and 0° to 35°S in latitude, an area of the Southwest Pacific that includes 

both the tropical and subtropical components of the SPCZ (Figure 3.2). 

 

Figure 3.2 Base map showing the region that the SPCZ is analysed in for this study. The map covers an area of the 

Southwest Pacific from 150°E to 120°W in longitude and 0° to 35°S in latitude. 

The analysis for part one of this study is from 1979-2011, a period when all of the 

products overlap within the satellite era, with the exception of the TRMM dataset, in 
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which data from 1998-2011 was used for this study. The analysis for part two and three 

of this study only used the 20CR products and covered the period from 1908-2011.  

 Identification of the SPCZ (Position) 3.2.1

There are various fields that have been used to identify the location of the SPCZ. These 

include, minima in near surface (10m) wind divergence, OLR, and 500hPa vertical 

velocity (expressed as “omega”, the time rate of change of pressure rather than height), 

and a maximum in precipitation (Brown et al., 2011). Minimum 10m wind divergence 

is used to represent maximum near surface wind convergence, and positive values of 

omega represent downward motion, so minimum downward motion represents 

maximum upward motion (convection). Both of these fields are representative of 

convergence zones. Minimum OLR represents maximum cloudiness, which indicates 

the strongest areas of convection in tropical regions, although this relationship is not as 

strong in subtropical regions (Van Der Wiel et al., 2015b). In this study, minimum 10m 

wind divergence (referred to as surface wind convergence herein) and 500hPa omega 

were used to indicate the position and intensity of the SPCZ when analysing the 

reanalysis products. The representation of the SPCZ in the reanalysis products can then 

be compared with minimum OLR and maximum precipitation from the observational 

satellite products. 

Within the specified SPCZ area, monthly mean values for the aforementioned climate 

fields were used to calculate a December to February (DJF) mean position of the SPCZ. 

The mean Austral summer position of the SPCZ was then identified as a line of 

minimum 500hPa omega, 10m wind divergence, OLR, and maximum precipitation. 

This approach is similar to Brown et al. (2011). For the reanalysis products, the latitude 

of minimum omega and wind divergence was located across each longitude within the 

SPCZ region, and a line was fitted between each point to represent the SPCZ location. 

The same method was applied to the observational satellite products, with a line of 

minimum OLR and maximum precipitation used to denote the position of the SPCZ.  

Once the location of the SPCZ was identified, a 13-point low pass filter was run over 

the location points twice to show a smoothed depiction of the SPCZ. This is the same 

filter that is used in Chapter 3 of the Working Group 1 report of the IPCC 4
th

 

Assessment. A comparison of the original versus smoothed depiction of the SPCZ 

can be seen in Figure 3.3.  
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Figure 3.3 Contours are the DJF 1995/1996 average 500hPa omega fields (Pa/s, contour interval 0.02, black contour 

0, red contours above 0, blue contours less than 0. The pink line shows the latitude of minimum omega at each 

longitude, and the red line shows the filtered/smoothed version. 

 Identification of the SPCZ (Intensity) 3.2.2

In an effort to maintain consistency through this study, the method of finding the 

greatest intensity of the SPCZ was very similar to that employed to find the position of 

the SPCZ, which is described in section 3.2.1. The greatest intensity for each SPCZ 

metric was determined for each longitude, and the resulting line was smoothed twice 

using the 13-point low pass filter described in section 3.2.1. It must be stressed that the 

intensity values were not calculated from the smoothed line of the SPCZ position, as 

these values would not actually represent the greatest intensity across the longitudinal 

range. The differing intensity values that are achieved when comparing these two 

methods can be seen in Figure 3.4. When the SPCZ intensity is being investigated 

throughout this study, the values used are from the smoothed version of the maximum 

calculated magnitude data (yellow line in Figure 3.4). 
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Figure 3.4 Comparison of the greatest magnitude of the SPCZ from the 20CRv2c 500hPa omega fields from 1979-

2011 using different methods. The red line shows the magnitude if calculated off the smoothed line of the SPCZ 

position calculated as described in section 3.2.1. The blue line shows the maximum intensity calculated for each 

longitude across the SPCZ region, and the yellow line is the smoothed version of the blue line. 

 Analysis Techniques 3.2.3

Composite averages of SPCZ position and intensity were calculated according to the 

values of various time series: the MEI, the TPI, and for twenty-year periods through 

time (“bins”). The MEI time series data described in section 3.1.3 is used for the ENSO 

analysis, while the widely accepted IPO periods of the twentieth century from Mantua 

and Hare (2002) are used for IPO analysis. The twenty-year time periods starting at 

1908 were chosen to give an evenly representative sample in order to analyse SPCZ 

trends through time. 

Correlation analysis was performed to study the strength of spatial and temporal 

relationships of the SPCZ position and intensity. The correlation in longitude of average 

SPCZ position (latitude point) was calculated to show the spatial correlation, while the 

correlation in time for each longitude was calculated in order to investigate similarity in 

inter-annual variability between products. 

In order to investigate the dominant modes of variability of SPCZ position and 

intensity, this study utilised EOF analysis (Wilks, 2011). From this analysis, correlation 

and regression maps were created with the ERSSTv5 SST dataset (dataset explained in 

section 3.1.3). This allowed visualisation of the SST anomaly expression in the 

Southwest Pacific area to determine whether the variability of the SPCZ was related to 

physical climate modes. 
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A student’s t-test was used to investigate whether there was a statistically significant 

difference between the representation of the SPCZ between 20CRv2 and 20CRv2c. 

Linear trend regression analysis was also performed at points across the longitudinal 

expanse of the analysed SPCZ region to determine whether there was an evident 

southward movement of the SPCZ through the twentieth and early twenty-first century. 

The specific time periods and products used for each part of the analysis will be 

outlined in the results section (Chapter 4). 
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Chapter 4   Results 

Chapter 4 of this thesis will feature results from the research that has been carried out 

for this study. Section 4.1 will compare the location and intensity of the SPCZ across all 

of the reanalysis and satellite products from 1979-2011, before section 4.2 looks at the 

comparison between 20CRv2 and v2c from 1908 to 2011. In section 4.3, 20CRv2c will 

be used to investigate the effect of inter-annual and decadal variability on the SPCZ, 

with focus on ENSO, the IPO, and twentieth century trends. This analysis will also be 

performed for the 1908-2011 period. 

4.1 Inter-comparison of Reanalysis and Satellite Products 

In order to assess the efficacy of the two 20CR products in capturing SPCZ location and 

intensity, their depiction of the southwest Pacific tropical-subtropical convergence was 

compared with a suite of reanalysis and observational satellite products for the 1979-

2011 period (described in section 3.1). Using the reanalyses, this was performed using 

mean DJF minimum 500hPa omega, and minimum 10m wind divergence fields, both of 

which are regularly used to identify areas of convergence and convection (e.g. Brown et 

al., 2011). TRMM and GPCP use maximum rainfall to represent the SPCZ, while the 

OLR dataset uses minimum in outgoing longwave radiation.  

 500 hPa Omega: Location 4.1.1

The mean DJF location of the SPCZ in the reanalyses from 1979-2011 was examined 

using the 500hPa omega field, and it was evident that all of the products analysed 

showed good agreement, especially west of 160°W. There is some divergence between 

the products to the east of this line, particularly when looking at OLR (shown in pink) 

which lies south of the other products, and the NCEP/NCAR1 reanalysis (shown in red) 

which lies to the north (Figure 4.1). 
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Figure 4.1 The mean DJF location of the SPCZ from 1979-2011 between the analysed products. Analysis was using 

the 500hPa omega field (from the reanalyses) during the austral summer period. NCEP/NCAR1 is shown by the red 

line, ERA Interim by the dark blue line, 20CRv2 by the black line, 20CRv2c by the light blue line, OLR by the pink 

line, GPCP by the green line, and TRMM by the purple line. 

The NCEP/NCAR1 reanalysis shows a southernmost SPCZ position out of all the 

products between 150°E and ~165°W, and the northernmost to the east of ~160°W. This 

indicates the NCEP/NCAR1 reanalysis represents the SPCZ in the most zonal 

orientation of all the reanalyses. NCEP/NCAR1 is the oldest reanalysis product used in 

the study, and the zonal orientation issue is mentioned in various studies (e.g. Brown et 

al., 2013; Brown et al., 2012; Niznik et al., 2015). The OLR field is in good agreement 

with the other products west of ~150°W, but diverges to the south of the other products 

in the eastern part of the analysis domain. A possible explanation for this departure 

could be that the close relationship between OLR and precipitation in the tropics breaks 

down once the SPCZ becomes more subtropical in the eastern part of the analysis 

domain (see Van Der Wiel et al., 2015b). 

The location of the SPCZ in the two 20CR products showed good agreement with all 

other analysed products. This can be seen in Figure 4.1, and is also corroborated by very 

significant spatial correlations (r ≥ 0.99, n = 61, d.f. = 59, p < 0.01) between 20CR and 

all other reanalysis and satellite products. There are weaker, but still highly significant 

time series correlations (r = 0.6-0.9, n = 61, d.f. = 59, p < 0.01) at each longitude 

between 20CRv2c and the ERA Interim, GPCP, and OLR products across the 

longitudinal range of the SPCZ area for the 1979-2011 period (Table 4.1). This 

demonstrates that the inter-annual variation of the position of the SPCZ is similar 

between these products across the SPCZ area. 
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Table 4.1 20CRv2c temporal correlations with OLR (top), GPCP (middle), and ERA Interim (bottom). Correlations 

are for SPCZ position at each longitude across longitudinal range for the mean 1979-2011 DJF period. 

