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Abstract

Several fast, narrow western boundary currents flow along the eastern margin of New

Zealand forming part of the western boundary current system of the South Pacific. The

currents transport heat, salt and nutrients influencing the structure of water masses

and determining the local physical environment and thereby impacting biota including

fisheries off the east coast of New Zealand.

In this study, I investigate the mean flow and the variability of the current transports

using over 20 years of satellite altimeter time series and in situ data at seasonal, inter-

annual and decadal time scales. The mean flow and the fluctuations of the currents are

related to potential drivers of the circulation, such as local and basin-scale winds, and to

the principal climate modes impacting the South Pacific. The barotropic and baroclinic

responses of the currents to basin-scale wind forcing are investigated with Rossby wave

models.

In addition, the formation, distribution and variability of Subtropical Mode Water, a

water mass formed in the western boundary region north of New Zealand, are compared

to the variability in air-sea heat fluxes and transports of the northern subtropical current

to assess any potential connection between the boundary current and the structure of

the water mass.

The currents are highly variable and there are no simple trends in the transports over

the last two decades. There is little coherence in transport of the different currents along

the boundary, suggesting a range of mechanisms drive the variability of the currents

individually rather than the system as a whole. At interannual time scales, there is little

correspondence between the transports of all the currents and climate indices for El Niño

Southern Oscillation and the Southern Annular Mode. While sea level variability east of

New Zealand varies in phase with incoming baroclinic Rossby waves, the transports are

not responding to linear Rossby wave dynamics. At decadal time scales, only transports

in the subantarctic region show a close correspondence with the variability of the wind

stress curl averaged over the South Pacific. The seasonality in transports is significant

only in two of the currents, with the annual cycle in transport likely driven by seasonality

in local winds.

The formation and variability of Subtropical Mode Water north of New Zealand are

likely influenced by a combination of atmospheric and oceanic forcing, both precondi-

tioning for deeper mixed layers and deepening the thermocline.

Collectively, the analyses presented here on the coherence and variability of the cur-
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rents and the structure of Subtropical Mode Waters in the western boundary region

off New Zealand build a more comprehensive picture of the Southwest Pacific ocean

circulation.
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Chapter 1

Introduction

1.1 Western boundary currents

Western boundary currents (WBCs) are narrow, swift flows found along the western

margins of all of the world’s oceans. The currents are important components of the

climate system playing a major role in distributing heat and influencing the vertical

structure of water over a wide region of the ocean near them. The rapid transport of

heat by the WBCs affects air-sea heat exchanges (Trenberth and Caron, 2001) with

intense fluxes found over western boundary regions, particularly in winter when the

temperature difference between the ocean and the atmosphere is greatest. The intense

modification of water temperatures also leads to the formation of a lens of homogeneous

water that can move away from contact with the atmosphere at the surface to form

what is known as “mode water”. Subtropical Mode Water (STMW) is a water mass

that typically forms in western boundary regions and plays an important role as a heat

reservoir (Hanawa and Talley, 2001). The variability in STMW volume has the potential

to regulate climate because STMW influences the upper ocean thermal structure and

associated air-sea heat fluxes. Thus, the variability of WBCs has a profound impact on

global climate as well as the physical environment in western boundary regions.

The WBCs are the return currents that complete wind-driven circulations (called

gyres) in the ocean basins. The largest WBCs carry warmer water from the tropics to

higher latitudes, balancing the equatorward transport of colder water in the central and

eastern sides of the subtropical ocean basins. These subtropical gyres are characterised

by an anticyclonic circulation that results from the torque (or curl) between the low

latitude trade winds and high latitude westerly winds.

1
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WBCs are fast, narrow currents because of the western intensification of the gyres, a

concept that was first explained by Stommel (1948) and is due to the latitudinal variation

of the Coriolis parameter. Stommel’s theory proposed the existence of the intense WBCs

where friction balances the net vorticity input from the winds over the entire basin (e.g.

Pond and Pickard, 1983). Although numerous studies since Stommel have investigated

the mechanisms by which the energy is lost in WBCs (see Drijfhout et al. (2014) for

a review), it remains a fundamental principle that WBCs are the places in the ocean

where most of the energy added by the winds to the ocean is removed by friction.

The early development of the theory of WBCs indicates that they are maintained

by planetary waves (Stommel, 1958). Also called Rossby waves, these disturbances

propagate westward with speeds that depend on the latitude and the stratification of

the ocean (Gill, 1982). Rossby waves propagate perturbations of sea level and density

changes at depth which are often triggered by changes in wind stress forcing. Hence,

Rossby waves act as a mechanism for transmitting information across the entire ocean

basin to the western boundary region over length-scales of hundreds to thousands of

kilometres and time-scales of weeks to decades.

New Zealand forms part of the western boundary of the southern South Pacific Ocean

and boundary currents of both subtropical and subantarctic water flow along the entire

continental margin east of the country. Furthermore, the STMW of the Southwest Pacific

forms on the equatorward side of the subtropical WBCs (Roemmich and Cornuelle, 1992),

positioning New Zealand as an ideal location to study modern ocean-climate variability.

A better understanding of the mechanisms driving the variability of WBCs in response

to changing forcing is necessary to improve projections of the climate and ocean state

on regional and global scales.
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1.2 The South Pacific Western Boundary Current

system

In the South Pacific, the South Pacific Subtropical Gyre (SPSG) is the large-scale

counter-clockwise circulation that results from the momentum input by the curl of the

wind stress. The most energetic return flow in the western South Pacific is the East

Australian Current (EAC), which flows polewards along the eastern margin of Aus-

tralia. Figure 1.1 shows the SPSG circulation overlaid on a bathymetric map of the

South Pacific (right panel) with respect to the zonally-averaged wind stress and wind

stress curl (left panel). While part of the EAC continues flowing southward as the East

Australian Current extension (EAC ext.), most of the flow diverts eastward across the

Tasman Sea within the Tasman Front (TF). South of 34◦S, the New Zealand landmass

becomes the western boundary of the SPSG and several fast, narrow WBCs flow along

the eastern margin of the country. Figure 1.2 shows the dashed box in Figure 1.1 en-

larged to show the New Zealand WBCs. Two subtropical WBCs flow southward along

the northern and eastern margins of New Zealand: the East Auckland Current (EAUC)

and the East Cape Current (ECC).

To the southeast of the country the Southland Current (SC) and the Subantarctic

Front (SAF) flow northward and are predominantly of subantarctic origin (Morris et al.,

2001; Sutton, 2003). The SC and SAF are not associated with the poleward return

flow of the SPSG, but are part of system of the Southern Ocean currents connected

to the Antarctic Circumpolar Current (ACC). The ACC is driven by the high-latitude

westerly winds and flows uninterrupted eastward around the globe. The strong winds,

circumpolar flow and limited stratification make the ACC a very strong and deep current

(Orsi et al., 1995). Collectively, the EAUC, ECC, SC and SAF bring both the warmest

and the coldest waters into the region. Therefore, changes in both subtropical and

subantarctic WBCs influence the climate variability and biological productivity east of

New Zealand.

The anticyclonic wind system of the South Pacific is the major driver of the SPSG

(Colling, 2001), therefore changes in large-scale wind patterns should influence the state
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Figure 1.1: The right panel shows a map of the Southwest Pacific ocean basin with bathymetry
from the Earth Topography 5-minutes Grid data set (ETOPO5) (Edwards, 1988). The black
curve is a schematic of the South Pacific Subtropical Gyre (SPSG). West of the basin are shown
the East Australian Current (EAC) and its southward extension (EAC ext.) and the Tasman
Front (TF) to the east across the Tasman Sea. The dashed box encloses the western boundary
region east of New Zealand. The white curve represents the Antarctic Circumpolar Current
(ACC). The left panel is the average wind stress (blue curve) and the wind stress curl (red
curve) between 140◦E and 80◦W and over the period 1993-2014.

Figure 1.2: Schematic of New Zealand boundary flows from the dashed box in Figure 1.1.
The main New Zealand boundary currents are the East Auckland Current (EAUC), the East
Cape Current (ECC), the Southland Current (SC) and flows of the Subantarctic Front (SAF).
Major topographic features are named on map.

of the WBCs. Previous studies of the Southwest Pacific have linked fluctuations in

the South Pacific wind system to changes in the WBCs (Ridgway and Hill, 2012), and
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flows across the Tasman Sea. Morris et al. (1996) related interannual changes in the

gyre transport with intensified small-scale circulation close to New Zealand. During

the 1990s a spin-up of the SPSG was observed and correlated with an increase in the

regional wind stress curl (Roemmich et al., 2007) with associated changes in circulation,

temperature and salinity of the WBCs in response to the intensification of the SPSG

circulation (Hill et al., 2008; Qiu and Chen, 2010; Andres et al., 2011; Wu et al., 2012).

Other studies have used the Island Rule (Godfrey, 1989; Pedlosky et al., 1997), which is

a linear model of the wind-driven circulation around islands, to show that the western

boundary currents are responding to changes in the large-scale wind forcing (Cai, 2006;

Hill et al., 2008; Fernandez et al., 2014; Oliver and Holbrook, 2014).

The dynamics of the western boundary current system of the Southwest Pacific have

also been connected with the principal modes of climate variability of the South Pacific:

El Niño Southern Oscillation (ENSO) and the Southern Annular Mode (SAM). ENSO

events are characterised by El Niño phases, when weaker trade winds lead to a rise in

eastern equatorial Pacific sea surface temperatures and La Niña phases, when stronger

trade winds cause cool sea surface temperatures in the eastern equatorial Pacific via

enhanced upwelling of deeper and colder waters (Philander, 1983). Low frequency ENSO-

related variability has been linked to changes in large-scale circulation in the South Pacific

(Sasaki et al., 2008).

The SAM quantifies pressure anomalies that characterise the strength and position of

the mid-latitude jet (Thompson and Solomon, 2002), which in turn controls the frequency

of storms over the Southern Ocean (Renwick and Thompson, 2006). Positive (negative)

phases of SAM describe positive (negative) meridional pressure gradient anomalies or

strengthening (weakening) of the westerly winds across the Southern Ocean, hence, im-

pacting the anticyclonic wind system over the South Pacific. An upward trend in positive

phases of SAM has been observed in the past century (Thompson et al., 2000; Marshall,

2003), particularly during the 1990s, which was associated with the intensification of the

wind-driven circulation in the SPSG (Roemmich et al., 2007).

A great number of studies have been focused on both ENSO and SAM signatures
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on western boundary regions. While SAM appears to have an impact on the western

boundary by influencing regional wind patterns (Zilberman et al., 2014), the effect of

ENSO is potentially through extra-tropical wind-driven variability communicated across

ocean basins via Rossby waves (Sasaki et al., 2008; Holbrook et al., 2011).

1.3 The western boundary region: formation site for

Subtropical Mode Water

STMW is a characteristic water mass found in each subtropical gyre. It forms on the

warm side of a WBC where deep mixed layers create regions of vertical homogeneity

in water properties. Hence, the term “Mode” implying that the water mass is rela-

tively thick (Talley, 2011). As with other water masses, the core of STMW forms at the

surface (Iselin, 1939) before subducting along isopycnals ventilating the ocean interior

where it slowly erodes as it is advected away from its formation region. All subducted

water masses influence global climate, because the associated heat and dissolved CO2 are

effectively sequestered for the life of the water mass (Hanawa and Talley, 2001). More-

over, STMW may affect the availability of nutrients in the upper ocean since a supply

of low-nutrient water to the ocean interior has been linked to the formation of STMW

(Palter et al., 2005). Improving the understanding of the mechanisms that contribute

to STMW formation and how these mechanisms may be related to the variability of the

strength of the WBCs is essential for assessing ocean-atmosphere processes and biological

productivity in western boundary regions.

The South Pacific STMW has been consistently found in the Tasman Sea and imme-

diately north of New Zealand (Roemmich and Cornuelle, 1992; Tsubouchi et al., 2007;

Holbrook and Maharaj, 2008), suggesting this is a target region to study whether WBC

variability has an impact on the formation and lifespan of STMW at seasonal, interan-

nual and decadal time scales.
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1.4 Research Aim and Objectives

This research focuses on the WBCs off the eastern margin of New Zealand and their

influence on the properties of the STMW formed in the region. Little is known about

the coherence in the boundary currents along eastern New Zealand. Previous studies

have analysed some of the fluctuations in the WBCs off New Zealand from observations

(Chiswell, 1996; Laing et al., 1996; Stanton and Sutton, 2003; Chiswell, 2001; Chiswell

and Rickard, 2006) and over limited periods, or with model simulations (Tilburg et al.,

2001). However, there has been no analysis of the variability of the WBC system extend-

ing from the EAUC and ECC to the SC and SAF as a whole. While STMW is found

near the EAUC (Roemmich and Cornuelle, 1992; Tsubouchi et al., 2007; Holbrook and

Maharaj, 2008), no connection has been investigated between the formation of this water

and the flow in the current.

This research investigates for the first time both the coherence in the responses to

forcing of the subtropical and subantarctic flows along the eastern margin of New Zealand

and how the variability is related to the wind-driven circulation.

Recent studies of the variability in western boundary regions and links to regional and

large-scale circulation have motivated the following research questions:

• How do the WBCs off eastern New Zealand vary on seasonal, interannual and

decadal time scales?

• Is the variability in the currents coherent along the full eastern margin of the

country?

• Is the variability in the currents linked to changes in the local or large-scale winds?

• What is the role of Rossby waves in modulating the variability of the currents?

• How are inventories of STMW distributed north of New Zealand?

• Are air-sea heat fluxes related to the formation of STMW?
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• Is there any connection between the variability in STMW and the EAUC?

This research addresses these scientific questions by quantifying the spatial and tem-

poral variability of the WBCs, including seasonal, interannual and decadal variations of

the surface and subsurface along eastern New Zealand. The correlations in the varia-

tions of the currents identify whether there are coherent responses of all of the currents

to local and large-scale winds and to incoming Rossby waves. The STMW census and

STMW variability is compared to the variability in transports of the EAUC and heat

fluxes in the subtropical region to explain the role of STMW in the heat sequestration

and ocean-atmosphere feedbacks.

Underpinning this thesis are high-quality datasets and products providing observa-

tions from the surface and subsurface of the ocean in addition to atmospheric data. In

particular, more than 20 years of high resolution satellite observations of the sea surface

height, sea surface temperature and surface winds are available together with nearly 30

years of in situ measurements of the subsurface ocean such as temperature and salinity

in the western boundary region east of New Zealand.

In summary, this project characterises the fluctuations of the currents along the eastern

boundary of New Zealand to improve understanding of the mechanisms that control

western boundary current systems both around New Zealand and along the boundaries

of all the world’s ocean basins. The characterisation of the currents along the boundary

will provide new information: it will be a benchmark for regional climate models seeking

to assess the role of WBCs in climate projections.

1.5 Thesis Outline

The thesis is organised as follows. In Chapter 2, I characterise the mean flow and

temporal variability of the WBCs east of New Zealand from remote-sensed and direct

observations. Then, the mean flow and the coherence in the variability of the transports

of subtropical and subantarctic WBCs are investigated by relating them to potential
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drivers of the circulation, such as basin-scale and local winds and to the climate modes

ENSO and SAM. The Island Rule is used to compare observations with an estimate of

the large-scale wind-driven mean transports and low-frequency variability. A comparison

with transport estimates from a regional model is included to examine how ocean re-

analyses compare with observational estimates and the forcing mechanisms. The chapter

concludes with a discussion of the coherence in the variability and forcing mechanisms

of the boundary flows east of New Zealand.

In Chapter 3, the variability of the currents is compared with incoming signals from the

centre and east of the SPSG to test whether incoming barotropic and baroclinic Rossby

waves are producing the observed variability. Barotropic Rossby waves are modeled by

assuming sea level adjusts rapidly to winds across the ocean basin. Baroclinic Rossby

waves are modeled using a wind-forced 11
2
-layer reduced-gravity model that simulates sea

surface variability from westward propagating signals. The chapter ends with a summary

of how sea level at the boundary and transport of the currents adjust to variations in

the winds and propagation of Rossby waves.

The fluctuations in STMW inventories along the boundary and their connection to

variability in the EAUC is analysed in detail in Chapter 4. The STMW inventories are

defined and then the variability is related to changes in the upper ocean temperature,

surface heat fluxes and transport of the WBC in order to determine which dynamic and

thermodynamic processes are linked to the origin, evolution and lifespan of the STMW.

Chapter 5 presents the concluding remarks to the thesis, summarising the main find-

ings of this research. Additionally, in this chapter opportunities for future work are

discussed.
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Chapter 2

Characterising the spatial and

temporal variability of the

geostrophic western boundary

currents off New Zealand

2.1 Introduction

Several fast, narrow western boundary currents (WBCs) flow along the eastern margin

of New Zealand bringing both the warmest and the coldest waters into the region. The

currents are responsible for distributing heat, salt and nutrients influencing the regional

climate, the circulation and the local environment including fisheries off the east coast of

New Zealand (Dunn et al., 2009). It has been shown that changes in the inflows of west-

ern boundary flows impact coastal ecosystems, such as harmful algal blooms associated

with anomalous inflows of subtropical waters (Rhodes et al., 1993). This is particularly

relevant for the ocean off eastern New Zealand, where the mixing of macro-nutrient rich

subantarctic water with micro-nutrient rich subtropical water fuels productivity along

the Chatham Rise that supports significant fisheries of economical importance to the

region (Murphy et al., 2001). In order to have some predictive capability of the cur-

rents, we need to understand the ocean dynamics along the entire eastern margin of

New Zealand and their connection to the atmospheric forcing over the South Pacific.

South of 34◦S, New Zealand forms the western margin of the South Pacific Subtropical

Gyre (SPSG). The subtropical currents (Figure 2.1) along north-eastern New Zealand

are part of the same WBC system as the East Australian Current (EAC), one of the

most energetic WBCs globally (Stammer, 1997). The EAC separates from the east coast
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of Australia at around 32◦S (Godfrey et al., 1980) turning east across the Tasman Sea.

The portion of the current continuing flowing alongshore south to Tasmania is known as

the EAC extension (EAC ext.) (Ridgway and Godfrey, 1994). The eastward component

of the flow across the Tasman Sea is associated with the Tasman Front (TF) (Sutton

and Bowen, 2014) and reaches north of New Zealand at about 34◦S to partially source

the East Auckland Current (EAUC) (Stanton et al., 1997). The EAUC flows southwards

along eastern New Zealand until East Cape at 34◦S, where a portion of the flow keeps

flowing alongshore as the East Cape Current (ECC) which then separates from the coast

north of Chatham Rise. The semi-permanent eddies, such as the North Cape Eddy

(NCE), East Cape Eddy (ECE) and Wairarapa Eddy (WE) are prominent features of

the mean and variable circulation off the north-eastern New Zealand (Roemmich and

Sutton, 1998; Chiswell and Roemmich, 1998; Chiswell, 2003; Stanton and Sutton, 2003;

Chiswell, 2005).

To the south, the Southland Current (SC) flows northwards along the east coast of the

South Island of New Zealand. Waters in the SC are predominantly of subantarctic origin

(Sutton, 2003) but a small strip of subtropical water along the coast is always present.

The SC is considered responsible for much of the relatively colder water advected to the

region south of Chatham Rise (Sutton, 2001).

Southeast of the SC, the Subantarctic Front (SAF) constitutes the northern branch

of the Antarctic Circumpolar Current (ACC). The ACC is the world’s largest current

system connecting the Atlantic, Indian and Pacific oceans via intense flow meanders and

fronts (Orsi et al., 1995). The flow of subantarctic water associated with the SAF is

the largest flow in the New Zealand boundary region, about 50 Sv measured along the

eastern flanks of Campbell Plateau (Morris et al., 2001), suggesting that the topographic

slope is an important constraint on the position of the flow.

The subantarctic and subtropical currents converge southeast of Chatham Rise in an

intense confluence region (Fernandez et al., 2014) and the flow leaves the New Zealand

margin continuing eastward as the South Pacific Current (Stramma et al., 1995).

Previous studies have analysed the mean flow and the fluctuations of the WBCs off
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Figure 2.1: A schematic of the main surface currents and fronts in the South Pacific western
boundary current system. Arrows represent the absolute geostrophic velocities derived from
the maps of absolute dynamic topography (MADT) from AVISO. Thin grey line is the 2000
metres isobath showing main bathymetric features of the Southwest Pacific. ACC = Antarctic
Circumpolar Current; SAF = Subantarctic Front; STF = Subtropical Front; SPSG = South
Pacific Subtropical Gyre. Boundary currents: EAC = East Australian Current and extension
(EAC ext.); EAUC = East Auckland Current; ECC = East Cape Current; SC = Southland
Current.

New Zealand individually (see Chiswell et al. (2015) for a review), with most of them

based on relatively short time series providing information of the mean and variability

of the currents over limited periods of time.

A few studies have been successful in estimating the mean flow of WBCs using the

“Island Rule” (Godfrey, 1989) (e.g. Stanton (2001) in northern New Zealand and Oliver

and Holbrook (2014) in the EAC). The seasonality of the currents has been investigated

in a wide range of studies but in isolation and again, based on short records (e.g. Chiswell

(2001)) or individual years of data (e.g. Stanton and Sutton (2003)) with more detailed

studies on seasonal circulation done in the larger EAC (Ridgway and Godfrey, 1997; Hol-

brook and Bindoff, 1999). For example, Ridgway and Godfrey (1997) find a pronounced

annual signal in steric heights in the EAC whereas Stanton and Sutton (2003) find poor
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evidence of an annual cycle in the transport of the EAUC.

Interannual to low-frequency variability of the South Pacific WBCs has been of great

interest over recent years, with most of the research focused on how the EAC has been

responding to large-scale wind-forcing over decadal time scales (Ridgway and Hill, 2012).

During the 1990s an increased circulation of the SPSG was observed and correlated to

an increase in the basin-scale wind stress curl (Roemmich et al., 2007). Hill et al. (2008)

showed long-term trends in the coastal temperature and salinity east of Tasmania are

associated with a southward extension of the EAC due to the intensification in the

SPSG circulation. They use the Island Rule to show that large-scale changes in winds

lead changes in the transport of the EAC extension by three years. Recently, Wu et al.

(2012) presented evidence of increasing sea surface temperature (SST) changes in the

EAC connected to increasing wind stress curl in the South Pacific. Less recently, Hol-

brook et al. (2011) connects the multi-decadal variability of the transports of the EAC to

low-frequency El Niño Southern Oscillation (ENSO) signals. While an increasing trend

in subtropical SST and eddy activity have been observed in the confluence region east

of New Zealand and associated with trends in basin-scale wind forcing (Fernandez et al.,

2014), there is little research focused on study of the signals and ENSO-related variabil-

ity present in all of the New Zealand boundary currents based on longer observational

records. Thus, to obtain a better picture of the mean circulation and variability, longer

than a decade records are required to understand what mechanisms drive the mean flow,

the interannual to low-frequency fluctuations and the amplitude of the annual cycle in

the New Zealand WBCs.

The aim of this chapter is to investigate for the first time both the coherence in the

responses of the boundary flows along the entire eastern margin of New Zealand and

how the mean and interannual, decadal and seasonal variability are related to potential

drivers of the circulation, in particular to local and gyre-scale winds.

This chapter is organised as follows. Section 2.2 contains a description of all datasets

and products used to characterise the mean and variability of the currents and the

winds. The results, presented in Section 2.3, describe the modes of variability of all of
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the currents and the correlations with local and basin-wide winds. Comparison with

an ocean reanalysis product is also presented in that section. The results are discussed

in section 2.4 focusing on the potential drivers of the mean, interannual, decadal and

seasonal variability of the currents. Final conclusions are presented in Section 2.5.

2.2 Data and Methods

This Section starts with a description on the data, products and methods used to study

the mean and time varying transport of the New Zealand boundary currents. Satellite

observations of the sea surface height were used to compute time series of the surface

geostrophic transports. Volume transports were also calculated by using in situ velocity

estimates of the subsurface. Transports derived from wind fields are also calculated and

compared with the satellite-derived and observed transports.

The current transport fluctuations are compared with changes in large-scale winds to

analyse the possible remote forced variability in the currents. Climate indices are also

compared to current transports seeking for influences of the dominant modes of climate

variability in the Southern Ocean on the currents.

The section ends with a description of the model output velocity field used to compute

gesotrophic transport of the currents and compared to the previous estimates.

2.2.1 Surface geostrophic transports calculated from satellite
measurements

Surface velocities in the narrow boundary currents were determined using along-track

absolute dynamic topography (ADT) from Archiving, Validation, and Interpretation of

Satellite Oceanographic data (AVISO). The along-track ADT consists of the sum of sea

surface anomalies (SLA) and the CNES-CLS13 mean dynamic topography (Rio et al.,

2013) referenced to the 1993-2012 period. The ADT are the records from Topex/Poseidon,

Jason-1 and Jason-2 missions, available at 10-day intervals from January 1993 to De-
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cember 2013 with a spatial resolution of approximately 6.2 km (Figure 2.2).

Figure 2.2: Map of mean sea surface height for the period 1993-2012. Background is the
absolute sea surface height (in metres) calculated by adding the sea level anomalies to a mean
dynamic topography (both products from AVISO). All theoretical track coordinates for the
region are displayed in dark grey lines forming diamond-shaped regions. Light grey line is the
2000 metres isobath.

The ADT was linearly interpolated along the tracks to recover missing data points,

while a linear interpolation in time at each along-track point filled in occasional missing

cycles. The ADT data were used to calculate across-track geostrophic surface velocities

(us) using the slope of the ADT (h):

us = − g
f

∂h

∂l
(2.1)

where ∂h
∂l

are the variations in the ADT between two along-track locations separated by

a distance l, g is the gravity force and f is the local Coriolis parameter. The distance

l was chosen to be equivalent to 5 along-track points (approximately 31 km) which is

an appropriate length-scale to remove as much noise as possible without smoothing the

mesoscale features in the region (Chelton et al., 1998). Before differencing, data were

spatially smoothed over the same distance.
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2.2.1.1 Time-variant width of the boundary currents

In this section, the information from the sea surface height (SSH) is used to determine

the width of the current for each individual realisation in time, i.e for each pass of the

satellite above the WBC region. If the width of the current changes in time, this method

ensures to capture better estimates of the flows that are consistent with the prevalent

direction of the current.

Surface flow variability is represented by the unit-depth transport (e.g. Han et al.,

2014, Zilberman et al., 2014), measured in Sv per metre (1 Sv = 106m3s−1, hence surface

transport is Sv m−1 = m2s−1) calculated by integrating along-track surface velocities

between an inshore point and a time-variant offshore point.

The current width along the satellite track is the distance between a fixed inshore

point (IP) and a time varying offshore point (OP). The IP was chosen as the 200 metres

isobath in the cases where the boundary currents are observed near the coast. For the

cases where boundary flows are located offshore a deeper isobath of 800-1000 metres was

selected as the IP. The OP is where there is a critical point in the along-track ADT

profile, i.e. a maximum or minimum value in SSH, resulting in a change in the sign of

the slope and direction of the surface velocity. For each satellite track, a mean OP was

calculated by finding the maximum or minimum of the mean SSH. The time-varying OP

is found if it is within one-sigma (1σ) standard deviation of the mean OP (Figure 2.3a).

The along-track variability of the OP can be seen in Figure 2.3b and a mapped view of

the satellite tracks where current variability is analysed is shown in Figure 2.4.

This method to determine the width of the boundary currents implies that the currents

are defined here as nearly unidirectional along-shore flows. Sensitivity to changes in the

OP were examined using a time-invariant OP by fixing the offshore end of the current

at the location of the mean OP and these results were compared to those from the

time-variant case.
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Figure 2.3: (a) Sea surface height (SSH) profiles along satellite track 223 in the EAUC region
(individual blue curves) vs. latitude for each cycle from January 1993 to December 2013. Red
curve is the mean SSH over the 21 years of data, the black dot near 37.5◦S is the inshore point
(IP) and the grey dot near 35.7◦S is the mean offshore point (mean OP). The time-varying
OP falls in between the latitudes of the yellow dots calculated as the mean OP ± 1σ. (b) The
corresponding monthly (thin line) and annual (thick line) time series of the location of the OP.
For reference, on the left side of plot are displayed the IP (black dot) and the mean OP ± 1σ
(grey and yellow dots respectively).
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Figure 2.4: Mapped view of across-track mean surface geostrophic velocities on selected tracks
over the boundary current region east of New Zealand. Vectors perpendicular to tracks are
the absolute geostrophic velocities derived from the ADT data; the mean from January 1993
to December 2013. Black dots are the inshore points of the boundary currents, grey dots are
the mean offshore points and the yellow dots indicate the 1σ range.
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2.2.2 Calculation of volume transports combining altimetry and
in situ observations

The satellite SSH gives an estimate of the surface velocities, but the total transport

through the water column is also of interest. To estimate the total transport from the

surface velocities the water depth and the current shear through the water column are

needed. Absolute transports, measured in Sv and based on the altimetry and informa-

tion of velocity changes with depth, are computed by multiplying surface geostrophic

velocities by a shear factor and weighted by the cross-sectional area under each of the

finite SSH slopes and the bottom topography.

Information of the subsurface velocity field was obtained from in situ Conductivity,

Temperature and Depth (CTD) profiles. The CTD data were used to derive subsurface

geostrophic velocities and full depth volume transports from the density field. Histor-

ically, velocities around northern New Zealand have been referenced to depths deeper

than 1500 decibars (Heath, 1972), as velocities were considered to weaken with increasing

depth. However, substantial velocities have been found below 2000 metres in the EAUC

and ECC regions (Roemmich and Sutton, 1998; Sutton and Chereskin, 2002; Chiswell,

2003). Similarly, flows in the subantarctic region are vertically far-reaching (Morris et al.,

2001). To minimise the underestimation of current transports and velocity shear, the

CTD velocities were referenced to the maximum depth of each profile, assuming the

weakest velocities are found at the bottom. From the hydrographic sections a shear

factor was calculated as the ratio between the mean velocity of the profile and all surface

velocities greater than 5 cm s−1 (e.g. Sutton et al., 2014). The threshold for the surface

velocities was chosen as a practical noise limit.

Figure 2.5 shows the shear factor fluctuations in time and space for the EAUC, ECC,

SC and SAF regions calculated using more than 200 CTD profiles (125, 22, 35 and 34

profiles for the EAUC, ECC, SC and SAF currents respectively). The spatial averages

range from 0.1-0.45 in the EAUC, 0.3-0.5 in the ECC, and are consistently between

0.6-0.65 and 0.3-0.4 in the SC and SAF regions respectively. Overall, variations in the

time mean are of the order 0.2 for the EAUC, ECC and SC regions, and around 0.3
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for the SAF region. The shear factor used here is calculated as the mean of the spatial

average (mean of values shown in Figures 2.5a, 2.5c, 2.5g and 2.5e). The mean of the

time average also gives similar shear factor values.

2.2.3 Separating recirculated transport using the Okubo-Weiss
parameter: the North Cape Eddy and the Wairarapa
Eddy

Separating the core transport of the current from that trapped in the semi-permanent

eddies would improve the estimates of the net transport of the flows and the eddies.

Moreover, the effort could potentially clarify whether the eddies and the currents are a

coupled system (Roemmich and Sutton, 1998). Attempts to separate the recirculation

driven by the eddies has been done in the past by integrating velocities up to the clima-

tological core of the eddy and all across the eddy centre (Roemmich and Sutton, 1998;

Stanton and Sutton, 2003; Bowen et al., 2014) in order to obtain a residual flow that

could be considered a net flow of the currents.