 

 500 hPa Omega: Intensity 4.1.2

Looking at the 1979-2011 SPCZ intensity plots, it is evident that all products show the 

greatest intensity from the International Date Line (IDL) westward, and convective 

intensity diminishes rapidly east of 180° (Figure 4.2). The ERA Interim reanalysis and 

OLR field indicate the SPCZ is represented most strongly on the western boundary of 

the analysis domain (150°E), whereas the other products suggest the intensity is greatest 

between the IDL and 170°E. 

 

Figure 4.2 The mean DJF intensity of SPCZ for (a) 500hPa omega field of the four reanalysis products (b) OLR (note 

that OLR is depicted in negative values. This was done in order to produce a plot consistent the other satellite and 

reanalysis products) (c) GPCP and (d) TRMM. In plot (a) ERA Interim is shown by the blue line, NCEP/NCAR1 by 

the orange line, 20CRv2c by the yellow line, and 20CRv2c by the purple line. 

The most notable pattern seen in Figure 4.2 is how much weaker in intensity the SPCZ 

is in the far eastern portion of the analysis domain compared to the highest intensity in 

the west. This is to be expected, as convection is strongest in the tropical component of 

the SPCZ, and diminishes towards the east in the subtropical component. It is also 

evident that the NCEP/NCAR1 reanalysis product displays the SPCZ as noticeably 

weaker compared to the other three reanalyses, which are more closely aligned with 

each other.  

150°E 156°E 162°E 168°E 174°E 180.00 174°W 168°W 162°W 156°W 150°W 144°W 138°W 132°W 126°W 120°W

OLR 0.70 0.80 0.84 0.88 0.90 0.89 0.85 0.86 0.85 0.80 0.78 0.71 0.75 0.81 0.84 0.87

GPCP 0.80 0.84 0.75 0.82 0.93 0.86 0.85 0.89 0.85 0.67 0.68 0.79 0.83 0.80 0.87 0.90

ERA 0.64 0.80 0.84 0.86 0.89 0.90 0.92 0.92 0.89 0.76 0.75 0.82 0.80 0.83 0.90 0.92

20CRv2c Interannual Position Correlation with OLR, GPCP, and ERA Interim
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The two 20CR products show good agreement with the other analysed products when 

investigating SPCZ intensity (Figure 4.2), and according to spatial correlations (r ≥ 

0.89, n = 61, d.f. = 59, p < 0.01) between the 20CR and all other reanalysis and satellite 

products. Overall, the inter-annual variability of the SPCZ intensity at distinct 

longitudes also shows positive and significant cross-correlations when comparing 

20CRv2c to the GPCP, ERA Interim, and OLR products (Table 4.2). The correlations 

are weaker in the far west of the SPCZ area (insignificant for 20CRv2c vs ERA 

Interim), but are better to the east of ~170°E. This demonstrates that the inter-annual 

variability of SPCZ intensity is similar between the reanalysis, in situ rainfall, and 

satellite products across the majority of the SPCZ area. 

Table 4.2 20CRv2c temporal correlations with OLR (top), GPCP (middle), and ERA Interim (bottom). Correlations 

are for SPCZ intensity at each longitude across longitudinal range for the mean 1979-2011 DJF period. 

 

These results stated above indicated that the performance of the 20CRv2c product in 

depicting both the position and intensity of the SPCZ (from the 500hPa vertical motion 

field) was sufficient to warrant its use in performing further analysis extending back to 

1908. 

 10m Wind Divergence: Location 4.1.3

Looking at the mean DJF location of the SPCZ from 1979-2011 based on low level 

divergence (Figure 4.3) it is clear that this reanalysis field does not match the satellite 

products nearly as well as when using the omega reanalysis field. 

150°E 156°E 162°E 168°E 174°E 180.00 174°W 168°W 162°W 156°W 150°W 144°W 138°W 132°W 126°W 120°W

OLR 0.17 0.34 0.37 0.41 0.57 0.73 0.79 0.76 0.75 0.68 0.73 0.80 0.83 0.73 0.62 0.64

GPCP 0.30 0.38 0.47 0.55 0.63 0.71 0.75 0.68 0.65 0.64 0.81 0.89 0.85 0.68 0.61 0.64

ERA 0.01 0.25 0.48 0.68 0.74 0.71 0.73 0.70 0.76 0.73 0.82 0.90 0.93 0.85 0.71 0.72

20CRv2c Interannual Intensity Correlation with OLR, GPCP, and ERA Interim
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Figure 4.3 The mean DJF location of the SPCZ from 1979-2011 between the analysed products. Analysis was using 

the 10m divergence field during the austral summer period. NCEP/NCAR1 is shown by the red line, ERA Interim by 

the dark blue line, 20CRv2 by the black line, 20CRv2c by the light blue line, OLR by the pink line, GPCP by the 

green line, and TRMM by the purple line. 

The pattern that stands out with the divergence reanalysis product is the representation 

of the SPCZ as almost zonal. Two common traits can be observed; first, there is a 

southward dip for the SPCZ to the west of 160°E, and second, there is a northward 

displacement of the SPCZ position east of 140°W. The southward dip in the far west is 

likely related to the area of strong convergence that shows up over eastern Australia in 

most austral summer seasons (see example in Figure 4.4). In the far-east, areas of 

significant convergence also show up consistently between the equator and 10°S across 

the reanalyses. This leads to the representation of low level divergence as a proxy for 

the SPCZ in all four reanalysis products being significantly south of the satellite 

products in the west, and significantly north of the satellite products in the east. Overall, 

using the method of identifying the SPCZ, it can clearly be seen that using 500hPa 

omega field produces a more realistic depiction of the SPCZ, in comparison to the 10m 

wind convergence field. 
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Figure 4.4 The SPCZ depicted from 10m divergence field for DJF from 2000/2001. The thick pink line connects the 

latitudinal points of minimum divergence (maximum convergence) across the longitudinal range. The thick red line is 

the depiction of the SPCZ once the 13 point low pass filter has been applied twice. Note the area of strong 

convergence over eastern Australia that influences the depiction of the SPCZ when using 10m wind divergence. 

 10m Wind Divergence: Intensity 4.1.4

The intensity of the SPCZ depicted from 10m wind convergence (Figure 4.5) shows a 

different pattern to that shown in Figure 4.2. Rather than most reanalysis products 

showing a peak in intensity from 170°E to the IDL, all of them show the highest 

intensity in the far west of the plot (Figure 4.5a). While this is plausible, it is also the 

area where the SPCZ is inferred as having an unrealistic southward dip across all 

reanalysis products (Figure 4.3), which show it is related to the area of strong 

convergence over eastern Australia rather than the SPCZ itself.  

 

Figure 4.5 The DJF intensity of SPCZ for (a) 10m divergence fields for the four reanalysis products (b) OLR (c) 

GPCP and (d) TRMM. In plot (a) ERA Interim is shown by the blue line, NCEP/NCAR1 by the orange line, 

20CRv2c by the yellow line, and 20CRv2c by the purple line. 
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Another notable feature is that the ERA Interim is the reanalysis product that depicts the 

SPCZ as the least intense whereas the other three show similar intensities across the 

longitudinal range. Looking at the 500hPa omega field, it was the NCEP/NCAR1 

reanalysis that depicted the SPCZ as notably less intense than the other three (Figure 

4.2). 

There are obvious discrepancies between the satellite products and reanalysis products 

when using 10m wind convergence to depict the SPCZ. Areas of strong convergence 

over eastern Australia and the central equatorial Pacific Ocean lead to an unrealistic 

positioning and intensity of the SPCZ in all four reanalysis products. In comparison, the 

position and intensity of the SPCZ appear more realistic, and in line with the 

observational satellite products when using the 500hPa omega field. This being the 

case, the remainder of this thesis will use the 500hPa omega field when using the 

reanalysis products to depict the SPCZ. 

4.2 Comparison of Twentieth Century Reanalysis Products 

Section 4.2 of this thesis investigates whether there has been an improvement in the 

20CR product between v2 and v2c in the SPCZ region, by looking for any changes in 

the depiction of the SPCZ between the two products. Analysis for this part of the study 

was carried out using the mean DJF 500hPa omega field from only the 20CRv2 and 

20CRv2c products, for the 1908-1957 and 1958-2011 periods, in an attempt to identify 

if increased data density has improved the performance of the 20CR between v2 and 

v2c.  

 20CR Comparison (Location) 4.2.1

The comparison between 20CRv2 and 20CRv2c showed that the position of the SPCZ 

is very similar between the two products from 1958-2011, while there are slight 

differences between the two from 1908-1957 (Figure 4.6). Overall, the two products 

show a very similar SPCZ position across most of the longitudinal range studied for the 

1958-2011 period, however, 20CRv2c does lie slightly to the south of 20CRv2 west of 

160°E, and slightly to the north, east of ~145°W (Figure 4.6b). This closely related 

depiction of the SPCZ position is most likely a result of the underlying data being very 

similar between the two products for this time period. 
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Figure 4.6 Comparison of mean DJF SPCZ position between 20CRv2 and 20CRv2c for 1908-1957 (a) and 1958-

2011 (b). 20CRv2 is shown by the red line and 20CRv2c is shown by the blue line. 

In the period from 1908-1957, there is discrepancy difference between the two products 

across most of the plot before they align in the far east of the region (Figure 4.6a). The 

SPCZ position is represented differently between 20CRv2 and 20CRv2c from ~160°E 

to the IDL (the “western section”), and from the ~170°W to ~155°W (the “eastern 

section”). Looking at Figure 4.6a, it would be expected that there would be a 

statistically significant difference between the 20CRv2 and 20CRv2c in both the 

western section and the eastern section, and this was investigated by performing a two 

sample t-test (Table 4.3). 
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Table 4.3 Comparison of P values for the “western section” and the “eastern section” where the SPCZ position 

appears different between 20CRv2 and 20CRv2c. P values in bold are significant at the 90% level. 

 

Initially, this test was assessed at the 95% significance level, and it showed that no 

significant difference existed between 20CRv2 and 20CRv2c across the entire 

longitudinal range of the SPCZ area. However, at the 90% significance level, a 

statistically significant difference existed between the two products from ~163°E to 

~167°E, and from ~168°W to ~166°W. This shows statistically significant differences 

were evident in parts of both the “eastern section” and “western section” of Figure 4.6a.  

To further investigate any differences that might exist between 20CRv2 and 20CRv2c, 

the residual (20CRv2 minus 20CRv2c) omega fields were examined for four individual 

DJF periods. These were two Austral summer seasons prior to 1958 (La Niña from 

1916/1917 and El Niño from 1930/1931), and two after 1958 (El Niño from 1982/83 

and La Niña from 2010/2011). These years were chosen based on the highest and lowest 

MEI values from the two respective time periods, and the associated plots can be seen 

in appendix B. There appears to be a coherent difference in the omega field prior to 

1958, especially during the 1930/1931 El Niño, with more vertical motion near the 

equator and less at 10°S for 20CRv2c, suggesting a northward movement of the SPCZ. 

The 1916/1917 La Niña shows less vertical motion in a diagonal area stretching from 

the northwest of the SPCZ area to around 160°W and 15°S to 20°S for 20CRv2c. This 

suggests a southward movement of the SPCZ between the products, however, the 

difference is not as coherent as during the 1930/1931 El Niño. 

The difference between the two products appears less coherent for the post-1958 period. 

The 2010/2011 La Niña shows a slight difference between the products, however, there 

is no specific pattern visible. For the 1982/83 El Niño, there is suggestion that 20CRv2c 

shows less vertical motion near the equator west of 160°W, with more around 10°S, 

however, this pattern is not completely coherent. The general lack of coherent 

difference between 20CRv2 and 20CRv2c in the two chosen DJF seasons post 1958 

indicates that both of the products are producing similar depictions of the atmospheric 

circulation in the SPCZ region for this recent, more data rich period. Conversely, more 

coherency in the residual omega fields prior to 1958 suggest that the two products are 

Longitude 162°E 163.5°E 165°E 166.5°E 168°E 169.5°E 171°E 172.5°E 174°E 175.5°E 177°E

P Value 0.109 0.098 0.095 0.099 0.107 0.118 0.130 0.143 0.158 0.180 0.219

Longitude 169.5°W 168°W 166.5°W 165°W 163.5°W 163°W 161.5°W 160°W 158.5°W 157°W 155.5°W

P Value 0.104 0.088 0.093 0.115 0.154 0.198 0.234 0.250 0.246 0.234 0.228

Western Section where 20CRv2 and 20CRv2c are Visually Different

Eastern Section where 20CRv2 and 20CRv2c are Visually Different
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representing the atmospheric circulation differently for this older, more data sparse 

period. 

The results stated above are important for this study, as the omega field and the 

representation of the SPCZ has changed between 20CRv2 and 20CRv2c. This suggests 

that the addition of extra stations in the Cook Islands between v2 and v2c has improved 

the performance of the 20CR product in the SPCZ region. 

 20CR Comparison (Intensity) 4.2.2

The comparison of mean DJF SPCZ intensity indicated a slight difference between 

20CRv2 and 20CRv2c in both periods investigated (Figure 4.7). Looking at the 1958-

2011 period, the two products match very well east of 170°W, but 20CRv2 shows 

slightly higher intensity to the west of this line (Figure 4.7b). However, while there is a 

slight difference in intensity (20CRv2 has higher intensity) in the western portion of the 

SPCZ, both of the products show quite a smooth, consistent line across the plot. 

 

Figure 4.7 Comparison of mean DJF SPCZ intensity between 20CRv2 and 20CRv2c for 1908-1957 (a) and 1958-

2011 (b). 20CRv2 is shown by the blue line and 20CRv2c by the orange line. 

In comparison, the 1908-1957 period shows a similar smooth and consistent line across 

the plot for 20CRv2c, but not for 20CRv2. The representation of SPCZ intensity from 

20CRv2 is wavier in appearance, consistently alternating between stronger and weaker 

than 20CRv2c across the longitudinal range (Figure 4.7a). This discrepancy between the 

two 20CR products from 1908-1957 helps substantiate the claim made in section 4.2.1 
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that the extra data added during this time period has helped improve the depiction of the 

SPCZ in the 20CRv2c product. 

4.3 Interactions with ENSO and IPO and Twentieth Century Trends 

Section 4.3 of this thesis carries out analysis of the SPCZ, with ENSO and IPO 

relationships, as well as twentieth century trends investigated. The analysis is carried 

out for the 1908-2011 period using the mean DJF 500hPa omega field from 20CRv2c 

product. 

 ENSO: Location 4.3.1

The mean DJF position of the SPCZ in relation to ENSO phases shows a distinct north 

to south progression from what is defined for this study as strong (top 20% from MEI 

index) El Niño (SEN) years to strong (bottom 20% from MEI index) La Niña (SLN) 

years (Figure 4.8).  

 

Figure 4.8 The mean DJF SPCZ position based on ENSO phase from 1908-2011. Strong El Niño years are shown by 

the red line, weak El Niño years by the orange line, neutral years by the green line, weak La Niña years by the purple 

line, and strong La Niña years by the dark blue line. The mean 1908-2011 SPCZ position is shown by the thick black 

line. 

The mean position of the SPCZ for SEN years from 1908-2011 is much further north 

than all other ENSO phases, except in the very far west of the SPCZ area in which it lies 

slightly south of weak El Niño (WEN) years. It is also zonal from 150°E to the IDL, 

after which it begins to take on the diagonal orientation associated with the SPCZ. This 

leads to the most equatorward point of the mean SPCZ position being around 170°E, 

rather than in the far west of the plot at 150°E. The mean SPCZ position during WEN 

years shows a similar spatial pattern to that of SEN years. It is zonal west of 170°E 

before taking on the diagonal orientation into the subtropics, but its most equatorward 



 

 

44 

 

position lies slightly further west (and south) than SEN years. The major difference 

between these two phases of ENSO is the magnitude of equatorward displacement, with 

greater displacement seen during SEN years. 

The mean position of the SPCZ for strong La Niña (SLN) years is significantly further 

south than all other ENSO phases across the entire SPCZ region. The orientation of the 

SPCZ is zonal west of 160°E and diagonal to the east of this point. The position of the 

SPCZ during weak La Niña (WLN) years shows a similar pattern, but the magnitude of 

southward displacement is smaller. It is also zonal west of 160°E, and the SPCZ 

position at 120°W is quite similar to that of Neutral and WEN years.  

Despite the different way in which ENSO phases were defined for this study (see 

description in section 3.1.3), the spatial patterns of SPCZ positions in relation to ENSO 

phases are what would expect to be seen based on previous research (see section 2.2.2). 

Figure 4.8 also suggests that the deviation away from the mean 1908-2011 position is 

greater during El Niño years than La Niña years, with the magnitude of equatorward 

displacement during El Niño years being slightly greater than the southward 

displacement during La Niña years. 

EOF analysis of the time series of SPCZ locations by year and longitude shows that the 

largest variability (55%) is a northward (or southward) shift of the SPCZ across all 

longitudes with a peak of over 4° latitude at around 140°W. This pattern of SPCZ 

movement (Figure 4.9) was noted as most likely being related to ENSO, with related 

SST distribution and trade wind variation leading to northward and southward 

displacement of the SPCZ from its mean position. 
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Figure 4.9 EOF1 pattern of variance from 20CRv2c 1908-2011 mean SPCZ position. This pattern accounts for 55% 

of variability in SPCZ position. 

A plot showing the time series of the first EOF of the SPCZ position with the MEI time 

series from 1908-2011 is shown in Figure 4.10. It is clear that the two time series are 

very similar, and a highly significant correlation coefficient (r = 0.83, n = 104, d.f. = 

102, p < 0.01) from 1908-2011. This correlation is maintained through time, also being 

0.83 (n = 50, d.f. = 48, p < 0.01) from 1908-1957 and 0.84 (n = 54, d.f. = 52, p < 0.01) 

from 1958-2011. This result demonstrated that there is a close relationship between 

ENSO phases and the leading pattern of variability in SPCZ position throughout the 

analysis period from 1908-2011. 