Here, transport recirculation driven by quasi-stationary eddies, such as the NCE and

the ECE in the EAUC region and the WE in the ECC region, were separated from

the core of the current using the Okubo-Weiss method (Okubo, 1970; Weiss, 1991).

The Okubo-Weiss method has been extensively used in combination with SSH and in

situ data to detect and track eddies both globally (Chelton et al., 2007; Douglass and

Richman, 2015) and regionally (Isern-Fontanet et al., 2004; Waugh et al., 2006; Henson

and Thomas, 2008; Halo et al., 2014). The theory indicates that the centre of an eddy

is characterised by a region of high relative vorticity (ω):

ω =
∂v

∂x
− ∂u

∂y
(2.2)

Away from the core, there is less ω and more deformation due to a local strain rate

(s) stretching fluid parcels:
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Figure 2.5: The spatially averaged shear factor for the length of the hydrographic sections
using more than 200 CTD profiles is shown on the left hand side for the a) EAUC (based on
125 CTD profiles), c) ECC (based on 22 CTD profiles), e) SC (based on 35 CTD profiles) and
g) SAF (based on 34 CTD profiles) regions. Panels on the right hand side show the temporal
mean shear distributed as function of latitude for the b) EAUC, d) ECC, f) SC and h) SAF
regions.
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s = (
∂u

∂x
− ∂v

∂y
) + (

∂v

∂x
+
∂u

∂y
) (2.3)

where the first and second brackets in Eq. 2.3 are the normal and shear component

of the strain tensor respectively. The addition of both components indicates that fluid

parcels deform along one specific direction (normal) and at angles with respect to two

directions (shear).

The Okubo-Weiss parameter Q (Eq. 2.4) provides a way to identify the core of the

eddy which occurs when Q is at its minimum value (ω2 > s2):

Q = s2 − ω2 (2.4)

Here, gridded maps of absolute surface geostrophic velocities u and v from AVISO

were used to calculate s and ω. A map of Q was computed for the EAUC and ECC

region and Q values were then projected onto ground-track coordinates of the satellite

tracks near the NCE, the ECE and the WE. The core of the eddy was identified as the

minimum along-track Q within the original OP range (mean OP ± 1σ). Then the track

was traversed shoreward to find the edge of the eddy, namely the OPQ. OPQ is defined

here by the first relative maximum Q. The OPQ is also a time-variant offshore point

of the current (as Q changes with time), whereby integration of velocities out to this

location excludes the transport recirculated within the eddy. The method is illustrated

on Figure 2.6 for the case of the recirculation of the NCE along the AVISO Track 71.

Instead of using the centre of the eddy as the OP, the width of the surface current is

calculated by integrating velocities from the IP to the OPQ.

The Okubo-Weiss method was applied to T71 and to T162 to separate transport

retained by the semi-permanent NCE and WE. No substantial changes were observed

in the transport variability or magnitude when the Okubo-Weiss method was used over

T147 and T223, the tracks near the ECE, therefore transport time series over these

tracks were calculated using the time-variant OP described in Section 2.2.1.1. This

result is consistent with Uddstrom and Oien (1999) , who also found a weak SST signal

in the ECE, in comparison to most robust surface signals of the NCE and WE and with
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Figure 2.6: Schematic for determining the offshore point (OP) of current using the Okubo-
Weiss parameter. The width of the current using the Okubo-Weiss method is the distance
IP-OPQ

modelled surface currents by Tilburg et al. (2001) who also cannot resolve the ECE

in a simulation including realistic bottom topography and non-linear effects. Therefore,

the width of the currents using the Okubo-Weiss method was only used in two tracks

(T71 and T162) as described in this section, whereas the width of the currents on the

remaining tracks was calculated as described in Section 2.2.1.1.

Volume transports derived from altimetric measurements were compared with CTD-

derived transports (hereafter CTD transports) seeking validation in the methods by

checking the consistency in the results from the two datasets. Eleven repeated CTD

surveys in the EAUC are collocated with the satellite track 71. To obtain the in situ

transports, the same velocities used for the calculation of the shear factor (Section 2.2.2)

were integrated vertically and between the latitudes near the IP and the mean latitude

of the OPQ (33.6◦S) to be consistent with the altimeter-derived transports (Figure 2.7).

There is generally good agreement between the in situ and remote sensed transport esti-
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mates. The weakening of the current in 1995-1996 is well represented by weaker volume

transports from both the altimeter and the CTD. During the early 2000s transport of

the current at this satellite track was more steady and the altimeter estimates also agree

well with the CTD observations. No CTD data were recorded over the altimeter track

71 from 2005 to 2011, but measurements collected in 2012 show a net transport of about

12 Sv which is in agreement with the altimeter estimate for the same year of about 13

Sv.
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Figure 2.7: Time series of satellite-derived absolute volume transport along track 71 associated
with the core of the EAUC (grey line) and low-pass 170-day running mean filter (red). Red
dots are CTD derived transports using velocities referenced to the bottom and integrated up
to the OPQ (33.6◦S), the extent of the EAUC along track 71 determined by the Okubo-Weiss
method.

The strength of the eddy is calculated as the difference in transports up to the centre

of the eddy (OP) and up to its edge (OPQ). Significant recirculation is observed in the

NCE, compared to the transport of the EAUC over the track 71 (Figure 2.8a). The

correlation between the interannual transport of the current and the NCE is r = −0.43

(p = 0.06). The interannual fluctuations of the WE are also of similar magnitude to the

strength of the ECC current over track 162 (Figure 2.8b) with the WE strength poorly

anti-correlated to the current across the track (r = −0.16, p = 0.5). The transport

circulating in the eddies is also consistent with historical estimates (Stanton et al., 1997;

Roemmich and Sutton, 1998; Chiswell, 2005).

Sensitivity of results to the choice of time-variant width of the currents was tested by
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Figure 2.8: a) Time series of the transport in the EAUC region (T71EAUC) across track 71,
dashed line is the transport in the NCE (T71NCE), b) as for a) but for the ECC (T162ECC)
region across track 162 and the dashed line is the transport in the WE (T162WE). Data were
annually smoothed.

integrating surface transports up to a mean OP (time-invariant OP). The time series of

the EAUC and ECC from the time-invariant case were then compared to the time-variant

case (Figure 2.9). In both cases, the annually smoothed time series are significantly

correlated with r = 0.86 and r = 0.76 (both p < 0.001).

The high correlations between the time-variant and invariant cases suggest that most

of the interannual variability in transports is insensitive to the choice of the OP. However,

despite the significant correlation, differences in magnitudes of transport vary throughout

the years, particularly for the ECC.

The individual contribution to the transports observed at each track is shown in Figure

26



Characterising the spatial and temporal variability of the geostrophic western
boundary currents off New Zealand

1995 1997 1999 2001 2003 2005 2007 2009 2011 2013
0

2

4

6

8

10

12

14

16

18

20

22

Time

T
ra

ns
po

rt
 [S

v]

 

 
time−variant OP
time−invariant OP

(a)

1995 1997 1999 2001 2003 2005 2007 2009 2011 2013
0

2

4

6

8

10

12

14

Time

T
ra

ns
po

rt
 [S

v]

 

 
time−variant OP
time−invariant OP

(b)

Figure 2.9: a) Time series of transport in the EAUC region for the time-varying width of the
current (thick line) and fixed width at the mean OP (thin line), b) as for a) but for the ECC
region. The data were annually smoothed

.

2.10. The difference in values between including or excluding recirculated transport in

the eddy was examined by comparing the time series across tracks 71 and 162 in the

NCE and WE regions respectively. Figures 2.10a and 2.10b show a comparison of the

mean unit-depth transport calculated over several tracks in each region (note that also

are included track 249 and track 86 for the EAUC and ECC regions respectively). The

transports not including the eddy recirculation are more consistent with the transports

measured over neighbouring tracks. This result suggests that the Okubo-Weiss method

applied to the tracks that intersect the NCE and the WE is a sensible approach to

separate the eddies from the currents and estimate the net transport of the EAUC and

ECC currents.
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Figure 2.10: Comparison between the mean unit-depth transport for a) the EAUC at each
satellite track with that of the T71r initially including the eddy recirculation, b) as for a) but
for the ECC region and WE. Neighbour tracks 249 (EAUC region) and 86 (ECC region) are
included for comparison.

2.2.4 Transports from HRX data and T/S relationship for the
EAUC region

Transports in the EAUC region were also calculated from the 28-years long time se-

ries (1986-2014) of the high resolution expendable bathythermograph (hereafter HRX).

The HRX data were made available by the Scripps High Resolution XBT program

(http://www-hrx.ucsd.edu/). Data along line PX06 (Figure 2.11), connecting north-

ern New Zealand and Fiji, consist of temperature measurements of the upper 800 metres

of the ocean recorded three to four times a year. Only transects joining Auckland-Suva

and Tauranga-Suva are considered for the calculations of transports. The vertical spa-

tial resolution of the data is 10 metres bin-averages of temperature between the surface

and ending at the bottom of each profile, approximately at 800 metres. The horizontal

spatial resolution along the PX06 transect is one temperature profile every 10 km in

the boundary region, starting at about the 200 metres isobath near the coast, and one

profile every 30-40 km in the open ocean. The temperature profiles from the HRX data

set were used to derive volume transport as follows:

Firstly, a T/S relationship was calculated from the 11 CTD surveys along the coordi-

nates of track 71. Since the T/S relation is tight in the region and density is dominated

by temperature, it is then possible to ascribe CTD-salinity values to the temperatures of

the HRX dataset. With the temperature and salinity values, geostrophic velocities were
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calculated from geopotential anomalies and referenced to the 800 metres level. Then,

the velocities were integrated from the coast up to 34◦S which is the near offshore point

of the EAUC from the altimeter track 147 (Figure 2.2). It should be noted that the

location of the PX06 line changed after the year 2000, relocating further southeast of its

original path.
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Figure 2.11: Map of the location of the PX06 line in the EAUC region. The PX06 old is
the Auckland-Suva transect, the PX06 new is the Tauranga-Suva transect. Both lines are
referenced to altimeter tracks 71 and 147.

The HRX transport from the surface to the 800 metres (VHRX0−800m) was converted

into a full-depth transport (VHRX) by adding the mean CTD transport referenced to the

bottom depth and up to the 800 metres depth (V̄CTD800m−bottom
) (Eq. 2.5).

VHRX = V̄CTD800m−bottom + VHRX0−800m (2.5)

A time series of transport anomalies in the upper 800 metres was calculated by re-

moving the 28-years mean.
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2.2.5 Winds

The convergence and divergence of water in the wind-influenced layer of the ocean (Ek-

man’s layer) is generated by the curl of the wind stress (τ) because τ is the principal

mechanism supplying vorticity to the ocean. The wind stress curl is

curl(τ) =
∂τ (x)

∂y
− ∂τ (y)

∂x
(2.6)

where τ (x) and τ (y) are the zonal and meridional components of the wind stress. The

Sverdrup balance (Sverdrup, 1947) states that convergences and divergences in the Ek-

man layer are balanced by the meridional component of the transport (TS), that is, TS

is proportional to the curl(τ):

TS =
1

β
curl(τ) (2.7)

where β is the rate of change of the Coriolis parameter (f) with latitude. The TS in a

subtropical gyre (convergence in the centre and eastern side of the gyre) is the transport

that is balanced by the return transport of the WBC. Since subtropical WBCs are created

by the flow in the SPSG, the variability in the wind-driven SPSG is likely to be observed

in the WBCs, in addition to the local wind-driven variability. Here, the comparison

between South Pacific winds and transports is extended also to the subantarctic WBCs

because I am interested to investigate the response of the SC and SAF to the same

large-scale wind forcing that potentially drives variability in the EAUC and ECC.

The local and basin-wide wind stress curl were calculated using finite differences of

the wind stress in latitude and longitude over the whole South Pacific and over the

subtropical and subantarctic regions. The time series were created by averaging the

grid-point wind stress curl over the different regions.

The wind data are monthly means from 1958 to present of the surface wind stress at

1.25 degree resolution in latitude and longitude from the Japanese 55-year Reanalysis
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(JRA-55). The high quality of the JRA-55 is the result of a four-dimensional variational

analysis (Kobayashi et al., 2015), making this reanalysis a suitable product to study long-

term climate variability. The JRA-55 dataset is made freely available by the Japan Me-

teorological Agency (JMA) and was downloaded from http://jra.kishou.go.jp/JRA-55/.

The calculations using the JRA-55 dataset were compared with those using wind data

from the National Centre for Environmental Prediction (NCEP) Reanalysis project by

the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, (http://www.esrl.noaa.gov/psd/)

(Kalnay et al., 1996) and give similar results.

2.2.6 Wind-driven transport using the Island Rule

To study the mechanisms driving the interannual to decadal variability of the WBCs off

New Zealand, the regional winds and basin-scale averages of wind stress curl were com-

pared and correlated with time series of current transport. The Sverdrup relation (Eq.

2.7) means that changes in the basin-scale wind stress curl could be expected to result

in transport changes in the subtropical gyre, and therefore in the subtropical WBCs. In

light of this, the influence of the basin-scale winds in determining the circulation around

eastern New Zealand was analysed using the Island Rule (Godfrey, 1989).

The Island Rule is a linear and steady-state model that estimates the transport be-

tween an island and the eastern boundary (Ti), which is equal to the Sverdrup transport

(TS) integrated over the length of the island. The transport in the western boundary

(Twb) results from the difference in transport between the island and the interior of the

basin:

Twb = Ti − Ts (2.8)

Derivation of the Island Rule transport for the boundary region off New Zealand has

been described in detail by Fernandez et al. (2014).

The Island Rule transport was calculated using the JRA-55 reanalysis winds. The
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meridional length of the island is between 34◦S and 48◦S, but calculations are extended

to south of Campbell Plateau (55◦S) as flows of the SAF are found south of 48◦S (Figure

2.12).

Figure 2.12: Schematic contour for Island Rule transport calculation. The Island Rule contour
is delimited by ACDFA. The Sverdrup balance holds inside the contour delimited by ABEFA.
Arrows in background are the mean wind stress for the period 1958-present.

2.2.7 Climate indices

Climate indices are widely used to describe climate variability. Two climate indices were

investigated here, the Southern Annular Mode (SAM) and the Southern Oscillation In-

dex (SOI). The SAM quantifies pressure anomalies that characterise the strength and

position of the Southern Hemisphere westerly winds (Thompson and Solomon, 2002).

Monthly values of the SAM are available from the British Antarctic Survey (BAS,

http://www.antarctica.ac.uk).

The SOI measures fluctuations of the surface atmospheric pressure field along the

equatorial Pacific (Troup, 1965). A positive SOI phase, associated with La Niña events,
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indicates stronger trade winds bringing cold surface waters to the equatorial South Pacific

from eastern coastal upwelling while a negative SOI is associated with El Niño and

weaker trade winds with warmer anomalies in the eastern equatorial Pacific. The SOI

are monthly values retrieved from the University Corporation for Atmospheric Research

(UCAR, http://www.cgd.ucar.edu), normalised to maximise the signal-to-noise ratio

(Trenberth, 1984).

Time series of SAM were correlated with the variations of the currents to look for

influences related to the strength and position of Southern Hemisphere westerly winds,

motivated by strong correlations found between SAM and transports in the Tasman Sea

region (Zilberman et al., 2014) and also because the index has been used to discuss the

relationship between the gyre spin-up and decadal variability of winds (Roemmich et al.,

2007). Significant correlations have been found between sea level and SOI in northern

New Zealand (Goring and Bell, 1999) and similar trends between SOI, sea level anomalies

and strength of fronts have been found in the subantarctic region and east of New Zealand

(Hopkins et al., 2010; Fernandez et al., 2014) suggesting that boundary flows may be

impacted by ENSO events. Here, correlations are used to analyse the impacts of ENSO

events on the transports along the whole eastern margin of New Zealand.

2.2.8 Transports from the Bluelink ReANalysis

The Bluelink ReANalysis version 3p5 (BRAN3) (Oke et al., 2013) produces an estimate of

the ocean state fields, including SSH, SST and salinity that result from interpolating and

extrapolating observations using the Ocean Forecasting Australian Model (OFAM). The

observations are assimilated by the Bluelink Ocean Data Assimilation System (BODAS)

(Oke et al., 2008), and the reanalyses are periodically evaluated against unassimilated

data to reduce errors generated by over-fitting the observations. Here, monthly values

of the velocity field for the period 1993-2012, from BRAN3 were used to calculate time

series of volume transports in the boundary region. The velocities were interpolated

to each of the satellite track coordinates for the full depth of each model grid point.

The transports were calculated by integrating the velocities vertically, accounting for
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the vertical shear, and across the mean width of the current (between the same IP and

the mean OP derived from the altimeter).

The BRAN3 time series of transports were compared with those of the time-invariant

case derived from the altimeter. The aim of evaluating BRAN3 in the boundary region

east of New Zealand, is to test how well the reanalyses reflect the direct observed vari-

ability. Advantages of using BRAN3 include a spatial resolution of 1/10◦ in latitude

and longitude, which is appropriate for resolving boundary flows, and assimilation of

surface and subsurface data from a wide range of sources (Oke et al., 2008). The re-

analysis, including previous versions, has been evaluated in the EAC and Tasman region

(Roughan et al., 2011; Chiswell and Rickard, 2014; Sutton and Bowen, 2014), however,

interannual variability of the western boundary currents east off New Zealand is yet to

be assessed to test the representativeness of the reanalysis for the whole South Pacific

western boundary region.

2.2.9 Estimation of degrees of freedom and significance of cor-
relation coefficients

In this chapter (and throughout this thesis) the correlation coefficients (r) are reported

either with its corresponding level of significance p (p-value) or confidence level. The p-

value gives the probability that r is obtained by random chance. In order to calculate a p-

value the number of degrees of freedom (DOF) in the time series needs to be established.

To find the DOF, the autocorrelation function of each time series is calculated as a

function of time-lags. Then, the decorrelation time D is either the first-zero crossing or

the time-lag for which the autocorrelation function plateaus indicating that the variable

is not longer autocorrelated (Emery and Thomson, 2001).

The effective number of DOF, i.e. the number of independent realisations, can then

be calculated by dividing the length of the time series (N∆t) by the decorrelation time:

DOF =
N∆t

D
(2.9)
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Using the DOF, r is converted into a Student-t value (Von Storch and Zwiers, 2001):

t =
r
√
DOF − 2

1− r2
(2.10)

Finally, t and the DOF are used in a two-tailed t-test to determine the p-value. The two-

tailed test is a more conservative approach than the one-tailed test and is preferred as

there is no direction of a specific effect a priori. For example, p < 0.05 indicates that the

probability that two time series are correlated with r is greater than 100× (1− 0.05)%,

i.e. the correlation is significant at the 0.05 level or there is 95% confidence that r is not

due to random chance.

2.3 Results

2.3.1 Mean flow and local fluctuations

Mean volume transports, the standard deviation of the annually smoothed data and

linear trends over the 21 years of data are given in Table 2.1. The table also depicts

mean transports derived from the CTD and HRX datasets.

The mean values of the altimeter-derived transports are in agreement with mean values

from hydrography over the same satellite tracks within the standard deviation limits.

These are the cases of transport estimates over tracks 71, 112 and 36 in the EAUC,

SC and SAF regions respectively. In the EAUC region, the HRX time series agrees

better with the average for the region, however shows a smaller standard deviation in

comparison with the altimeter and CTD estimates. Transports in the NCE represent

approximately 80% of the transport of the current measured at the corresponding track.

The transport in the WE is about 25% of the ECC transport, however the variability of

the WE (standard deviation) is as large as the mean WE transport, suggesting instances

of little transport in the eddy (actually negative as seen in Figure 2.8b). In the SC region,

the transports increase progressing northwards as the current widens and captures more

inflow from the Bounty Trough. Conversely, transports in the SAF decrease upstream
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Table 2.1: Mean volume transport, standard deviation and linear trend over the 21 years
of satellite data.

Region Track # Mean transport [Sv] Std Trend (Sv decade−1)

EAUC 71 12.4 4.5 1.4
EAUC 147 10.5 4.4 0.1
EAUC 223 14.8 3.2 -2.2

Average for region 12.6 3 -0.2
EAUC NCE 10 5.9 -3.6

ECC 238 10.5 2.7 0.4
ECC 162 5.6 2.2 -0.2

Average for region 8 2.2 0.1
ECC WE 2.1 2.7 0.4

SC 10 12.6 1.3 0.9
SC 188 10.6 1 0.1
SC 112 7.2 0.8 -0.2

Average for region 10.1 0.7 0.3

SAF 10 33.4 5.9 2.2
SAF 188 45.4 5.4 3.3
SAF 112 55.1 6.6 2.6
SAF 36 64.7 6 4.1

Average for region 49.6 3.9 3.1

Region Dataset Mean transport [Sv] Std

EAUC CTD along track 71 8.4 6.2
EAUC HRX near tracks 71 and 147 12.6 2.6
ECC CTD near tracks 238 and 162 13.4 8.5
SC CTD along track 112 8.5 2.3

SAF CTD along track 36 69.4 15.2

likely due to part of the SAF flow diverted westward north of Campbell Plateau, hence

contributing to the strengthening of the SC. Trends have been calculated for all altimeter

tracks (Table 2.1), however most of them are weak and none of them are statistically

significant at the 90% level.

The mean full-depth transports were compared with the mean wind-driven transports

estimated using the Island Rule (hereafter IR transports), and plotted as a function

of the latitude along the eastern margin of New Zealand (Figure 2.13). The names of

the currents are located at the approximate latitude for each region. Negative values

indicate southward transports, which are the case for the EAUC and ECC currents.

Conversely, positive transports indicate northward flows such is the case of the SC and

the SAF. Here, the long-term mean for the 55-year reanalysis (red line) is plotted with

36



Characterising the spatial and temporal variability of the geostrophic western
boundary currents off New Zealand

its standard error (dashed line), the short-term mean for the satellite period (1993-2014,

black line) falls within the standard error interval suggesting that both means are not

statistically different. In addition, a calculation of transports with the long-term mean

removed extending from northern to southern New Zealand (not including the Campbell

Plateau) is shown (blue line) to investigate the mean flow and to be consistent with

previous studies using the Island Rule in New Zealand for a similar latitude range (e.g

Cai, 2006 and Hill et al., 2008).
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Figure 2.13: Mean meridional transport for the period 1958-2014 (red line) and for the period
1993-2014 (black line), both spanning the latitudes from the north New Zealand to south
of Campbell Plateau. The blue line represents transports for the long period but extending
from northern to southern New Zealand (excluding the Campbell Plateau). Positive (negative)
values are northward (southward) transports. Dashed line is the standard error of the long-term
mean based on 55 years of reanalysis data.

The short-term mean (black curve in Figure 2.13) is compared with the altimeter-

derived transports because it coincides with the satellite era. The mean IR transports

are approximately 6 Sv for the EAUC and 5 Sv for the ECC, which are statistically

similar within the standard error estimates, and consistent with the altimeter-derived

transports (see Table 2.1). The IR transport calculated for the northern section of the
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SC is in agreement with the altimeter transports, about 8 Sv, however, all the transport

south of 44◦S and north of the Campbell Plateau is southward. This is expected because

there is a southward flow component south of the Chatham Rise, across the Bounty

Trough and over Campbell Plateau that is not part of the SC, also observed in the mean

velocity field (Figure 2.2). The IR transports for the SAF significantly underestimates the

values calculated using altimetry and validated with CTD-derived transports observed

over the southernmost altimeter track 36. However, the SAF IR transport decreases in

the northward direction as observed in the altimeter data. The IR transport calculated

for the shorter-length island (blue curve in Figure 2.13) displays shifted mean transports

resulting from changing the size of the island (from the one including Campbell Plateau).

The results should be more representative of the warmer subtropical WBCs, however

transports are much less than those estimated from the altimeter or calculated from the

hydrographic data.

2.3.2 Interannual to low-frequency variability

Surface unit-depth transports in the EAUC, ECC, SC and SAF regions were calculated

for the twelve tracks along the eastern margin of New Zealand (Figure 2.14 and Figure

2.4). The time series show not only the broad range of frequencies present in the vari-

ability of all currents, but the difference in the magnitude of the fluctuations in each

current region.

Time series representing each of the four currents were obtained by averaging the

individual time series from the different tracks in each region (thick coloured lines in

Figure 2.14). This averaging was repeated with the time series of full-depth transports.

The time series were smoothed with a 370-day cosine window to show fluctuations with

periods longer than annual. While the spatial average smooths local fluctuations and re-

duces the magnitude of the transports observed in some tracks, it represents the coherent

variability along the entire north-eastern boundary of New Zealand. The nomenclature

of the altimeter derived transports for the EAUC, ECC, SC and SAF is TEAUC , TECC ,

TSC and TSAF respectively. In each case, it will be indicated when referring to sur-
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Figure 2.14: Time series of unit-depth transport [m2 s−1] in a) the EAUC, b) the ECC, c)
the SC and d) the SAF regions. Positive values of transport indicate southeastward direction
in the EAUC, southwestward direction in the ECC and northeastward direction in the SC and
SAF flows. Coloured thick lines are the regional mean transport averaging the tracks for each
region. Data were smoothed with a 370-day cosine window.

face transports, i.e. measured from the satellite at the sea surface (Section 2.2.1.1) or

full-depth transports, i.e. derived combining altimeter, CTD and HRX data (Section

2.2.2).
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2.3.2.1 Local wind forcing

Local wind forcing of current variability was investigated by correlating time series of

local wind stress curl (WSC) with the transport time series in each of the boundary

currents. Figure 2.15 shows the mean WSC for the period 1993-2014 from the JRA-

55 reanalysis. The local area-averages of the WSC were calculated over the domains

enclosing the EAUC (box A), the ECC (box B) and over Campbell Plateau (box C) for

both the SC and the SAF regions. The WSC near the coast of New Zealand was masked

and removed to avoid potential effects of land contamination of measurements.
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Figure 2.15: Mean regional wind stress curl for the period 1993-2014. Area averaged WSC
was calculated over boxes A, B and C for the EAUC, ECC and SC/SAF regions respectively.
Thin grey line is the 2000 metres contour depth.

At interannual time scales, there is some correspondence between the local wind stress

curl and the transports of the subtropical EAUC (r = 0.43, p = 0.06) and the subantarc-
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tic flows of the SAF (r = 0.45, p = 0.05). There is little to no correspondence between

local WSC and the ECC current and the SC current. However, both subantarctic cur-

rents appear to be better correlated during the 1993-2004 period, when there is a sharp

increase of the WSC, suggesting coherent variability of both subantartic currents with

winds over the Campbell Plateau just over a decade.

The correlations between local WSC and transports in the NCE and WE are weak

and not significant (not shown).
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Figure 2.16: Comparison of unit-depth transport time series with local wind stress curl for a)
th EAUC, b) the ECC, c) the SC and d) the SAF region. Data were annually smoothed.

2.3.2.2 Large-scale forcing

To investigate whether the interannual fluctuations in the currents correspond to ENSO

variability, the transport anomalies were compared and correlated with the SOI index.

The currents are first inter-compared in Figure 2.17 which also shows the SOI index
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smoothed with a 13-month cosine window (shaded area in Figure 2.17). At interannual

time scales the greatest fluctuations are observed in the EAUC and SAF boundary

flows. The transport anomalies in TEAUC and TSAF are poorly anticorrelated. Smaller

fluctuations are observed in the ECC and SC, and while the time series have been

smoothed to remove signals with periods shorter than annual, high frequency components

are still present, particularly in the SC.

Cross-correlations between the transports and SOI index as a function of lag are

shown in Figure 2.17b. The highest correlation between transports and SOI occur when

TEAUC leads SOI by six months (r = −0.56) (Figure 2.17b). For the other currents

the correlations are lower. While the correlations are significant at the 95% confidence

level, the correspondence of transport with interannual ENSO-related variability is not

consistent throughout the length of the time series. For example, weak transports in

the EAUC were observed in 1997 and 2000 coinciding with negative SOI in 1997 and

positive SOI in 2000.

Low-frequency variability of the transports was compared to the SAM index (Figure

2.18). At interannual time scales, the correlations between the transports and SAM

are low and not significant (not shown). A 5-year low-pass cosine window is used to

retain only frequencies that have quasi-decadal to decadal periods. While smoothing a

21-year long time series with a 5-year filter decreases remarkably the number of DOF,

therefore the robustness of the correlation decreases, it is necessary to analyse the decadal

variability and for comparison with previous studies on low-frequency variability in the

Southwest Pacific boundary region (e.g. Hill et al., 2008 and Holbrook et al., 2011).

The correlation at the 95% level for the 5-year low-pass filtered time series (Figure

2.18a) at zero lag is the highest between the SAF transports and SAM (r = 0.76)

increasing to r = 0.93 when transport leads by 1 year (Figure 2.18b). Both subtropical

currents are anticorrelated with SAM (r = −0.54 and r = −0.48). However there is no

clear lead-lag pattern, i.e. the highest anticorrelation between the EAUC transports and

SAM occurs when the EAUC leads SAM by 1.5 years (r = −0.93) and when SAM leads

ECC transport by 1.3 years (r = −0.78).
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Figure 2.17: a) Time series of transport anomalies with respect to their temporal mean. Each
curve represents the spatial average transport for each region. Positive (negative) values of
transport indicate strong (weak) flow in th EAUC (southeastward), ECC (southwestward),
SC (northeastward) and SAF (northeastward). Data were smoothed with a 370-day cosine
filter to remove frequencies higher than annual. The filled curve in dark grey is the annually
smoothed SOI. b) Cross-correlation between annually smoothed transports of all boundary
currents and SOI. Positive (negative) lag indicates SOI (transport) leads transport (SOI). All
the correlations are significant at the 95% level.

The correlation of the low-frequency temporal variability of current transport with

basin-scale forcing was evaluated to find how variability in the boundary currents might

correspond to changes in the winds over the South Pacific. Figure 2.19a shows anomalies

of the wind stress curl averaged over the South Pacific (165◦E-80◦W,5◦S-55◦S) compared
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Figure 2.18: a) Time series of transport anomalies in all WBCs vs. SAM. Positive (negative)
values of transport indicate strong (weak) flow in the EAUC (southeastward), ECC (south-
westward), SC (northeastward) and SAF (northeastward). Data were smoothed with a 5-year
cosine filter. The filled curve is the 5-year smoothed SAM. b) Cross-correlation between 5-years
smoothed transports of all boundary currents and SAM. Positive (negative) lag indicates SAM
(transport) leads transport (SAM). All the correlations are significant at the 95% level.

with the time series of anomalies of the transport of all currents. The cross-correlations

at the 95% level at zero lag (Figure 2.19b) are strongest in the SAF and SC, with r = 0.85

and r = 0.57 respectively in comparison to the subtropical EAUC and ECC which are

anticorrelated with r = −0.70 and r = −0.50 respectively. A decadal peak in WSC

observed between late 1990s and late 2000s which is in phase with transport anomalies
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in the subantarctic boundary flows. Transports in the SC and SAF were stronger during

times in which the basin scale wind stress curl was strongest. Conversely, stronger

surface transports were observed in the subtropical currents at times of weak averaged

wind stress curl, with the exception of a period from 2007 to 2011 when increasing EAUC

transports are in phase with increasing wind stress curl over the South Pacific.
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Figure 2.19: a) Time series of transport anomalies in the all WBCs vs. WSC anomalies
(grey line with shaded areas) averaged over the South Pacific and smoothed with a 5-year
window. Positive (negative) values of transport indicate strong (weak) flow in the EAUC
(southeastward), ECC (southwestward), SC (northeastward) and SAF (northeastward). b)
Correlation coefficients as function of lags. All the correlations are significant at the 95% level.
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2.3.3 Low-frequency variability of the Island Rule transports

To further investigate the impacts of large-scale wind forcing on the currents, the trans-

port variability of the stronger boundary flows, that is the EAUC and the SAF, are

compared with the IR transports (Figure 2.20).