 



 

 

46 

 

 

Figure 4.10 Time series of EOF1 of SPCZ position and MEI time series from 1908-2011. The EOF1 time series is 

shown by the blue line and the MEI time series is shown by the orange line. 

To further corroborate this finding, a correlation map was plotted between the ERSSTv5 

SST dataset and the first EOF of SPCZ position from 20CRv2c (Figure 4.11). Positive 

correlations exist over most of the tropical Pacific Ocean with a peak of 0.7 over the 

central Pacific Ocean (within the Niño 3.4 region), while negative correlations exist 

over the majority of the subtropical Pacific Ocean. The maximum negative correlation 

of 0.5 occurs in the far southwest corner of the SPCZ area. This demonstrates that when 

the SPCZ varies from its mean position in the EOF1 pattern (strongly correlated to 

ENSO) there is a strong positive correlation with SSTs near the equator in the central 

Pacific Ocean, with negative correlations in the subtropics. This relationship would be 

seen as a northward movement of the SPCZ coinciding with increased SSTs in the 

tropical Pacific Ocean and decreased SSTs over most of the subtropics, broadly 

consistent with El Niño conditions. 
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Figure 4.11 Correlation map of ERSSTv5 SST and the amplitude time series of EOF1 of SPCZ position from 

20CRv2c for 1908-2011 period. Red contours represent positive correlations, blue contours represent negative 

correlations, and the black contour represents no correlation. Spacing of contours is 0.1. 

In order to visualise and show the amplitude of this SST anomaly pattern, a regression 

map of SSTs and EOF1 of the SPCZ position was created (Figure 4.12). Positive SST 

anomalies exist over the majority of the tropical Pacific Ocean within the SPCZ area, 

with a maximum amplitude of 0.9°C in the far northeast corner of the plot. Negative 

SST anomalies exist over most of the subtropical southwest Pacific Ocean, with a 

maximum amplitude of -0.4°C in the far southwest of the plot. This pattern looks 

similar to the SST anomalies that would be expected during an El Niño event. 

 

Figure 4.12 SST anomaly regression map from ERSSTv5 when plotted with EOF1 of SPCZ position from 20CRv2c 

for 1908-2011 period. Red contours represent positive SST anomalies, blue contours represent negative SST 

anomalies, and the black contour represents no SST anomaly. Spacing of contours is 0.1°C. 
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 ENSO: Intensity 4.3.2

The pattern seen in the mean DJF SPCZ intensity plots in relation to ENSO phases 

(Figure 4.13) is not as well defined as the SPCZ position plots shown in Figure 4.8. 

However, the intensity of the SPCZ during SEN and WEN years stands out as having a 

different pattern to the other phases. SEN years have the weakest intensity of all phases 

at the far west of the plot, before increasing to a peak in intensity at the IDL. This peak 

is noticeably more intense than the peak of the other ENSO phases. The intensity 

quickly declines east of the IDL, however, at a consistently higher magnitude than the 

other ENSO phases to the eastern edge of the SPCZ area (120°W).  

 

Figure 4.13 The mean DJF SPCZ intensity based on ENSO phase from 1908-2011. The mean strong El Niño 

intensity is shown by the red line, the mean weak El Niño intensity is shown by the orange line, the mean neutral 

intensity is shown by the green line, the mean weak La Niña intensity is shown by the purple line, and the mean 

strong La Niña intensity is shown by the blue line. The overall 1908-2011 mean intensity is shown by the black line.  

The intensity of the SPCZ during WEN years shows a similar pattern to SEN years but 

of a lower magnitude. The maximum intensity occurs at ~175°E before decreasing 

towards the eastern limit of the SPCZ area. The maximum intensity is not as high as 

during SEN years, however, it is still greater in magnitude than the other ENSO phases. 

The intensity is comparable to WLN years to the east of 160°W, and also neutral years 

east of 135°W.  

The maximum intensity within the SPCZ occurs at the far western edge of plot (150°E) 

for all periods that have been defined as neutral, WLN, and SLN. The rapid drop off in 

intensity occurs further east for neutral years (~175°E) than WLN or SLN years. This 
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drop off occurs at the far western edge of the plot (150°E) for both SLN years and WLN 

years. On average, SLN years show the lowest intensity of these three ENSO phases, 

however, the intensity of the three is comparable from near the IDL to ~165°W. 

The intensity pattern of the SPCZ during El Niño years illustrates the eastward 

movement of the most intense convection towards the IDL during El Niño events 

(Figure 4.13), and is in line with previous studies looking at the relationship between 

the SPCZ and ENSO (see section 2.2.2). 

EOF analysis shows that the largest variability (44.5%) in SPCZ magnitude is a slight 

decrease (or increase) in the far west, and an increase (or decrease) east of 160°E 

(Figure 4.14). The largest variability of SPCZ magnitude occurs from near the IDL to 

170°W. This pattern once again stood out as most likely being related to ENSO, and 

would be seen as El Niño induced warm SST anomalies, and associated intense SPCZ 

convection moving eastward towards the IDL, with a slight decrease in SSTs and 

convection in the far west of the SPCZ region. 

 

Figure 4.14 EOF1 pattern of variance from 20CRv2c 1908-2011 mean SPCZ intensity. This pattern accounts for 

44.5% of variance seen in SPCZ intensity. 

Looking at the time series of the first EOF of SPCZ intensity and the MEI time series 

plotted together, it was again evident that a notable relationship existed between the two 

variables (Figure 4.15). This was confirmed with a correlation coefficient of 0.69 (n = 

104, d.f. = 102, p < 0.01) between the two time series. There is some difference in this 

relationship throughout the analysis period, with the correlation coefficient being 0.69 
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(n = 54, d.f. = 52, p < 0.01) from 1958-2011, but reducing to 0.48 (n = 50, d.f. = 48, p < 

0.01) from 1908-1957. This result demonstrated there is a statistically significant 

relationship between ENSO phases and SPCZ intensity through the entire analysis 

period, although the correlation is slightly weaker in the first half of the twentieth 

century. 

 

Figure 4.15 Time series of EOF1 of SPCZ intensity and MEI time series from 1908-2011. The EOF1 time series is 

shown by the blue line and the MEI time series is shown by the orange line. 

In order to maintain consistency through the study, a correlation map was plotted 

between the ERSSTv5 SST dataset and the first EOF of SPCZ magnitude from 

20CRv2c (Figure 4.16). Positive correlations again exist over most of the tropical 

Pacific Ocean with a peak of 0.6 in the central Pacific Ocean, and negative correlations 

largely exist in the subtropics (maximum amplitude of -0.3). 
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Figure 4.16 Correlation map of ERSSTv5 SST and EOF1 of SPCZ intensity from 20CRv2c for 1908-2011 period. 

Red contours represent positive correlations, blue contours represent negative correlations, and the black contour 

represents no correlation. Spacing of contours is 0.1. 

This illustrates that when the intensity of the SPCZ varies in the EOF1 pattern 

(correlated with ENSO) there is a positive correlation with SSTs in the tropical Pacific 

Ocean, and a negative correlation in the subtropics. This would be seen as an increase in 

intensity near (and east of) the IDL coinciding with increased SSTs in the tropical 

Pacific Ocean and a decrease in SSTs over the subtropics (with an exception 

immediately to the east of Australia).  

The SST anomaly regression map (Figure 4.17) shows the expression of SST anomalies 

when the SPCZ intensity varies in the EOF1 pattern, with positive anomalies in the 

tropical Pacific Ocean (up to 0.7°C at the equator), and negative anomalies in the 

subtropics (up to -0.2°C). This pattern of SST anomalies is similar to what would be 

expected during an El Niño.  
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Figure 4.17 SST anomaly regression map from ERSSTv5 when plotted with EOF1 of SPCZ intensity from 20CRv2c 

for 1908-2011 period. Red contours represent positive SST anomalies, blue contours represent a negative SST 

anomaly. The black contour represents no SST anomaly. Spacing of contours is 0.1°C. 

 IPO: Location 4.3.3

The relationship between IPO phase and the mean DJF position of the SPCZ is less 

evident when compared to the SPCZ-ENSO relationship. There appears to be no 

significant difference between the negative IPO phase from 1908-1924 and the positive 

IPO phase from 1925-1946 (purple and orange lines in Figure 4.18 respectively), as 

they undulate north and south of each other across the entire SPCZ region. Due to the 

undulating nature of the representation of the SPCZ during both of these IPO phases, it 

must be questioned whether this pattern is a physical response in relation to the IPO, or 

whether it could be a result of sparser data during the earlier part of the twentieth 

century. 

 

Figure 4.18 The mean DJF SPCZ location relative to twentieth century IPO cycles. The negative IPO from 1908-

1924 is shown in purple, the positive IPO from 1925-1946 is shown in orange, the negative IPO from 1947-1976 is 

shown in dark blue, and the positive IPO from 1977-1998 is shown in red. The mean DJF 1908-2011 SPCZ location 

is shown in black. 
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Looking at the two most recent complete IPO phases (negative from 1947-1976 (blue 

line) and positive from 1977-1998 (red line)), a more distinct pattern emerges. The 

position of the SPCZ lies consistently further north during the 1977-1998 positive IPO 

across the entire plot apart from in the very far west near 150°E. This result is closer to 

what would be expected when investigating the position of the SPCZ during IPO 

phases, as positive IPO phases generally have a higher frequency of El Niño events 

which help to shift the mean location of the SPCZ equatorward. 

The time series of the first EOF of the SPCZ position and the TPI time series from 

1908-1998 also appeared to show a relatively strong relationship (Figure 4.19). This 

was confirmed when correlation analysis was performed, resulting in a value of 0.76 (n 

= 91, d.f. = 89, p < 0.01). Due to the apparent difference in SPCZ position and IPO 

phase relationship between the first and second half of the twentieth century (Figure 

4.18), the same correlation analysis was performed, but separated into two time periods; 

1908-1946 and 1947-1998. The correlation was 0.77 (n = 39, d.f. = 37, p < 0.01) for the 

earlier period and 0.76 (n = 52, d.f. = 50, p < 0.01) for the latter, which demonstrated 

the relationship between the leading pattern of variability in the position of the SPCZ 

and the IPO remains consistent through the entire analysis period. 

 

Figure 4.19 Time series of EOF1 of SPCZ position and the TPI time series from 1908-1998. The time EOF1 time 

series is shown by the blue line and the TPI time series is shown by the orange line. 
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 IPO: Intensity 4.3.4

The relationship between mean DJF SPCZ intensity and IPO phase is slightly more 

distinguishable than when looking at SPCZ location (Figure 4.20). The 1977-1998 

positive IPO has the lowest intensity at the western edge of the SPCZ region before 

increasing to reach a peak at the IDL and decreasing significantly to the east. The peak 

intensity is higher than the other three IPO phases and it remains consistently higher 

heading east from the dateline. The peak intensity of the 1925-1946 positive IPO also 

occurs east of the western edge of the SPCZ region, at ~175°E, but is not as strong as 

the more recent positive IPO. The intensity of the 1925-1946 positive IPO is also lower 

than the 1977-1998 event to the east of the IDL, and more in line with the two –IPO 

phases. 

 

Figure 4.20 The mean DJF SPCZ intensity relative to twentieth century IPO cycles. The negative IPO from 1908-

1924 is shown in purple, the positive IPO from 1925-1946 is shown in orange, the negative IPO from 1947-1976 is 

shown in blue, and the positive IPO from 1977-1998 is shown in red. The mean DJF 1908-2011 SPCZ intensity is 

shown in black. 

The two –IPO phases both show similar patterns, with the peak intensity occurring at 

150°E. They both show a slow decline in intensity to the IDL, before the intensity 

decreases more rapidly east of the IDL. The largest difference is that the more recent –

IPO period from 1947-1976 is consistently weaker in intensity than the earlier –IPO 

period from 1908-1924 across the whole SPCZ region. Figure 4.20 illustrates that SPCZ 

intensity peaks further east near the IDL during positive IPO events, while it peaks 

further west (150°E) during –IPO periods.  
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Plotting the time series of the first EOF of SPCZ intensity and the TPI time series 

indicated a significant relationship (Figure 4.21), and correlation analysis was 

performed over the entire 1908-1998 period, as well as the two separated (1908-1946 

and 1947-1998) periods. The overall correlation was 0.63 (n = 91, d.f. = 89, p < 0.01) 

indicating a significant relationship between variability in the intensity of the SPCZ and 

IPO phase. This holds for the two separate periods, with the correlation coming out as 

0.70 (n = 39, d.f. = 37, p < 0.01) for the 1908-1946 period, and 0.60 (n = 52, d.f. = 50, p 

< 0.01) for the 1947-1998 period. This demonstrates that the relationship between the 

leading pattern of variability of SPCZ intensity and the IPO is rather consistent through 

time, although slightly stronger in the earlier 1908-1946 period. 

 

Figure 4.21 Time series of EOF1 of SPCZ intensity and the TPI time series from 1908-1998. The EOF1 time series is 

shown by the blue line and the TPI time series is shown by the orange line. 

 Twentieth Century Trends: Location 4.3.5

When looking at the mean DJF position of the SPCZ through time, there is not a pattern 

or trend that stands out across the majority of the SPCZ area (Figure 4.22). The mean 

positions are largely similar, with the time periods often alternating north and south of 

one another across the region. 



 

 

56 

 

 

Figure 4.22 The mean DJF SPCZ position from 1908-2011 using twenty year blocks of time. The black line 

represents 1908-1927, the red line represents 1928-1947, the blue line represents 1948-1967, the purple line 

represents 1968-1987, and the green line represents 1988-2011. 

However, in the far west of the SPCZ area (west of ~170°E) there does appear to be a 

progressive southward trend in SPCZ position through time from 1908-2011. Analysis 

of the latitude of the SPCZ position from 1908-2011 by longitude showed that a slight 

southward trend existed in the far west of the region (example from 150°E shown in 

Figure 4.23). 

 

Figure 4.23 Position of the SPCZ from 20CRv2c at 150°E for the 1908-2011 period. Blue dots represent the latitude 

of the SPCZ at 150°E for each year. The black line represents the line of best fit through the data (linear) which has a 

p value of 0.001 and r2 of -0.31. 

Correlation analysis between latitude of SPCZ and year showed that this indication of a 

southward trend was statistically significant from 150°E to ~170°E (Table 4.4), despite 

relatively low correlation coefficients of -0.2 to -0.31 (n = 104, d.f. = 102, p < 0.01). 
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Significant p values (<0.05) existed over this region (and at ~145°W). This trend 

through time could be calculated by using the slope of the line of best fit, which resulted 

in values of -4.1 to -2.5 °latitude/century from 150°E to ~170°E. Outside of this area 

(and ~145°W) no significant trend over the course of the twentieth century existed. 

Table 4.4 Representation of p values and trend of SPCZ position from 1908-2011 by longitude. P values in bold are 

statistically significant at the 95% level, and the trend is in °latitude/century. 

 

These statistically significant results confirm what is suggested when looking at Figure 

4.22, in that a southward trend of SPCZ position in the far west (tropical) component is 

apparent over the course of the twentieth, and early twenty-first century.  

 Twentieth Century Trends: Intensity 4.3.6

The mean DJF SPCZ intensity through time is similar to the other intensity plots that 

have been studied, with peak intensity occurring at, and west of the IDL, and decreasing 

rapidly to the east (Figure 4.24). Three periods (1928-1947 (red line), 1968-1987 

(purple line), and 1988-2011 (green line)) have peak intensities near the IDL, while the 

other two periods (1908-1928 (blue line) and 1948-1967 (yellow line)) have peak 

intensities located in the far west of the SPCZ region. The period that contains the 

highest mean peak intensity of the SPCZ is 1988-2011, while, 1948-1967 is the period 

that has the lowest peak intensity. The mean peak intensity is very similar for the other 

three time periods. 

150°E 156°E 162°E 168°E 174°E 180 174°W 168°W 162°W 156°W 150°W 144°W 138°W 132°W 126°W 120°W

P value 0.001 0.003 0.01 0.04 0.22 0.72 0.96 0.94 0.69 0.32 0.07 0.04 0.23 0.78 0.09 0.08

Trend( ° latitude/Century) -4.1 -3.4 -2.8 -2.5 -1.7 -0.5 0.06 0.1 -0.5 -1.4 -2.8 -3.5 -2.1 0.4 2.6 2.8

Twentieth Century trend of SPCZ Position by Longitude
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Figure 4.24 The mean DJF SPCZ intensity through 1908-2011 using twenty year blocks of time. The blue line 

represents 1908-1927, the orange line represents 1928-1947, the yellow line represents 1948-1967, the purple line 

represents 1968-1987, and the green line represents 1988-2011. 

It seems probable that IPO periods are having an influence on where the location of 

peak SPCZ intensity has been occurring. The 1908-1927 and 1948-1967 periods fall 

largely within negative IPO periods, and peak intensity occurs for these periods in the 

far west of the SPCZ area. The other three periods (1928-1947, 1968-1987, and 1988-

2011) all have peak intensities between 170°E and the IDL, with each of them 

containing positive IPO periods for at least half of their timespans (1928-1947 is almost 

entirely within a positive IPO period). Due to there being no noticeable progressive 

trend in SPCZ intensity through from 1908-2011, the linear trend regression analysis 

performed in section 4.3.5 was not pursued. 
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Chapter 5   Discussion 

Chapter 5 of this thesis synthesises the results discussed in chapter 4 with, where 

necessary, relevant literature and studies on the SPCZ. Part one focuses on the 

representation of SPCZ location and intensity across all of the reanalysis and satellite 

products from 1979-2011, with specific emphasis on the performance of the 20CRv2c 

product. Part two focuses on the representation of the SPCZ between the two 20CR 

products, extending the analysis to 1908. A primary discussion point includes detail 

about whether the addition of extra data in the SPCZ region between 20CRv2 and 

20CRv2c has improved the performance of the 20CR product. Finally, the effect of 

inter-annual and decadal variability on the SPCZ will be discussed, with particular focus 

on ENSO, the IPO, and twentieth century trends. 