For the EAUC region (Figure 2.20a), the IR transport is the time-varying meridional

transport averaged between 33◦S and 35◦S, the latitudes spanning the EAUC region.

In addition, in situ transports, derived from the HRX dataset and the T/S relation

(Section 2.2.4, and hereafter HRX transport) were included to provide a total of three

estimates of the EAUC transport to compare. To focus on the variability, the IR and

HRX time series of transports were also referenced to the temporal mean of each data

set and smoothed with a 5-year cosine window.

The low-frequency variations between TEAUC and IR transports are anticorrelated for

nearly the two decades of data. This is consistent with results comparing the large-scale

WSC with the transport of the EAUC (Figure 2.19a), except for a short period during

late 2000s when the EAUC was strong during a period of strong WSC. The variability of

the HRX corresponds better to the altimeter-derived transports, however the amplitude

of the HRX transport fluctuations is about half of the TEAUC and a third of the IR

transports.

Comparison between the TSAF and the IR transport for the subantarctic region (Figure

2.20b) at decadal time scales show both stronger transports in the 1990s (during the spin-

up period of the SPSG), a decline in early 2000s and a rebound to stronger flows in the

mid and late 2000s. This pattern is consistent with the pattern of the basin-scale WSC

over the same period (Figure 2.19a).

2.3.4 Comparison of altimeter-derived transports with BRAN3
transports at interannual time scales

Figure 2.21 shows the time series of altimeter-derived transport anomalies compared to

the transports derived using the velocities of the BRAN3 reanalysis product. The highest
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Figure 2.20: Comparison of time series of altimeter-derived transport anomalies, in situ HRX
transport and IR transport in a) the EAUC region and b) the SAF region. All time series have
been smoothed with a 5-year cosine window.

correlations were obtained for the EAUC and the SC regions with r = 0.72 (p < 0.001),

r = 0.45 (p = 0.06) respectively. The lowest (and not significant) correlations between

altimeter and BRAN3 transports occur for the ECC with r = 0.22 (p = 0.4) and the

SAF r = 0.36 (p = 0.1).

From the correlation analysis, the BRAN3 transport captures better not only the inter-

annual variability of the EAUC but also the right magnitude of the fluctuations (Figure

2.21a). This is not the case for the rest of the boundary currents, where BRAN3 trans-

ports show little to no correspondence with the fluctuations measured by the altimeter.
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Figure 2.21: Comparison of time series of altimeter-derived transport anomalies with BRAN3
transport for a) the EAUC, b) the ECC, c) the SC and d) the SAF region. Data and model
output were annually smoothed.

2.3.5 Seasonal variability

Monthly averages of the altimeter-derived transports for each current are shown in Figure

2.22. Transports in the subtropical EAUC and ECC tend to be stronger in summer and

weaker in winter with a seasonal range of 3.3 Sv and 4.2 Sv respectively. Conversely,

seasonal variations in the subantarctic currents show weak transports in summer and

stronger transports in winter with an seasonal range of 2.3 Sv and 5.9 Sv for the SC

and SAF respectively. However, the intra-annual variability in the monthly averages of

transports in the EAUC and SAF regions are large (shaded area in top left and bottom

right of Figure 2.22) making the seasonal cycles of both currents not significant. The

seasonality is strong in transports of the SC and ECC with seasonal ranges representing

28 % and 70 % of the mean flow respectively.

To investigate the influence of local winds in modulating the along-shore geostrophic

current in seasonal transports of the ECC and the SC regions (statistically significant),
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Figure 2.22: Seasonal variations calculated as the monthly average for the 21-year altimeter
time series of volume transport. Shaded areas are the standard error assuming 21 years of data
are independent.

the seasonal signal of the along-shore component (τa) of the wind stress (τ) is computed

(Eq. 2.11) and compared to the seasonal signal of the transports in both regions (Figure

2.23). Here, τa is the projected component of τ at an angle α = 40◦ (for both the ECC

and SC) with respect to a Cartesian coordinate system (where α = 0◦ corresponds to

the zonal component of τ).

τa = |τ | ∗ cos(α) (2.11)

The annual cycle of the along-shore winds in the ECC shows a minimum in February

and are generally stronger from June to October, in opposition to the transports which

are stronger in summer and weaker during winter time (Figure 2.23a). The annual cycle

of the local WSC matches better the cycle of the transports.

In the SC region the along-shore wind stress, WSC and transports are strong from

April to June. While both winds and transports decay in intensity until August, the

wind stress and the local WSC are higher during September and October and decrease
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(a) (b)

Figure 2.23: Annual cycle of boundary current transports (Sv) compared to the seasonality
of the area average along-shore wind stress component on the (a) ECC and (b) SC regions.
Shaded areas are the standard error interval for the seasonal cycle of along-shore wind stress
computed using 21 years of JRA-55 wind stress data for the period 1993-2014. Dashed lines
represent the local seasonal WSC in Nm−3 (area average multiplied by a factor of 106 to match
the wind stress scale).

in November and December concurrent with the SC transport.

Neither the ECC nor SC show seasonal variations corresponding to the along-shore

wind stress, however, the ECC seasonal cycle corresponds more closely to the local WSC,

while what forces the seasonal cycle in the SC remains unclear.
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2.4 Discussion

2.4.1 Mean transports and spatial patterns of the circulation

In this study, updated mean flows of the currents have been calculated incorporating

longer time series of satellite altimeter and hydrographic data. Results indicate that the

mean circulation of the western boundary current system off New Zealand is characterised

by strong mean flows in the subtropical EAUC and subantarctic SAF and weaker flows

in the ECC and SC.

The net transport of the EAUC is 12.6 ± 3 Sv, which is in agreement with the other in

situ CTD transports and combined CTD and HRX transports (see Table 2.1). Roemmich

and Sutton (1998) used an HRX climatology (same PX06 line used in this study) to

estimate the net EAUC transport to be 9 Sv. Stanton and Sutton (2003) used altimeter

data to estimate a mean transport of 9.5 ± 5.5 Sv. Results from these previous studies

are in agreement with mean values of the net EAUC reported in the present work, despite

the fact that the former estimates were calculated just over 12 years of HRX data and 7

years of satellite data respectively, compared with the 21 years of altimeter data and 28

years of HRX data presented here. More recently, Bowen et al. (2014) used Argo float

trajectories to estimate the mean transport of the EAUC using only the hydrographic

sections for the mean shear to be between 8 and 15 Sv, when the integration limits range

from 31.75◦S and 33◦S respectively. Their results are consistent with results presented

in this thesis considering that both limits of integration include part of the recirculated

transport by the NCE.

Mean IR transport values overlap with TEAUC transport estimates within the uncer-

tainty. Stanton (2001) used the Island Rule with NCEP winds over the period 1986-1998

and estimated the EAUC transport at 5.2 Sv. Here, the estimate over the 33 years of

JRA-55 data is similar, about 6 ± 5 Sv, despite a longer time series and averaging over

a range of latitudes (between 33◦S and 35◦S) compared to his estimates at 31◦S. His

choice of offshore latitude at 31◦S accounts for the recirculation of the NCE, therefore

is sensible to compare it with the net EAUC transport (TEAUC). Results of this thesis
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suggests that, as concluded by Stanton (2001), the Island Rule is potentially useful in

explaining the mean flow (magnitude and direction) of the EAUC, as the observations

are consistent with the flow from a large-scale, wind-driven momentum balance.

The mean flow of the ECC is relatively weak in comparison with the other boundary

currents, and it is the most variable, with the standard deviation as large as the mean.

An average of the transport across the tracks gives 8 ± 2.2 Sv, which is in agreement

with the IR transport of about 5 ± 5 Sv. Earlier studies of the mean transport of the

ECC, calculated over short time series, report a mean volume transport of 2 to 4 Sv near

East Cape (Heath, 1975), but recently and downstream of the current, Chiswell (2005)

constrains the mean ECC transport to 5 to 10 Sv calculated over the period 1993-2003.

Thus, the TECC transport obtained here is within the range of previous estimates.

In the subtropical region, the recirculation driven by the quasi-stationary eddies is

a large percentage of the mean flow of the currents. Signatures of these eddies are

clearly seen in the mean field (Roemmich and Sutton, 1998; Uddstrom and Oien, 1999;

Chiswell, 2005). Roemmich and Sutton (1998) estimate the recirculated NCE transport

as 10 Sv, which is comparable to the net EAUC transport. Here, the estimated transport

recirculated by the NCE is also 10 ± 5.9 Sv and, while the mean value is similar to their

estimate, the transport is quite variable. There is some correspondence between the

TEAUC and the NCE suggesting that when transport of the EAUC gets recycled in the

NCE, the net flow of the EAUC is weak (Figure 2.8a). This result is consistent with

Stanton and Sutton (2003) who also relate the variability in the EAUC to the strength

of the NCE. While the ECE can be resolved in the mean velocity field, the Okubo-

Weiss method applied to the satellite track 223 crossing the vicinity of the eddy does

not intersect the core of the eddy, therefore the recirculation cannot be fully separated.

In the ECC region, Chiswell (2005) reports 15 Sv recirculated by the WE, which is

substantially higher than net ECC transport. Yet the transport found in this study

within the WE could be underestimated because the WE reaches depths of at least 2000

metres (Roemmich and Sutton, 1998; Chiswell, 2003). There is no strong evidence of

the WE influencing the variability of the ECC.
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In the SC region, the mean for the 21 years of the altimeter derived transport is 10.1

± 0.7 Sv. Similar values are reported by Sutton (2003) (8.3 ± 2.7 Sv) from analysis of

full-depth transports from eight CTD surveys spread from north of Campbell Plateau

to south of Chatham Rise over the period 1993-2000. Mean transports in the SC change

with location, with the transport increasing as the current goes north. The difference in

the mean from track 112 (southern section) to track 10 (northern section) is nearly 5 Sv.

This downstream strengthening of the SC was noted by Chiswell (1996) from observations

of mooring-derived velocities increasing northwards from the Snares Plateau to Oamaru

and later by Sutton (2003) and Rickard et al. (2005). Mean IR transports north of track

10 (north of 44◦S) are weak and northwards, but overall the Island Rule does not capture

the mean pattern of circulation in the SC. One potential reason is the presence of other

southward flows in the adjoint boundary region to the east of the SC (Fernandez et al.,

2014).

The transport in the SAF is, by far, the largest observed east of New Zealand. On

average, the transport of the SAF along the eastern edge of Campbell Plateau is 49.6

± 3.9 Sv. Stanton and Morris (2004) use in situ and satellite data to investigate mean

currents across satellite track 36. They estimate a mean transport of 50 ± 13 Sv, from

velocities integrated between the 1000 metres isobath and a fixed offshore point at 53.5◦S

based on a canonical velocity profile and satellite estimates. Along the same track 36

using Argo float trajectories, the recent study of Bowen et al. (2014) estimate a mean

transport of 56 Sv. While both previous estimates are in agreement with the average

over the whole SAF region presented here, a direct comparison of their results with mine

over the same line 36 are slightly different. Although not significantly different given the

uncertainties, the transport estimate over satellite track 36 (64.7 ± 6 Sv) is higher than

the transports reported by Stanton and Morris (2004) and Bowen et al. (2014). However,

these differences are expected because both previous studies estimated transport along

a shorter section of the altimeter track, while the mean OP in this study is further

away from the plateau. While the Island Rule shows basin-scale winds would produce

a flow in the right direction and with diminishing northward strength, it significantly

underestimates its magnitude. Several limitations of the Island Rule may lead to the
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discrepancies between the theory and the observations, in particular the assumption

that linearity is the primary dynamics of the gyre circulation and that the WBC has an

instantaneous adjustment to winds. Recent modelling work of meridional excursions of

flow from the ACC suggests that transports are also the result of circumpolar winds, eddy

activity and eddy-induced upwelling (Nadeau and Straub, 2012; Marshall et al., 2016).

Hughes and de Cuevas (2001) suggest that bottom pressure torque is a dominant term

in the momentum balance and therefore the structure of the WBCs may be determined

by the bottom topography. While the Island Rule works as a first approximation for an

estimation of the mean flow, it is evident that other terms need to be included in order

to obtain a more realistic estimate of the mean flow in western boundary current regions.

2.4.2 Variability in the boundary currents

Variations in the strength of the WBCs east of New Zealand have been analysed at

different time scales showing that transports are influenced by many mechanisms of

different spatial and temporal scales.

Substantial interannual transport fluctuations are observed in all currents (Figure

2.17a). The EAUC and SAF have the largest variations in transport; they also are the

currents with the largest mean volume transports. For most of the period between 1998

and 2006 flows in the EAUC and SAF are anticorrelated, meaning strong southeastward

EAUC transport is concurrent with weak northeastward SAF transport, however the

signals are in phase in 1996, during 2006-2007 and during 2009-2010, meaning that the

flows weaken and strengthen at the same time. The interannual variability in the ECC

is of the same magnitude as that of the EAUC only from 2006 to 2013.

2.4.2.1 Local forcing of the seasonal and interannual variability

A seasonal signal in the transports is present in all New Zealand boundary currents,

however, the seasonality is significant only in the ECC and SC regions. At interannual

time scales, none of the currents are strongly correlated with local winds, except for
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the period 1993-2004, when the subantarctic currents SC and SAF both show similar

variability to that of the WSC over Campbell Plateau.

The EAUC tends to be stronger in the austral summer, a result that is consistent

with the annual cycle in subsurface temperatures (Roemmich and Cornuelle, 1990) and

is also observed in the flow of the EAC (Ridgway and Godfrey, 1997). However, the

wide dispersion of data around the mean indicates that the seasonal signal in transports

is not robust, which is a similar result to that of Stanton and Sutton (2003) who also

found a weak seasonal signal in the transport of the EAUC. A potential local mechanism

forcing the interannual variability of the EAUC is the NCE, as has been suggested by

Stanton and Sutton (2003). The strength of the NCE, as determined using the Okubo-

Weiss approach, is anticorrelated with the net EAUC flow, suggesting there is a coupling

between the transport recirculated in the eddy and the net flow of the EAUC. However,

neither the NCE nor the EAUC are strongly correlated to local WSC, therefore what

drives the variability of either the NCE or the EAUC is unlikely to be locally wind-

driven. Laing et al. (1998) and Chiswell (2001) detect signals in the EAUC with the

characteristics of baroclinic Rossby waves and propose that the arrival of waves from

the east potentially forces the observed variability of the current. Holbrook and Bindoff

(1999) show a similar connection between the annual cycle in the subsurface temperatures

of the Southwest Pacific and the arrival of Rossby waves travelling across the South

Pacific. The impacts of Rossby waves on sea level variability and transport fluctuations

along the whole New Zealand eastern boundary is investigated in more detail in Chapter

3 of this thesis.

The seasonality of the ECC transports is stronger in late summer and weak in early

winter, with the maximum seasonal change of 4 Sv occurring rapidly in the April-June

period. The seasonal range is about 67 % of the mean transport of the current. It is

interesting to note that, while the local WSC is poorly correlated with the interannual

variability of the current, the seasonality of local winds is more likely to drive the annual

cycle in the transports (Figure 2.23a). At interannual time scales, there is no evidence

of any correspondence between the ECC and the WE, however Chiswell (2005) suggests

that a potential mechanism for eddy shedding in the ECC result from instabilities caused
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by Rossby waves dynamics.