5.1 Inter-comparison of Reanalysis and Satellite Products 

The initial aim of this study was to compare the representation of the SPCZ in the 

20CRv2 and v2c products with various other reanalysis and observational satellite 

products. This was to see if the 20CR products, which ingest only surface observations 

to run their analysis, were able to accurately depict the SPCZ, and therefore indicate 

whether it has potential efficacy for outlining long-term SPCZ history prior to the 

classic reanalysis period (pre 1948).  

Austral summer (DJF) from 1979-2011 had an overlap of all products within the 

satellite era (with the exception of TRMM, which begins in 1998). The method of using 

observational satellite products to assess reanalyses has been widely used in other 

studies (e.g. Brown et al., 2013; Matthews, 2012; Widlansky et al., 2011), however, it 

has not been used to assess the 20CR products in the Southwest Pacific region. For this 

study, minimum 10m wind divergence and 500hPa omega were assessed to locate the 

SPCZ in the reanalyses, and found vertical motion to be superior to 10m divergence. 

Maximum rainfall/minimum OLR were used to locate the SPCZ for the observational 

satellite products. 
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The use of the 500hPa omega field in the reanalyses to identify the position of the SPCZ 

showed a close fit to the observational satellite products (Figure 4.1). Good agreement 

was found between all products for DJF 1979-2011, especially between the two 20CR 

products, ERA Interim, TRMM, and GPCP. NCEP/NCAR1 and the OLR products are 

still very similar, but diverge away from the other five, especially in the subtropical 

region to the east. The southward movement of the OLR field to the east of 150°E is not 

surprising, as the strong relationship that exists between minimum OLR and 

precipitation in the tropics breaks down as you move further poleward, due to decreased 

atmospheric and surface temperatures (Van Der Wiel et al., 2015b). The zonal bias seen 

in the NCEP/NCAR1 reanalysis was an interesting finding, and is most likely a 

symptom of it being the oldest product analysed, and the tendency of many models to 

represent the SPCZ too zonally (e.g. Brown et al., 2013; Brown et al., 2012; Niznik et 

al., 2015; Vincent et al., 2011). Regardless of the slight differences seen with these two 

products, spatial correlations of above 0.99 confirm what can clearly be seen in Figure 

4.1, in that there is a very similar depiction of the average DJF 1979-2011 SPCZ 

position between all analysed products. In addition to this, correlations in time period at 

each longitude (Table 4.1) range from 0.6-0.9, demonstrating that the products vary 

similarly to each other from year to year, further supporting the similarity between 

products in the depiction of the SPCZ. 

Analysis of average SPCZ intensity also showed good agreement overall between most 

products. When looking at Figure 4.2 it can be seen that, with the exception of the ERA 

Interim reanalysis and OLR satellite product, all the analysed products have a peak 

intensity between 170°E and the IDL. Despite the ERA Interim reanalysis having the 

strongest intensity in the far west of the plot, the magnitude of the intensity is 

comparable to the two 20CR reanalysis products across most of the SPCZ region. The 

NCEP/NCAR1 reanalysis product depicts the SPCZ as significantly less intense as the 

other three reanalyses, although it has a similar spatial structure. The difference in 

intensity is again most likely explained by the NCEP/NCAR1 product being older than 

the other three reanalyses. 

The GPCP and TRMM products produce a spatially similar plot of SPCZ maximum 

intensity, with TRMM being slightly higher in magnitude (maximum of 14mm/day 

compared to 12mm/day). This difference does not detract from the fact that these two 

products represent the intensity of the SPCZ very similarly. This just leaves the OLR 
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product as giving a slightly different representation of the SPCZ (maximum intensity in 

the far west) when looking at the observational satellite products. It was hard to 

compare the actual intensity values of the SPCZ between the reanalysis and satellite 

products, due to the different units of the fields used to identify the SPCZ (e.g. omega 

vs precipitation). This meant interpreting where the location of maximum intensity lies 

between products was largely relied on for analysis, rather than the magnitude of that 

maximum intensity. 

Regardless of these slight differences discussed above, 20CRv2c had a spatial 

correlation of 0.89 or greater with all of the other analysed products when looking at the 

maximum intensity of the SPCZ. Temporal correlations of SPCZ intensity over the 

1979-2011 period between 20CRv2c and OLR, ERA Interim, and GPCP, show some 

diversity in the inter-annual variability between the products (Table 4.2). 20CRv2c had 

weaker correlations with the other three products (0.17 to 0.34 for OLR, 0 to 0.3 for 

ERA Interim, and 0.3 to 0.4 for GPCP) west of 160°E before it increased to more 

significant (0.4 – 0.9) for the rest of the longitudinal range. This implies that these 

products vary similarly year to year in the depiction of SPCZ intensity across most of 

the longitudinal range, with the exception of the far west of the SPCZ region.  

The 20CR products integrate only surface observations, so the 500hPa omega field is 

derived from these through NWP model dynamics. Regardless of this possible 

limitation, the representation of the SPCZ is very similar to that of the other reanalyses 

and satellite products that contain upper atmosphere observations. The similarities in the 

depiction of the atmospheric circulation in the southwest Pacific region during the 

satellite era suggest a good degree of realism for 20CR, and that it is also feasible to 

base reanalyses on surface observations alone (Compo et al., 2011). The analysis also 

demonstrates that the 20CR performs well in the satellite period, and as such, it was 

deemed appropriate to use the 20CRv2c product for analysis extending back to 1908. 

However, it is realised that just because the product performs well from 1979-2011, it 

does not mean the performance will be as good for the entire twentieth century, largely 

due to decreased data density further back in time. 
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5.2 Twentieth Century Reanalysis Comparison: 

The comparison in the depiction of the SPCZ between 20CRv2 and 20CRv2c suggested 

that there is a slight difference in performance between the two products in the earlier 

time period (1908-1957), while they seem to perform very similarly in the more recent 

time period (1958-2011). This pattern was evident in both the comparison of SPCZ 

position (Figure 4.6) and SPCZ intensity (Figure 4.7). 

The closely related depiction of the SPCZ between 20CRv2 and 20CRv2c during 1958-

2011 (Figure 4.6b) suggests the underlying data that is assimilated into the GCM 

producing the reanalysis is the same, or at least very similar. This result could be 

expected, as the performance of 20CR products rely heavily on spatio-temporal data 

density. More recent observations are also more accessible, and would be assimilated 

into both 20CRv2 and 20CRv2c, producing the similar depiction between the two 

products. Data rescue efforts to improve performance of the 20CR products are largely 

for periods earlier in the reanalysis, especially in the Southern Hemisphere where data 

sparseness is significantly more prevalent. 

A visual difference between 20CRv2 and 20CRv2c could be seen in the representation 

of SPCZ position for the 1908-1958 period (Figure 4.6a). The difference exists between 

the two products from ~160°E to the IDL (the “western section”), and from the ~170°W 

to ~155°W (the “eastern section”). This difference was found to be statistically 

significant at the 90% level (two-tailed t test) between ~163°E and ~167°E, as well as 

~168°W to ~166°W (Table 4.3), which indicated there was likely an improvement in 

performance between 20CRv2 and 20CRv2c for the 1908-1957 period. Further 

evidence of this improvement was seen when plotting residual omega fields for chosen 

El Niño and La Niña DJF periods (both prior to, and after 1958) (Appendix B). The 

residual fields showed a coherent pattern for both the 1916/1917 La Niña and 

1930/1931 El Niño, suggesting that there was a change in how the large-scale 

atmospheric circulation was represented in the SPCZ region between 20CRv2 and 

20CRv2c. The lack of significant coherency in the residual plots for the 1982/1983 El 

Niño and 2010/2011 La Niña also showed that in more recent times, there is less 

difference between 20CRv2 and 20CRv2c, and that the representation of atmospheric 

circulation in the SPCZ region is relatively similar between the two products. 
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The visual difference that can be seen between 20CRv2 and 20CRv2c in the “eastern 

section” and “western section” (see Figure 4.6a), and the difference in residual omega 

fields between the pre and post 1958 period indicated an improvement in performance 

for the 20CRv2c product. This assertion was supported by the statistically significant 

difference that is seen from ~163°E to ~167°E, and from ~168°W to ~166°W. These 

results indicated that the addition of five stations of data from the Cook Islands (Table 

3.1) into ISDP 3.0 between 20CRv2 and 20CRv2c in the 1908-1958 period has helped 

improve performance between the 20CR products in the SPCZ region.  

5.3 SPCZ Modulators and Trends: 

After the reliability of the 20CRv2c product had been tested, and it was confirmed the 

product performed well, it was used to perform extended analysis over the course of the 

twentieth and early twenty-first century. This analysis included looking at the 

relationship between the SPCZ and ENSO and the IPO, and investigating whether there 

are any obvious trends that emerge through the twentieth century. 