The seasonal variability of the flows of the SC is also evident (Figure 2.23b). The

transports of the SC peak in April and decay slowly to a minimum in November. While

both the transports and the local WSC are stronger in April, the winds are strong again in

September, when transports are near the lower end of the seasonal range. This suggests

that local winds are not the only factor controlling the seasonality of the transports.

Chiswell (1996) found the velocity field of the southern part of the SC (near track 112)

to be well correlated with the local winds over several months, but he also finds other

signals propagating at the frequency of coastally trapped waves.

While it is included here for completeness, the seasonal cycle of the SAF transport is

not significant. Perhaps, the seasonal signal is buried in the strong mesoscale activity,

which corresponds to approximately 9 eddies a year propagating northeast along the

subantarctic slopes (Stanton and Morris, 2004).

2.4.2.2 Interannual response to Southern Ocean climate modes

At interannual time scales, responses of the WBCs to climate modes were analysed first

by correlating the annually smoothed SOI with the strength of the currents (Figure 2.17).

In the EAUC region, most positive (negative) transport anomalies coincide with positive

(negative) phases of SOI, however this pattern does not persist throughout the whole

study period. For example, large anomalies in 1994 and in 2004 are out of phase with

this pattern of SOI and transports. Goring and Bell (1999) investigated the interannual

variability of the mean sea level measured at the port of Auckland and concluded that

the co-variability of positive SOI (La Niña) and warmer than normal SSTs causes the

rise in SSH. However, a homogeneous SSH rise would not explain changes in transport,

as geostrophic transports are determined by a differential rise in SSH or sea surface

slope. Stanton (2001) also found inconsistencies in the way transport variability in the

EAUC responds to ENSO events. He attributed the differences to changes in wind

anomalies over New Zealand caused by strong versus moderate El Niño events. This

result is also consistent with the lack of correspondence between the EAUC transport
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and local WSC fluctuations (Figure 2.16a). In a previous work, Sutton and Roemmich

(2001) found strong interannual correlations between SOI and mixed layer temperature

along the PX06 section in the EAUC. However, while they propose ENSO as one of the

principal modes of upper-ocean variability in the EAUC region, transport fluctuations

in the adjacent Tasman Sea may also play a role in driving the variability of the ocean

(and climate) northeast of New Zealand (Sprintall et al., 1995).

Interannual variability of transports in the subantarctic currents and SOI are both

highly variable and incoherent in the timing of the fluctuations. However, for most of the

1990s to late 2000s, negative transport fluctuations occur during a negative SOI period,

and with a few exceptions, a similar pattern is observed for the positive anomalies during

positive phases of the SOI. Previous work by Chiswell (1994) investigated the influence

of ENSO on the variability of the SAF and the Southland Front, the latter determined

by SST gradients. The data, recorded in the pre-altimeter era, consisted of only two

years of satellite SST which is insufficient to capture the effect of ENSO at interannual

time scales (Chiswell, 1994). Hopkins et al. (2010) used a longer time series of SST

gradients and SOI (1985-2005) to show evidence of the Southland Front and the SC

weakening during El Niño and strengthening during La Niña phases. However, they

find the same inconsistencies in the timing of the variability as is shown in the present

study. Despite previous idealised modelling work suggesting that the SC results from

propagating surface-layer thickness gradients reflecting off the east coast of the South

Island of New Zealand (Tilburg et al., 2002), there is no theoretical argument for what

drives its variability.

Although variations in measurements of coastal temperature and sea level (Goring

and Bell, 1999) and large-scale changes in SST and sea level (Sasaki et al., 2008) have

some correspondence with the SOI, the smaller-scale pressure gradients associated with

transport fluctuations in New Zealand WBCs are poorly correlated with ENSO-related

variability.

The comparison of the observations with model output BRAN3 is accurate only in the

EAUC region. Discrepancies between the model and observations in the velocity field
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have been attributed to an overestimated vertical shear (Oke et al., 2013; Chiswell and

Rickard, 2014). Another possibility is that complicated bathymetry in the New Zealand

boundary region becomes an issue in resolving the narrow boundary currents.

2.4.2.3 Decadal response to wind forcing

The decadal trends estimated from the altimeter-derived transports are small and not

statistically significant for any of the WBCs off New Zealand. A recent study on inter-

decadal trends in the transports of the EAC indicate that only flow inside eddies show a

significant trend in southward transport across the Tasman Sea (Cetina-Heredia et al.,

2014). Other studies have shown that increasing trends in temperature, salinity and

SSH in western boundary regions are a reflection of the trends and patterns in Southern

Ocean winds (Cai, 2006; Hill et al., 2008; Frankcombe et al., 2013). However, the trends

observed in the potential drivers of the WBC variability are not reflected in the transport

of the New Zealand boundary currents. This result supports previous findings showing

no significant trends in the inflows of the EAC and Tasman Sea region, despite the trends

observed in the forcing of the circulation (Bowen et al., 2005; Oliver and Holbrook, 2014;

Sloyan and O’Kane, 2015).

Low-frequency variability of the transports along the boundary should be treated with

caution as the 5-year smoothing over just two decades of satellite data results in few DOF,

therefore the significance of the correlations decreases. However, investigation of decadal

variability in the boundary currents off New Zealand is important in understanding gyre-

scale circulation and in comparison with previous studies of decadal variability in the

EAC and transports through the Tasman Sea (Ridgway et al., 2008; Hill et al., 2011).

The covariation for the low-frequency SAM and transports (Figure 2.18a) suggests

that basin-wide winds may influence the low-frequency variability of the New Zealand

boundary currents, albeit with local differences. A positive phase of SAM is characterised

by increasing circumpolar westerly winds and weaker westerlies over subtropical latitudes

(Thompson and Wallace, 2000). In the New Zealand region, a positive SAM coincides

with enhanced westerly winds south of Campbell Plateau and weaker westerlies over
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New Zealand’s latitudes. The periods of increasing circumpolar winds (positive SAM)

are in phase with increasing transports in the subantarctic region, with weaker winds over

subtropical latitudes corresponding to weaker subtropical flows, except after 2003 when

the EAUC transport is stronger during increasing circumpolar winds. If the basin-wide

winds are responsible for the low-frequency variability of the New Zealand boundary

currents, then the increasing positive phases of SAM observed during the last decades

(Thompson et al., 2000) can have profound long-term impacts in the circulation of New

Zealand currents, particularly in the subantarctic region.

Stronger flows in the SC and SAF regions are consistent with stronger basin-wide WSC.

In particular, the variability in large-scale WSC and the IR transport are correlated with

the variability of the SAF transport, which suggests a direct response of these flows to

winds. Conversely, transports of the subtropical EAUC and ECC are anti-correlated

with the South Pacific winds. This result reveals that decadal signals, potentially forced

by South Pacific winds, are coherent in either the subtropical or subantarctic region, but

not as a whole western boundary flow along the eastern margin of New Zealand.

Decadal signals forced by large-scale winds have been observed in the EAC and Tasman

Sea (Hill et al., 2008; Ridgway et al., 2008; Hill et al., 2011). Hill et al. (2011) used a

combination of altimeter and HRX data along the PX06 line to show that transports

associated with the Tasman Front decrease from 1997 to 2000 (See their Figure 6a).

Their result is concurrent with the weak transports observed in the EAUC for the same

period although the magnitude of the decrease in the EAUC is about half of that in

Tasman Front transports (6 Sv in Tasman Front vs. 3 Sv in EAUC). The similarities in

the variability might be related to the fact that Hill et al. (2011) consider the transport

north of New Zealand to be all the flow associated with the Tasman Front whereas here

it is considered part of EAUC.

It is natural to ask whether the variability in the western boundary of New Zealand

matches that of the more energetic EAC. Hill et al. (2011) find that the low-frequency

variability of the EAC extension (the EAC flow along the Australian coast south of 33◦S)

is anticorrelated to the flow associated with the Tasman Front. This result suggests that
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EAUC transports are also anticorrelated with those of the EAC extension.

Here it has been shown that in the EAUC region the IR transports are anticorrelated

with the estimates from the altimeter. While the Island Rule is unable to capture the

EAUC variability, it is consistent with the low-frequency variability of transports of the

EAC extension as shown by Hill et al. (2008). More recently, Oliver and Holbrook (2014)

use downscaled climate simulations and the Island Rule to investigate the changes in the

mean circulation of the EAC and Tasman Sea. The simulations indicate an increase of

4.3 Sv in poleward transports of the EAC extension for the period 1990-2060 concurrent

with a decrease in transports of the Tasman Front of 2.7 Sv. These changes occur as a

response to changes in the basin-wide winds, i.e. increasing gyre circulation induced by

increasing WSC. The observed pattern of circulation is also captured by the Island Rule

model, with both the linear barotropic model and the simulations indicating increased

poleward transports in the EAC extension at the expense of weakening Tasman Front

flows due to increased WSC south of the EAC separation point (Oliver and Holbrook,

2014). This last reasoning could be extended to a weakening of EAUC transports,

however it was shown here that increased WSC contributing to intensification of the

SPSG circulation also is in phase with positive transport anomalies in the EAUC for the

2007-2010 period (Figure 2.19a).

Further work, which is the subject of next Chapter 3, consists in study the adjustment

of the WBCs off New Zealand to westward propagating Rossby waves to investigate a)

whether Rossby waves have an influence in transport fluctuations of the currents and b)

to further explore the mechanism connecting large-scale wind forcing of the WBCs off

eastern New Zealand.

2.5 Conclusions

This work has characterised the mean flow and variability of surface and subsurface

currents from long altimeter time series and in situ data at seasonal, interannual and

decadal time scales.
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An updated estimate of the mean and standard deviation of all of the currents is in

agreement with previous calculations despite being based on relatively shorter time series.

While the currents are highly variable, there has not been changes in the mean flow. This

result is also supported by the lack of simple (or linear) trends in the transports of all

currents for at least the last two decades.

An attempt to separate recirculation driven by quasi-stationary eddies using the

Okubo-Weiss method proves to be useful over the NCE and the WE. This is the first

time that the Okubo-Weiss method was used in the New Zealand boundary currents, in

comparison with North Pacific (Cheng et al., 2014; Lien et al., 2014) and Indian Ocean

WBCs (Halo et al., 2014) and the EAC (Waugh et al., 2006). In future work, it would

be interesting to follow eddy trajectories using the Okubo-Weiss method in the New

Zealand region.

There is little coherence in signals along the boundary, i.e. not all the currents main-

tain a strong flow at the same time and there is no pattern or clear correlation for

the variability that persists over the entire length of the time series. This could be a

consequence of the inherent variability in each current.

The anticorrelation between the EAUC transport and the NCE transport at interan-

nual time scales suggests a weak EAUC during times of a stronger NCE. Since the local

wind is poorly correlated with either the EAUC transport or the NCE time series, it is

concluded that local winds are of little influence in driving the variability of the current

or the eddy. There is little correspondence between the ECC transport and the WE

transport, thus the WE may not play an important role in modulating the strength of

the ECC. Local wind forcing of the interannual variability in the subantarctic currents

is implausible given the poor relationships between the local WSC and the transport of

the currents.

The ENSO signature in the transport of all WBCs off New Zealand is weak unlike the

ENSO-related variability observed in SST in the western boundary region as reported in

other studies.
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At decadal time scales, the transport of the SAF is the one showing a close correspon-

dence (at zero lag) with variability of the WSC averaged over the South Pacific ocean

basin in comparison to the other currents. This is also supported by the time-varying

Island Rule, despite the simplifications of the model. These results suggest a direct

response of the SAF to large-scale wind forcing.

The seasonality in transports is significant only in the ECC and SC, with the annual

cycle of the ECC transport likely driven by seasonality in local winds. In the SC region,

local winds and transports covary only over the first-half of the year, with inconclusive

results for the second half of the cycle.

Variability in the observations was compared with model output from BRAN3 show-

ing good correlations only in the EAUC region. It is unclear whether the differences be-

tween the observations and the model are due to regional differences in shear or perhaps

BRAN3 is unable to resolve the New Zealand boundary currents in areas of complicated

bathymetry.
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Chapter 3

Interannual response of western

boundary currents off New Zealand

to westward propagating Rossby

waves

3.1 Introduction

In Chapter 2 of this thesis it was shown that western boundary currents (WBCs) off New

Zealand are highly variable with little coherence in signals along the boundary. The direct

influence of winds in driving the observed variability of the currents was investigated. It

was found that, overall, the influence of local winds in driving the interannual variability

of all WBCs east of New Zealand is weak. While large-scale winds seem to have a

direct influence in driving the transports within the Subantarctic Front (SAF) at low

frequencies, it remains unclear how transports along the eastern margin of New Zealand

adjust to large-scale forcings over the South Pacific. Hence, in this chapter, the role of

Rossby waves is investigated as one of the potential mechanisms connecting basin-wide

changes in the winds to changes in the transports of the currents.

Rossby waves, or planetary waves (Gill, 1982), characterise the ocean dynamical re-

sponse to wind and buoyancy forcing. The WBCs are formed by Rossby waves created by

wind stress over the ocean basin and from the eastern boundary regions (Anderson and

Gill, 1975). Thus, Rossby waves are a mechanism for communicating changes occurring

across ocean basins to the western boundary (Gill, 1982; Talley, 2011). Rossby waves can

be described in terms of normal modes, with the zero mode referring to the barotropic

or fast wave that is independent of stratification. The first mode is the baroclinic or long
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wave whose speed and vertical structure depends on stratification (Pedlosky, 1987).

Rossby waves have been observed globally (Chelton and Schlax, 1996; Qiu et al., 1997;

Cipollini et al., 2001) and potentially account for much of the variability in the WBCs

of the South Pacific (Wang et al., 1998; Holbrook et al., 2011). North of New Zealand,

Bowen et al. (2006) used a combined heating/cooling and baroclinic Rossby wave model

to explain 40 to 60% of the observed sea surface height variance between 20◦S and 32◦S.

Qiu and Chen (2006) used a similar model to explain much of the variance at annual

or lower frequency observed in sea-level at mid-latitudes of the South Pacific for the

1994-2006 period.

Laing et al. (1998) and Chiswell (2001) detected signals in the East Auckland Current

(EAUC) with the characteristics of baroclinic Rossby waves. In the East Cape Current

(ECC), Chiswell (2005) hypothesized that instabilities shedding eddies from the current

result from the arrival of these perturbations. However, Stanton and Sutton (2003)

relate the variability in the EAUC to the strength of an anticyclonic flow around a

quasi-stationary eddy, the North Cape Eddy (NCE), and find no evidence of westward

propagating signals. While the variability of the Southland Current (SC) has been

linked to local winds (Chiswell, 1996) and low frequency signals have been observed

in the subantarctic region (Morris et al., 2001), it is unclear to which extent westward

propagating signals may influence transports of the subantarctic boundary currents.

A large number of studies have focused on the influence of baroclinic Rossby waves on

sea level variability in western boundary regions, however, including barotropic Rossby

waves can also be useful to understand the ocean adjustment to wind forcing. Tanaka and

Ikeda (2004) performed numerical experiments to show that only baroclinic Rossby waves

(in contrast with barotropic waves) can cross bathymetry and therefore transport mass

that could potentially affect transports of boundary currents. Andres et al. (2012) also

use an idealised model to show that a wind-forced barotropic wave propagating across a

ridge gives origin to baroclinic and barotropic waves propagating to a western boundary

and influencing the transport of WBCs . Other idealised models of circulation around

islands propose the arrival of long Rossby waves to the eastern side of the island setting a
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fast barotropic anticlockwise circulation, which is the source of baroclinic Rossby waves

radiating westward from the western side of the island (Liu et al., 1999). Hill et al.

(2011) used a series of simulations to test the response of the East Australian Current

(EAC) to changes in South Pacific winds. The speed of the response of the EAC suggests

a fast barotropic adjustment to New Zealand, a conversion to barotropic energy by the

islands of New Zealand and a subsequent propagation of slower baroclinic waves across

the Tasman Sea (Hill et al., 2010).

Here, the influence of Rossby waves on the interannual variability of the sea level and

transports in the New Zealand WBCs is analysed with both a barotropic and a baroclinic

model. The models simulate sea surface height at the offshore end of the currents. The

variability in modelled sea level is then compared with the observations to assess the

response of the New Zealand WBCs to variability in the South Pacific large-scale winds

via barotropic and baroclinic Rossby waves.

The chapter is organised as follows. Section 3.2 describes the configuration and the

data used to force the models. Results are presented in Section 3.3, where observed and

simulated sea surface height are compared to each other and to the estimated transports

(derived in Chapter 2) in each of the subtropical and subantarctic regions. A discussion

and summary of the results follows in Section 3.4.

3.2 Data and Methods

3.2.1 Sea surface height from satellite altimetry

Variability in sea surface height (SSH) is analysed from remote sensed observations.

Weekly maps of sea level anomalies (MSLA) were obtained from Archiving, Validation,

and Interpretation of Satellite Oceanographic data (AVISO). The MSLA are the multi-

mission delayed time product (“all-sat-merged”), where the sea level anomalies (SLA)

are optimally mapped at 1/4◦ in latitude and longitude on a Cartesian grid (Ducet et al.,

2000). The MSLA, referenced to the period 1993-2012, were used to observe SLA changes
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from the western boundary region off New Zealand across the South Pacific ocean basin.

Along-track absolute dynamic topography data (ADT), from AVISO, were used to

derive surface geostrophic velocities and transports applying the method explained in

detail in Chapter 2 of this thesis (Section 2.2). Tracks 147, 238, 112 and 188 are selected

for the EAUC, ECC, SC and SAF regions respectively (Figure 3.1). The selected tracks

are likely to capture the net flow of the currents and transports of the boundary currents

at a particular location and are less likely to be influenced by recirculation and semi-

permanent eddies such as the NCE in the EAUC region and the Wairarapa Eddy (WE)

in the ECC region.

Figure 3.1: Bottom topography of western boundary region off New Zealand and location of
satellite tracks where transport of currents were calculated. All theoretical track coordinates
for the region are displayed (red lines forming diamond-shaped regions). Highlighted in green
are the mean extent of the currents (along-track) at which transports have been measured in
the EAUC, ECC, SC and SAF (see methods in Chapter 2).
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3.2.2 Lagged covariances of the sea surface height in space and
time

The decorrelation length and temporal scales for the SLA near the boundary were in-

vestigated by computing time-lagged covariances between the SLA at the latitude of the

mean offshore point of each boundary current and the SLA to the east of the boundary

region (Figure 3.2). Before calculating the correlations, the SLAs were smoothed over

200 km in longitude and the seasonality was removed at each latitude. The seasonal

cycle was calculated as the climatological mean of each month for the total length of the

time series.

In the lagged covariances, a positive lag indicates that changes in sea level to the east

of the boundary region lead sea level fluctuations in the western boundary. Therefore,

westward propagating signals in the subtropical region are evident as shown in Figures

3.2a and 3.2b, also estimated with dashed lines (enlarged version in Figures 3.2e and 3.2f).

In the EAUC, the greater correlations are observed immediately east of the current and

for the 160-140◦W longitude band, up to approximately 6-months lag. In the ECC region,

the SLA at the western boundary is correlated with the SLA to the east, and within

that region the SLA propagates to the west for over 15 months. Westward propagating

anomalies are hard to observe in the subantarctic currents SC (Figure 3.2c) and SAF

(Figure 3.2d).

The range of speeds for the westward propagating signals can be estimated by cal-

culating the slope of the line following the region of higher correlations. The dashed

line indicates a speed of 2.6 cm s−1 EAUC (Figure 3.2e) and 1.9 cm s−1 for the ECC

(Figure 3.2f). A zonal wave phase speed for the first-mode Baroclinic Rossby wave (CR)

was derived by Chelton et al. (2007) and adjusted by Fu and Chelton (2001), which

accounts for the discrepancy between the theoretical Rossby wave speed (Chelton and

Schlax, 1996) and that empirical relationship from altimetric data. The estimates from

the slope of the covariances observed in Figures 3.2e and 3.2f were compared with the

empirical estimates of Fu and Chelton (2001) resulting in a good agreement between the

speeds for the propagating signals at these latitudes (Figure 3.3).
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(a) EAUC (b) ECC (c) SC (d) SAF

(e) EAUC (f) ECC (g) SC (h) SAF

Figure 3.2: Lagged covariances in space and time for a) the EAUC, b) the ECC, c) the SC
and d) the SAF. Background colour are the correlation coefficient between SLA at the latitude
of the offshore point of each current (indicated at the top of each plot) with the SLA at the
same latitude but extending to the east. Dashed black lines are an estimation of the speed of
propagating features. Figure e), f), g) and h) are an enlarged version of corresponding upper
panels.

3.2.3 Simulating sea level anomalies

In this section I briefly describe the models used to simulate SLAs under the fast,

barotropic mode and the slow, baroclinic mode. Both wind-driven models are forced
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Figure 3.3: Rossby wave speeds derived from Chelton et al. (1998) and adjusted by Fu and
Chelton (2001). The red dots are the values of the speed from the slope of the lines in Figures
3.2e and 3.2f.

with the wind stress curl calculated using the monthly means from the Japanese 55-

year Reanalysis (JRA-55) (Kobayashi et al., 2015). Details of this reanalysis dataset

were previously described in Chapter 2 (Section 2.2.5). For each region, the SLAs were

modelled for the whole South Pacific basin in order to investigate the influence of the

interior wind forcing. However, the use of the lagged covariances analysed earlier shows

the optimal zonal extent of the model based on correlations between sea level in the

western boundary to the east of New Zealand (Figure 3.2).

3.2.3.1 Barotropic Rossby wave model

The barotropic adjustment of the ocean in the western boundary region can be repre-

sented by a linear oceanic model based on the steady Sverdrup balance. Ignoring friction,

non-linear terms and assuming a steady state (barotropic waves travel in days to weeks

across a basin so this is justified for monthly time scales), the balance is:

βvbt =
f

H
we (3.1)

where β is the meridional gradient of the Coriolis parameter f , vbt is the barotropic

velocity, H is the mean depth of the ocean (in this case H = 4000 metres) and we is the

Ekman pumping velocity at the base of the mixed layer (Eq. 3.2) equal to the curl of
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the wind stress (τ) divided by f and the density of the seawater (ρ0 = 1020 Kg m−3).

we =
1

ρ0

(∇× τ

f
) (3.2)

Details on the model dynamics and the derivation of the sea level can be found in

Frankignoul et al. (1997). To derive the barotropic sea surface height (SSHBT ) Equation

3.1 (Eq. 4 in Frankignoul et al., 1997) is integrated from the western boundary (xw =

180◦) to the eastern boundary (xe = 80◦W) using the geostrophic relationship (Eq. 3.3)

where g is the gravity (g = 9.81 m s−2). In addition, an eastern boundary condition

(EBC) is used: the SSHBT at the eastern boundary is set to be equal to zero.

vbt =
g

f

dSSHbt

dx
(3.3)

SSHBT =
f 2

βgHρ

∫ xe

xw

∇× τ

f
dx (3.4)

Equation 3.4 represents the solution for the barotropic response in sea surface height to

wind forcing. A time series of the regional barotropic response to winds is calculated by

averaging SSHBT between the northern (34◦S) and southern tips (48◦S) of New Zealand.

3.2.3.2 Baroclinic Rosbby wave model

A linear, 11
2
-layer reduced-gravity model was used to test the role of incoming baroclinic

Rossby waves on the observed variability of the currents. The model is based on a linear

vorticity balance and uses the shallow water (or long-wave) approximation, in which

the depth of the layer in motion (h) is small in comparison with the wavelengths of

the propagating signals (Kundu and Cohen, 2008). Recently, in the Southwest Pacific,

the model has been used to study links between sea surface height signals and remote

wind-forcing of the upper ocean (Bowen et al., 2006; Qiu and Chen, 2006b; Holbrook

et al., 2011).
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The model consists of a motionless bottom layer and an interface layer and uses the

reduced gravity g′ = g∆ρ
ρ

(∆ρ) following Qiu and Chen (2006) (Figure 3.4). Wind stress

curl forces the interface to move vertically via Ekman pumping, which is compensated

by the generation of sea surface height anomalies (SSHBC) of proportionately less mag-

nitude than h. A zonal wave phase speed for the first-mode baroclinic Rossby wave (CR)

is set for the propagating signals (Figure 3.3). I used the CR derived by Chelton et al.

(1998) and adjusted by Fu and Chelton (2001). These speeds were extensively used in

other studies for the South Pacific region (Fu and Chelton, 2001; Qiu and Chen, 2006b;

Bowen et al., 2006).

A latitudinal dependant friction parameter (ε) is used to damp momentum input by

the winds. I used ε = 2000 day−1, 1800 day−1, 300 day−1 and 200 day−1 for the EAUC,

ECC, SC and SAF regions respectively.

The model is initialised by observed SLA and boundary effects can also be included

by adding an EBC, consisting in the observed SLA at the easternmost longitude of the

domain.
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Figure 3.4: Rossby wave model reduced gravity g′ = g∆ρ
ρ (∆ρ) following Qiu and Chen (2006).

From now on, the nomenclature for observed sea surface height is SLA, for the

barotropic model is SSHBT and for the baroclinic model is SSHBC . All the time series

were smoothed with a 13-month cosine filter to retain the interannual variability.

Gridded maps of sea level anomalies were used to observe signals in time-longitude
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plots and these were compared to modelled SSHBT and SSHBC over the same geographic

domain. The models were used to simulate sea level, not geostrophic transport as, unlike

the altimeter data, both barotropic and baroclinic models are too coarse to simulate dif-

ferences in sea surface height near the coast. Therefore only simulated sea level near the

current will be compared to the observed sea level and the altimeter-derived transports.

Although the altimeter measures very little of the propagating barotropic waves, it does

measure the resultant conversion into baroclinic waves and other low-frequency motions.

3.3 Results

3.3.1 Model results compared to observations of sea level and
surface transports: regional comparisons

3.3.1.1 The subtropical currents: EAUC and ECC.

The map of space- and time-lagged covariances in SLA shown in Figure 3.2a indicates

that variations of SLA at the offshore end of track 147 are highly correlated to variations

of the SLA east of the current up to 140◦W. However, I experimented with different

domain set-ups to find that the best correlation between the observed SLA and the

modelled SSHBC occurs when the model domain at 34◦S extends from 160◦E to 150◦W.

In addition, an EBC at the eastern boundary, i.e. the observed SLA from the altimeter

at the easternmost longitude, is also required to best represent the observations for the

entire basin at 34◦S.

Observations of westward propagating signals in the EAUC region are shown in Figure

3.5a. The Hovmöller diagram is fixed at 34.1◦S, which is the approximate latitude of

the offshore point of the EAUC over track 147. The propagating signals, denoted by

slanted crests of high SLA, are mostly observed from late 1990 to present. There are

several points of origin of the signals, such as around 170◦W in 1998 arriving to the

western boundary in 2000, and at 160◦W in 2001 arriving at 180◦ in 2003. Some of

the propagating events are faster than others and of more duration in time, such as

the persistent high SLA observed on the eastern side of the South Pacific in 2010 and
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arriving at 180◦ in 2011. There is also a change in the speed of the waves west of 180◦,

which at 34.1◦S correspond to the location of the Kermadec Ridge. The speed of the

propagating SSHBC in the model (Figure 3.5b) is constant at each latitude, therefore

unable to capture changes in speed. However, the model appears to simulate well the

high SLA observed in 2010 near 160◦W and its arrival at the western boundary in 2011.

Figure 3.5c compares the SLA, SSHBT and SSHBC at [176.3◦E, 34.1◦] (the latitude

of the mean offshore point of the current) and the time series of EAUC transports

measured across track 147 (see green segment along track 147 on Figure 3.1). The

strongest correlation is between the SLA and transport with r = 0.48 (p = 0.03). The

correlation between the SLA and SSHBC is weak and not significant. However, when

both the barotropic and baroclinic responses in SSH are combined (magenta dashed curve

labelled SSHBC+BT ) it corresponds better with the observed SLA (r = 0.42, p = 0.06).

While the observed SLA and current transport fluctuate similarly, the models reproduce

little of the SLA changes. This result suggests that while transports of the EAUC covary

with SLA, this simple model of the arrival of Rossby waves to the EAUC region is not

capturing the primary dynamics of the variability.
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(a) SLA at 34.1◦S (b) SSHBC at 34.1◦S
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(c) Time series of sea level and transports at (34.1◦S, 176.3◦E)

Figure 3.5: a) Time-longitude plot of MSLA [cm] at 34.1◦ the black thick vertical line at
176.3◦E marks the location of the offshore point of the EAUC, b) same as a) but the modelled
SSHBC . c) Surface transport anomalies along track 147 (red line), SLA (black line), SSHBC

(dashed grey line), SSHBT (blue line) and the sum of both modes SSHBC+BT (magenta line);
all at a fixed offshore point of EAUC. Time series were smoothed with a 13-month cosine filter.
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The longitudinal domain of the model for latitudes of the ECC region is analysed

by the covariances in SLA shown in Figure 3.2b. In this case, higher correlations than

r = 0.4 at 40◦S of variations of SLA at the offshore end of track 238 extend from 180◦ to

140◦W and from zero to 15-months lag. However, the best representation of SLA signals

propagating across the South Pacific were obtained for a model domain extending from

170◦E to the eastern boundary at 80◦W and 40.1◦S, therefore no EBC was required to

obtain the best representation of the observed SLA.

The comparison of SLA and SSHBC at 40.1◦S is shown in Figures 3.6a and 3.6b.

Similar signals in the observations and the baroclinic model are 1) a trend in SLA going

from negative SLA before 1998 to positive SLA afterwards that persisted for nearly a

decade and 2) a positive SLA signal originated in the central Pacific in 2010 that has

been propagating westwards to reach the region east of New Zealand from 2012 onwards.

The variability in SLA and SSHBC at the offshore side of the ECC [179.2◦E, 40.1◦]

is shown in Figure 3.6c. The observed sea level and the simulated sea level using the

baroclinic Rossby wave model are strongly correlated (r = 0.72, p < 0.001). There is,

however, less correspondence between the SLA and transports (r = 0.48, p = 0.03).

Correlating SSHBC+BT with the observations does not improve the covariation with the

observed SLA (r = 0.68, p < 0.001), suggesting that baroclinic Rossby waves describe

much of the sea surface height variability in the ECC region. While the baroclinic model

provides evidence of an influence of long Rossby waves on sea surface height variability,

there is less influence on the fluctuations in the transport of the ECC.
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(a) SLA at 40.1◦S (b) SSHBC at 40.1◦S
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(c) Time series of sea level and transports at (40.1◦S, 179.2◦E)

Figure 3.6: a) Time-longitude plot of MSLA [cm] at 40.1◦ the black thick vertical line at
179.2◦E marks the location of the offshore point of the ECC, b) same as a) but the modelled
SSHBC . c) Surface transport anomalies along track 238 (yellow line), observed SLA (black
line) and modelled SSHBC (dashed grey line), SSHBT (blue line) and the sum of both modes
SSHBC+BT (magenta line); all at a fixed offshore point of ECC. Time series were smoothed
with a 13-month cosine filter.
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3.3.1.2 The Subantarctic currents: SC and SAF

As shown in Figure 3.3, the propagation speed of Rossby waves (CR) south of 40◦S is

between 0.5 and 2 cm s−1. The lagged covariances in SLA show that correlations at 46◦S

(Figure 3.2c) and 51◦S (Figure 3.2d) are higher than r = 0.7 only near the offshore point

of the currents. While these signals provide little evidence of Rossby waves arriving at

the subantarctic region, the comparison of model SSHBC and SSHBT with SLA and

transports for both the SC and SAF is displayed for completeness. In addition, the

barotropic wave is still fast at these latitudes and may provide wind-driven variability

in the currents.