 ENSO 5.3.1

Analysis of the link between ENSO and the SPCZ for this thesis (sections 4.3.1 and 

4.3.2) produced results in line with previous studies documenting the well-known 

relationship (e.g. Borlace et al., 2014; Kidwell et al., 2016; Kiladis et al., 1989; Vincent 

et al., 2011 and others). Even though the method for classifying ENSO events was 

different than previous studies (description in section 3.1.3.), the well-documented north 

(and east) displacement during El Niño events and south (and west) displacement 

during La Niña events was still seen (Figure 4.8). In this study, the pattern was 

enhanced during strong ENSO events (strongest 20% for both El Niño and La Niña) 

with the average position of the SPCZ moving significantly northeast during strong El 

Niño events, and significantly southwest during strong La Niña events. 

The first EOF of SPCZ position (Figure 4.9) shows a northward (or southward) 

displacement across the entire SPCZ region, with a maximum amplitude in the east 

(~140°W). This pattern accounts for 55% of variability in the SPCZ position and the 

time series has a correlation of 0.83 with the MEI. Warm SST anomalies were seen 

across most tropical Pacific Ocean (with the exception of the far west) when SST 

correlation and regression maps were plotted with EOF1 of the SPCZ position (Figure 

4.11 and Figure 4.12). In the positive EOF1 scenario, the SPCZ would be seen to shift 
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northward across the entire region (maximum amplitude ~140°W), in response to El 

Niño forced changes in underlying SSTs and a breakdown of trade winds in the central 

and eastern Pacific Ocean. Conversely, cooler SSTs in the central Pacific Ocean and 

stronger trade winds force the SPCZ south-westwards during La Niña conditions. This 

analysis shows that there is a close relationship between ENSO phase and the leading 

mode of variability in SPCZ position. The patterns seen in the investigation of ENSO-

SPCZ relationship aligns with studies (e.g. Folland et al., 2002; Kiladis et al., 1989; 

Vincent et al., 2011) that outline the importance of warm SSTs for SPCZ related 

convection, especially in the western tropical component. The occurrence of the 

maximum amplitude of positional change at ~140°W, however, is most likely not fully 

explained by the underlying changes in SSTs over the tropical Pacific Ocean. Instead, 

the El Niño related breakdown of the trade winds in the central Pacific Ocean likely 

plays an important role enhancing the northward swing of the SPCZ in this region, as 

discussed by Lintner and Neelin (2008), and Takahashi and Battisti (2007).  

In addition to the positional changes associated with ENSO, this study showed that the 

intensity of the SPCZ also shows a distinct ENSO pattern (Figure 4.13). Not only does 

the location of maximum intensity shift towards the IDL in response to ENSO, the 

intensity itself is also noticeably greater when compared to neutral and La Niña years. 

This pattern is particularly prominent when looking at strong El Niño years, and still 

exists during weak El Niño years, although at a lesser magnitude.  

EOF analysis of SPCZ intensity showed that the leading pattern of variability showed a 

decrease (increase) in intensity in the far west of the SPCZ region, and an increase 

(decrease) in intensity across the rest of the area, with a maximum amplitude near the 

IDL (Figure 4.14). This pattern accounted for 44.5% of the variability of SPCZ intensity 

and had a correlation of 0.69 with the MEI. Warm SST anomalies were again seen 

across most of the tropical Pacific Ocean (with the exception of the far west) when SST 

correlation and regression maps were plotted with the first EOF of SPCZ intensity 

(Figure 4.16 and Figure 4.17). In the positive EOF1 scenario, El Niño-forced increase in 

SSTs in the central and eastern Pacific Ocean, along with the breakdown of the trade 

winds, would see SPCZ-associated convection decrease in the vicinity of the WPWP, 

and increase near the IDL. At the same time as the convection shifts towards the central 

Pacific, there is also an increase in intensity of convection in the SPCZ during El Niño 

events, when compared to other ENSO phases. This shift in the location of maximum 
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convection, and general increase in intensity is noted by various studies (e.g. Borlace et 

al., 2014; Brown et al., 2011; Kidwell et al., 2016; Vincent et al., 2011). 

This section showed that the well-documented relationship between ENSO and the 

SPCZ remains consistent through the twentieth and early twenty-first century when 

performing analysis using the 20CRv2c product. Previous studies documenting the 

ENSO-SPCZ relationship have largely focussed on the satellite period, so to see this 

pattern holding true until the early twentieth century suggests the effect of ENSO on the 

position of the SPCZ has remained largely unchanged over the past century. 

Additionally, this result provides further evidence that the extended 20CRv2c product 

performs admirably prior to the satellite period, and back to 1908, at least when it 

comes to the ENSO-SPCZ relationship. 

 IPO 5.3.2

Analysis of the IPO-SPCZ relationship (sections 4.3.3 and 4.3.4) produced similar 

results to those of past studies that have investigated this link (e.g. Folland et al., 2002; 

Kidwell et al., 2016; Mantua & Hare, 2002). The accepted theory of this relationship is 

the north-eastward movement in the position of the SPCZ during positive IPO phases 

and south-westward movement during negative IPO phases. This is what was observed 

during this study (Figure 4.18), however, the pattern was stronger for the more recent 

complete IPO periods (1947-1976, and 1977-1998), than for the two earlier (1908-1924 

and 1935-1946) periods. The position of the SPCZ during the 1977-1998 positive IPO 

phase is distinctly further north and east than during the 1947-1976 negative IPO. This 

pattern is a result of the warmer SSTs in the central Pacific Ocean, in conjunction with 

generally weakened trade winds, which allows the SPCZ to migrate north-east-wards 

during positive IPO periods. Conversely, cooler SSTs in the central Pacific Ocean and 

stronger trade winds seen during negative IPO phases push the position of the SPCZ 

south-westward. A correlation coefficient of 0.74 between the TPI and the time series of 

the first EOF of the SPCZ position for 1908-2011 statistically confirmed the SPCZ-IPO 

relationship that can be seen in Figure 4.18 between the more recent positive and 

negative IPO phases. 

In addition to these SPCZ positional changes observed in response to the IPO, the 

intensity of the SPCZ also shows IPO signals (Figure 4.20). The longitude of maximum 

convection occurs at 150°E during the two negative IPO phases, while the maximum 
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convection occurs nearer to the IDL for positive IPO phases. The most recent positive 

IPO phase (1977-1998) displays the highest intensity at the IDL, while it has the lowest 

intensity at 150°E. This movement is in response to the IPO related changing SST and 

trade wind patterns which have been discussed in various studies (e.g. Folland et al., 

2002; Kidwell et al., 2016; Salinger et al., 2014). Negative IPO conditions restrict the 

maximum convection associated with the SPCZ to the WPWP (near 150°E) due to 

warm SST anomalies in this region forced by increased trade winds and associated 

cooling of the central equatorial Pacific Ocean. During positive IPO phases, the trade 

winds weaken and the warm SSTs move farther east, allowing maximum convection in 

the SPCZ to occur farther east near the IDL. A correlation coefficient of 0.62 between 

the TPI and the first EOF of SPCZ intensity from 1908-2011 confirmed that there is a 

significant statistical relationship between the variability in SPCZ intensity and the IPO, 

helping explain the pattern seen in Figure 4.20.  

The discrepancy between the first and second half of the twentieth century raised 

questions of whether the physical SPCZ-IPO relationship has changed over time, or 

whether it has come about as a result of data sparseness prior to 1946. It was difficult to 

test whether this discrepancy was a result of data issues, and more analysis is needed to 

clarify this. However, two outcomes of this study suggested that the discrepancy could 

be due to a change in the SPCZ-IPO relationship: Firstly, correlation coefficients 

between the first EOF of SPCZ position and the IPO remain similar from 1908-1998 at 

0.73 from 1908-1946, and 0.76 from 1947-1998, compared to 0.74 overall. This 

suggests that the strength of the relationship between variability in the position of the 

SPCZ and the IPO phase has remained consistent over the course of the twentieth 

century. However, this is not expressed when the SPCZ mean position is plotted relative 

to IPO periods. Second, the strength of the ENSO-SPCZ relationship seen through the 

whole analysis period suggests that 20CRv2c performs well extending back until 1908. 

This being the case, a good representation of the SPCZ-IPO relationship should be 

observed throughout the entire twentieth century when plotting the SPCZ relative to 

IPO periods, but this does not hold true. These two factors indicate that the change seen 

between the first and second half of the twentieth century are more likely related to the 

physical SPCZ-IPO relationship changing, rather than issues with 20CRv2c 

performance related to data density issues. These changes may be a result of the 

generally lower amplitude ENSO events in the first half of the twentieth century (see 
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MEI time series in Figure 4.10) resulting in a smaller departure from mean position 

when compared to the more recent IPO periods.  

 Twentieth Century Trends 5.3.3

Initially, there did not seem to be any coherent patterns across the analysis domain when 

investigating potential SPCZ trends from 1908-2011 (Figure 4.22). The specified 

twenty year periods (1908-1927, 1928-1947, 1948-1967, 1968-1997, and 1998-2011) 

generally undulated north and south of each other to the east of ~170°E. However, west 

of ~170°E there was a slight progressive southward trend in the SPCZ position evident 

through the course of the twentieth century. This trend was tested by plotting the 

latitudinal position of the SPCZ at particular longitudes and fitting time trends from 

1908-2011 (example from 150°E shown in Figure 4.23). The results suggested a 

southward trend of between 4.1° and 2.5° latitude/century from 150°E to 170°E (Table 

4.4). Correlation analysis between the latitude of the SPCZ and time showed relatively 

low correlations of -0.2 to -0.3 for this region, however, p values of <0.05 suggested 

that the southward trend in SPCZ position was statistically significant throughout the 

twentieth century from 150°E to 170°E. This southward trend could be an expression of 

climate change related expansion of the Hadley Cell near the region of the WPWP. This 

theory is in line with studies which have investigated Hadley Cell expansion (e.g. Hu & 

Fu, 2007; Lu et al., 2007). In addition to this, a latitudinal movement of between 2.5 and 

4.1° west of 170°E between 1908 and 2011 is similar to a total expansion of the Hadley 

Cell of 2 to 4.5° since 1979, as tested by Hu and Fu (2007). 

When investigating the intensity of the SPCZ there did not seem to be any coherent 

trend with time through the course of the twentieth century. Instead, the variance of the 

magnitude and location of maximum intensity seemed to be largely controlled by IPO 

cycles. The time periods that contained predominantly negative IPO conditions (1908-

1927 and 1948-1967) had the location of maximum SPCZ convection in the far west of 

the SPCZ area at 150°E, while the time periods that spanned considerable portions of 

positive IPO phases (1928-1947, 1968-1987, and 1988-2011) all had the location of 

maximum SPCZ convection displaced towards the IDL. This result is not very 

surprising, as cool SST anomalies in the central Pacific Ocean and strengthened trade 

winds would restrict maximum convection to the WPWP during the periods containing 

mainly negative IPO conditions. Conversely, weakened trade winds and warmer SSTs 
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in the central Pacific Ocean would allow increased convection near the IDL for periods 

with the IPO is predominantly positive. 
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Chapter 6   Conclusions and Future Work 

The overall aim of this thesis was to test the performance of the 20CR product in the 

satellite era via inter-comparison with other reanalysis and satellite products, before 

using 20CR to investigate the SPCZ extending back to 1908. Additionally, 20CRv2 and 

20CRv2c were compared to assess whether extra data added in the SPCZ region 

improved performance between these two products. Well-established statistical 

techniques were used to compare the SPCZ between reanalysis and satellite products, 

and to investigate relationships between the SPCZ and ENSO and the IPO. Key findings 

of this study are: 

 The 20CR products perform well in the 1979-2011 period when analysing the 

SPCZ. This is demonstrated by similar depiction of the mean DJF position and 

intensity of the SPCZ when compared with other reanalysis and observational 

satellite products. Strong spatial and temporal correlations between the products 

reinforced this finding. 

 Analysis suggests that 20CRv2c does show some improvement in the SPCZ area 

when compared to 20CRv2 for the 1908-1957 period. This is likely a result of 

the five extra stations of surface data added to ISPD 3 for this period between 

the two products. The indication of performance improvement should encourage 

the continuation of data rescue efforts in the South Pacific region in an effort to 

keep improving the performance of the extended twentieth century reanalysis 

product. 

 The well documented ENSO-SPCZ relationships are present when using 

20CRv2c for analysis. The mean position moves north-eastward with a 

subsequent increase in intensity near the IDL in response to El Niño condition, 

while it is displaced south-westward with the highest intensity in the WPWP 

during La Niña conditions. These relationships remain consistent throughout the 

period of analysis back to 1908. 

 The documented SPCZ-IPO relationships are also present, particularly in the 

two more recent IPO periods, however, it is not as apparent in first half of 
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twentieth century. This is possibly related to the performance of 20CRv2c and a 

lack of data in first half of twentieth century, but is more likely due a change in 

the relationship between the SPCZ and IPO over the course of the twentieth 

century. 

 Analysis of twentieth century trends show there has been a progressive 

southward movement in the position of the SPCZ from 150°E to 170°E from 

1908-2011 according to 20CRv2c. This is possibly a result of climate change 

related expansion of the Hadley circulation or the WPWP. 

 

Future Work:  

This thesis identified various avenues of future work to be explored. Recommendations 

for future work include: 

 The continuation of inter-comparison work between various reanalysis and 

satellite products in the SPCZ region based upon the framework provided by this 

study. In particular, a comparison of 20CRv3 (when it is released) with 

20CRv2c to investigate any further improvements between versions of the 20CR 

product. This would help document whether data rescue efforts are continuing to 

improve the performance of the 20CR in the SPCZ region. 

 Use 20CRv2c to perform further analysis now that it is shown to perform 

admirably back until the early twentieth century. This could include: 

- Investigating in greater detail the ENSO-SPCZ relationship throughout the 

entire twentieth century. 

- Investigating the potential change of the IPO-SPCZ relationship between the 

first and second half of the twentieth century. 

- Further investigate the southward trend in the SPCZ that is evident through 

the twentieth and early twenty-first century in the west of the region. This 

could help give insight into potential climate change related expansion of the 

Hadley Cell in the WPWP region. 
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Appendix A: Calculated MEI and TPI Values 

  

Year 
MEI 

Value 
TPI 

Value 
 

Year 
MEI 

Value 
TPI 

Value 
 

Year 
MEI 

Value 
TPI 

Value 

1908 -0.90 -0.30   1943 -0.04 -0.45 
 

1978 0.33 -0.03 

1909 -1.55 -1.40 
 

1944 -0.43 -0.62 
 

1979 0.77 0.39 

1910 -0.97 -0.63 
 

1945 -0.17 -0.29 
 

1980 0.16 0.06 

1911 0.82 0.64 
 

1946 0.02 0.34 
 

1981 -0.09 0.22 

1912 -0.05 0.04 
 

1947 0.21 -0.16 
 

1982 2.76 1.64 

1913 0.76 0.76 
 

1948 -0.11 -0.54 
 

1983 -0.11 0.01 

1914 1.14 0.88 
 

1949 -1.11 -1.32 
 

1984 -0.59 -0.62 

1915 -0.71 -0.93 
 

1950 -1.05 -0.91 
 

1985 -0.17 -0.08 

1916 -1.75 -2.03 
 

1951 0.25 0.09 
 

1986 1.45 1.01 

1917 -1.08 -0.94 
 

1952 0.24 -0.08 
 

1987 0.80 0.56 

1918 1.41 1.00 
 

1953 -0.05 -0.19 
 

1988 -1.11 -1.15 

1919 0.44 0.30 
 

1954 -1.08 -0.83 
 

1989 0.47 -0.14 

1920 -0.35 -0.65 
 

1955 -1.45 -1.38 
 

1990 0.37 -0.04 

1921 -0.35 -0.20 
 

1956 -0.37 -0.53 
 

1991 1.84 1.02 

1922 -0.64 -0.49 
 

1957 1.29 0.90 
 

1992 0.94 0.63 

1923 0.38 -0.14 
 

1958 0.54 0.21 
 

1993 0.35 0.49 

1924 -0.66 -0.88 
 

1959 -0.19 -0.06 
 

1994 0.95 0.64 

1925 1.53 1.10 
 

1960 -0.18 -0.01 
 

1995 -0.47 -0.36 

1926 0.02 -0.20 
 

1961 -0.90 -0.62 
 

1996 -0.23 0.02 

1927 0.30 0.23 
 

1962 -0.71 -0.32 
 

1997 2.60 1.57 

1928 -0.14 -0.15 
 

1963 0.25 0.20 
 

1998 -1.00 -1.19 

1929 0.67 0.39 
 

1964 -0.41 -0.35 
 

1999 -1.01 -1.13 

1930 1.91 1.32 
 

1965 0.98 0.77 
 

2000 -0.47 -0.55 

1931 0.39 -0.14 
 

1966 -0.74 -0.27 
 

2001 0.03 -0.44 

1932 -0.22 -0.32 
 

1967 -0.67 -0.58 
 

2002 0.91 0.69 

1933 -1.04 -0.54 
 

1968 0.58 0.56 
 

2003 0.28 0.16 

1934 -0.34 -0.41 
 

1969 0.28 0.36 
 

2004 0.70 0.31 

1935 0.30 0.20 
 

1970 -1.53 -1.19 
 

2005 -0.51 -0.64 

1936 0.24 -0.08 
 

1971 -0.49 -0.47 
 

2006 0.52 0.47 

1937 -0.38 -0.63 
 

1972 1.27 0.62 
 

2007 -1.21 -1.27 

1938 -0.85 -0.50 
 

1973 -1.80 -1.38 
 

2008 -0.58 -0.81 

1939 0.89 1.04 
 

1974 -0.78 -0.87 
 

2009 1.22 0.69 

1940 1.55 1.57 
 

1975 -1.43 -1.19 
 

2010 -1.57 -1.33 

1941 1.13 0.82 
 

1976 0.41 0.42 
 

2011 -0.59 -0.83 

1942 -0.98 -1.22 
 

1977 0.73 0.41 
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Appendix B: El Niño and La Niña Residual Plots 

 

Fig. B1: Residual omega field (20CRv2 – 20CRv2c) for strong La Niña in 1916/1917. 

 

 

Fig. B2: Residual omega field (20CRv2 – 20CRv2c) for strong El Niño in 1930/1931 
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Fig. B3: Residual omega field (20CRv2 – 20CRv2c) for strong El Niño in 1982/1983 

 

 

Fig. B2: Residual omega field (20CRv2 – 20CRv2c) for strong La Niña in 2010/2011 
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