Figure 3.7 shows results for the SC. The model SSHBC is calculated at 46◦S over the

longitude range 170◦E-150◦W. The observed SLA at 150◦W was used as an EBC, which is

consistent when comparing the observations with the simulations. As observed in Figures

3.7a and 3.7b, the SSHBC does not reproduce the observed signals propagating all the

way to the western boundary. This is evident in the case of the high SLA originated

in the Central Pacific in 2010. The effect is a relatively weak correlation between the

observed SLA and model SSHBC at the boundary (r = 0.40, p = 0.08) along with non-

significant relationships between model SSHBC and transports (r = 0.13). The weak

correlation between observed SLA and transports (r = −0.21), suggests that variability

of sea level at the offshore point of the current is insufficient to represent variability of

transports, therefore inshore changes in sea level may have different variability.
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(a) SLA at 46◦S (b) Modeled SSHBC at 46◦S
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(c) Time series of sea level and transports at (46◦S, 175.8◦E)

Figure 3.7: a) Time-longitude plot of MSLA [cm] at 46◦ the black thick vertical line at 175.8◦E
marks the location of the offshore point of the SC, b) same as a) but the modelled SSHBC . c)
Surface transport anomalies along track 10 (green line), observed SLA (black line) and modelled
SSHBC (dashed grey line), SSHBT (blue line) and the sum of both modes SSHBC+BT (magenta
line); all at a fixed offshore point of SC. Time series were smoothed with a 13-month cosine
filter.
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Results for the SAF region are depicted in Figure 3.8. The time-longitude plot of

the observed SLA shows considerable mesoscale variability (Figure 3.8a), but westward

propagating signals with the characteristics of baroclinic Rossby waves are difficult to

identify in the observations or the model. The upward trend in sea level in the South-

west Pacific noted at lower latitudes is also present in the observations and in the model,

identified as negative SLA and SSHBC during the 1990s and positive anomalies in the

posterior decade. There is not very strong correlation between observed SLA and trans-

port of the SAF (r = 0.42, p = 0.07), or between SLA and SSHBT (r = 0.31), indicating

that the barotropic and baroclinic models represent little of the sea level or transport

fluctuations in the SAF region.
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(a) Observed SLA at 51◦S (b) SSHBC at 51◦S
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(c) Time series of sea level and transports at (51◦S, 178.6◦E)

Figure 3.8: a) Time-longitude plot of MSLA [cm] at 51◦ the black thick vertical line at 178.6◦E
marks the location of the offshore point of the SAF, b) same as a) but the modelled SSHBC . c)
Surface transport anomalies along track 188 (blue line), observed SLA (black line) and modelled
SSHBC (dashed grey line), SSHBT (blue line) and the sum of both modes SSHBC+BT (magenta
line); all at a fixed offshore point of SAF. Time series were smoothed with a 13-month cosine
filter.
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3.4 Discussion and Summary

In the EAUC, Figure 3.5a shows evidence of disturbances with characteristics of Rossby

waves arriving at the boundary. At interannual time scales, the variability of SLA

corresponds to the variability of the EAUC transports, however, there is a poor corre-

spondence between SLA and the model SSHBC and SSHBT . This result suggests that

changes in sea level at the offshore point of the current are not the result of simple lin-

ear, wind-driven Rossby waves. On the other hand, the correspondence between offshore

SLA and transports may imply that sea level at the inshore point of the EAUC has little

variability compared to the offshore point. Previous studies have suggested the presence

of baroclinic Rossby waves north of New Zealand. For example, Laing et al. (1998)

use spectral analysis on sea surface height data to show a signal with the characteristic

frequency of baroclinic Rossby waves propagating towards the coast, but their analysis

is limited to only 4 years of data and they do not investigate any connection between the

waves and the EAUC. While Bowen et al. (2006) do show that Rossby waves explain

some of the variance in sea surface height in the Southwest Pacific, their domain is north

of the EAUC and they acknowledge that the wind-driven Rossby wave model explains

less variance in sea surface height at more southern latitudes near the EAUC.

The opposite response is happening in the ECC region. The high correlation between

SLA and SSHBC suggests that variability of SLA at the offshore side of the ECC is

in phase with incoming baroclinic Rossby waves arriving at the ECC region. Qiu and

Chen (2006) also use a baroclinic Rossby wave model to show that sea level variability

east of New Zealand at 40◦S can be explained by Rossby wave dynamics. The lack of

correspondence between the SLA, SSHBC and SSHBC at the offshore end of the current

with transports suggests that only sea level at the offshore side of the current is impacted

by the incoming signal from far-field and that the gradient in sea level across the current

is not responding to large-scale winds. To fully examine the arrival of waves at the

coast and resulting transport, a full numerical simulation would be required. As theory

and simulations show (Zhai et al., 2010; Marshall and Johnson, 2013), waves arriving

at a western boundary generate coastally-propagating waves and reflected waves. The
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barotropic Rossby wave model was used to account for fast propagation of waves around

New Zealand by assuming all of the energy arriving at the eastern coast travels around

the entire country. However, it does not have full wave dynamics that include the

generation of baroclinic waves (Liu et al., 1999; Sasaki et al., 2008) and reflected Rossby

waves (Marshall and Johnson, 2013).

The SLA at the offshore side of the subantarctic currents (SC and SAF) is poorly

correlated with either the SSHBC and SSHBC . The results suggest that the arrival

of short or long Rossby waves is not the dominant forcing of the variability observed

in sea level or transports of either current. Tilburg et al. (2002) propose a baroclinic

Rossby wave radiating westward from south of Chatham Rise as the mechanism setting

up the SC and model simulations were used to test the formation of an idealised SC,

via remote topographic forcing (Hurlburt et al., 2008). However, although Rossby waves

may be maintaining the flow, it appears that variability of the current is not influenced

by simple, wind-driven Rossby wave dynamics.

There are a number of assumptions in the simple Rossby wave models that must

also be considered. For example, for the baroclinic Rossby wave, only a single speed is

used to characterise the propagating signals. Therefore, if there are signals with different

propagation speeds, or these speeds change as a result of scattering by topography before

reaching the western boundary region, then the model sea level will be inconsistent with

the observations. Other higher-order baroclinic Rossby wave modes are not captured by

the reduced-gravity model, which could contribute to the variability in sea level in mid

to higher latitudes in the South Pacific (Maharaj et al., 2009).

In summary, the baroclinic and barotropic responses of sea level and transports of

the WBCs off eastern New Zealand to large-scale wind forcing were investigated using

idealised Rossby wave models. Sea level variability in the ECC region matches closely

the baroclinic response to westward propagating waves across the South Pacific. The

variability of sea level and transport of the other currents show little to no correspondence

to winds via barotropic and baroclinic regimes. These results show that the linear Rossby

waves approaches to understanding variability in the New Zealand boundary currents are
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of limited value. Inclusion of non-linear processes is necessary to make further progress

in understanding the variability in these currents.
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Chapter 4

Subtropical Mode Water in the

subtropical WBC north of New

Zealand: inventories and variability

4.1 Introduction

Subtropical Mode Water (STMW) is a water mass characterised by low potential vor-

ticity and homogeneity in its properties, particularly temperature and potential density

(McCartney, 1982) resulting from weak stratification of the upper layers of the ocean at

the time of formation of the water mass (Hanawa and Talley, 2001). Thus, STMW is

typically identified by a minimum in the vertical gradients of temperature and density,

i.e. a thermostad and pycnostad respectively.

Western boundary regions are formation sites for STMW. The warm water carried

by the subtropical western boundary currents (WBCs) to higher latitudes loses heat

to the atmosphere and pre-conditions the upper ocean for the development of deeper

mixed layers. STMW is formed in deep wintertime mixed layers, when gradients of

water properties in that layer are very small. STMW ventilates the ocean interior as it

subducts below the base of the mixed layer and is distributed away from the formation

region (Hanawa and Talley, 2001; Roemmich et al., 2005; Qiu et al., 2006). All subducted

water masses have important global climate implications, because the heat and dissolved

CO2 are effectively sequestered for the life of the water mass. STMW not only plays an

important role as a heat reservoir (Hanawa and Talley, 2001) but also preserves a memory

of surface conditions at the time the mode water was formed. Thus, STMW contains a

history of ocean-atmosphere interactions and processes influencing the variability of the
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upper ocean circulation.

Previous studies have shown that fluctuations in STMW volume are correlated with

variability in oceanic heat advection and air-sea heat fluxes (Sprintall et al., 1995; Roem-

mich et al., 2005) and with changes in stratification inherent to the state of WBCs (Qiu

and Chen, 2006a). However, mesoscale activity can also influence volumes and longevity

of STMW (Qiu et al., 2006; Kouketsu et al., 2012). Moreover, variation in formation

rates of STMW at interannual timescales has been linked to El Niño/ Southern Oscil-

lation (ENSO) events (Holbrook and Maharaj, 2008; Li, 2012) because of the impact of

ENSO on sea surface temperatures (SST). More recently, interest in mode water vari-

ability has been linked to a more dynamic role of STMW, for example, in sustaining

subsurface frontogenesis (Kobashi et al., 2006) and in modulating current variability

(Kobashi and Xie, 2013; Sasaki et al., 2013; Yu et al., 2015). However, most of these

studies focus on mode waters of the Northern Hemisphere, providing little knowledge

of the variability and role of the mode waters of the Southern Hemisphere, particularly

in the Southwest Pacific where the WBCs have weaker signals in comparison to their

Northern Hemisphere counterparts.

Water with relatively low stratification and weak vertical temperature gradients has

been detected in the Southwest Pacific, particularly in the Tasman Sea and the East

Auckland Current (EAUC) region north of New Zealand, suggesting these are formation

sites for STMW (Roemmich and Cornuelle, 1992; Sprintall et al., 1995; Roemmich et al.,

2005; Tsubouchi et al., 2007). The formation of STMW in the Tasman Sea has been

linked to the presence of eddies depressing the thermocline which preconditions for the

development of deeper mixed layers (Hu et al., 2007). However, deeper mixed layers and

larger volumes of STMW have also been linked to changes in the heat advected by the

adjacent East Australian Current (EAC) (Wang et al., 2015). Tsubouchi et al. (2007)

show that long-term variations of STMW east of the EAC and in the Tasman Sea are

directly influenced by the strength of the EAC and the arrival of Rossby waves. However,

the STMW in the EAUC has shown temporal variability distinct to that observed in the

EAC (Tsubouchi et al., 2007) for reasons that are not clear and need further investigation.
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Here, upper-ocean temperature measurements over the last three decades are used

to identify the variability of STMW north of New Zealand and investigate whether

the causes of this variability are associated with the WBCs. The focus is on this region

because it is offshore of the EAUC which forms part of the Southwest Pacific WBC system

and is a known formation site of STMW (Roemmich and Cornuelle, 1992). The time

series of high resolution expendable bathythermograph data (HRX) provides a record

that is long enough (1986-2014) to study interannual and decadal changes in STMW

inventories. Results over this region are compared with results from the shorter time

series (2004-2014) of temperature derived from the Roemmich-Gilson Argo Climatology

product (Roemmich and Gilson, 2009).

This chapter is organised as follows. In Section 4.2 the various data and products

are described and the methods for the calculation of STMW inventories are explained.

In Section 4.3 the mean distribution of the STMW and the variability at seasonal,

interannual and decadal time-scales are described. Potential mechanisms explaining

the observed fluctuations in STMW inventories are discussed in Section 4.4. Finally, a

summary of the main findings of this study are presented in Section 4.5.

4.2 Data and Methods

4.2.1 Mixed layer depth

The upper ocean conditions that favour the formation of STMW are linked to the depth

and extent of the wintertime mixed layer, typically quantified as mixed layer depth

(MLD). The temperature and salinity homogenise in the mixed layer due to mixing

processes such as wind-stirring and air-sea heat fluxes driving convection. A mixed layer

is a uniform density layer characterised by low potential vorticity, in other words, weak

stratification (Hanawa and Talley, 2001). During winter, surface cooling followed by

vertical mixing of the upper ocean leads to deeper mixed layers forming a water mass

with weak temperature and salinity gradients. In late spring and early summer, re-

stratification of the water column isolates the STMW from the surface, and therefore
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from the atmosphere, and the mode water subducts into the permanent pycnocline.

Empirical methods to calculate MLDs are based on temperature (Qiu and Chen, 2006a;

Tsubouchi et al., 2007) and density criteria (Huang and Qiu, 1994; Suga et al., 2004), or

a combination of both using hybrid methods (de Boyer Montégut et al., 2004; Holte and

Talley, 2009) depending on the patterns of stratification of the region of study. Here, the

MLD is calculated as the depth at which the temperature changes by 0.5◦C from that at

the surface, similarly to previous MLD studies in the region (e.g. Holbrook and Maharaj,

2008). No major differences were found when the calculated MLD was compared with

the MLD product from IFREMER/LOS Mixed Layer Depth Climatology downloaded

from http://www.ifremer.fr/cerweb/deboyer/mld, despite the Ifremer-derived MLD cli-

matology being based on a density threshold criterion, that is, when the density changes

by 0.03 Kg m−3 from the density measured at 10 metres from the surface.

The annual climatology of the MLD in the South West Pacific region is shown in Figure

4.1 calculated from the Roemmich-Gilson Argo climatology. The gradual deepening of

the MLD starts in May with deeper mixed layers observed south of New Zealand. In

July and August, mixed layers deeper than 100 metres are observed east and north of the

country near 30◦S. During the spring months of September and October the MLD starts

to decrease until reaching the summer characteristic thickness of less than 40 metres

overall in the region north of New Zealand (Sutton and Roemmich, 2001).

4.2.2 Identification of STMW and inventories

Previous studies identified South Pacific STMW (SPSTMW) north of New Zealand and

in the Tasman Sea region using a thermostad criterion, that is, using a critical value in

the minimum of the temperature gradient (Roemmich and Cornuelle, 1992; Tsubouchi

et al., 2007; Holbrook and Maharaj, 2008; Wang et al., 2015). Here, the inventory of

STMW in the New Zealand region is calculated using measurements of temperature and

salinity of the upper ocean from two independent datasets, described in more detail in

the following sections.
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Figure 4.1: MLD derived using the Roemmich-Gilson Argo Climatology product as the cli-
matological monthly mean. The black lines are the 30, 80 and 130 metres contour depth
intervals.

4.2.2.1 HRX data

The primary data used to identify STMW are from the 28-year long time series (1986-

2014) of a repeat high resolution expendable bathythermograph section (hereafter HRX)

north of New Zealand. The HRX data were made available by the Scripps High Resolu-

tion XBT program (http://www-hrx.ucsd.edu/). Data along the PX06 line, connecting

northern New Zealand and Fiji, consist of temperature measurements of the 0-800 me-

tres ocean recorded three to four times a year. Only transects joining Auckland-Suva

and Tauranga-Suva (Figure 4.2) are considered for the calculations of the inventories.

The data are bin-averaged into 10 metre bins in the vertical with the maximum depth
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Figure 4.2: Location of the HRX lines PX06 between New Zealand and Fiji. The blue line
corresponds to the Auckland-Fiji route used from 1986 to 2000, the red line joins Tauranga and
Fiji and was used from 2000 to present. Here both lines are treated equivalently. The black
line is the 176.5◦E meridian used for Argo data cross sections. The gray contour indicates the
2000 meters isobath.

being approximately 800 metres. The spatial resolution along the PX06 line is a profile

every 10 km in the boundary region and near the coast of Fiji, starting at about the

200 metres isobath near the coast, and one profile every 30-40 kilometres in the open

ocean. To reduce noise and to make these data comparable with other, lower resolution

products, the HRX profiles were interpolated into a regular 0.25◦ latitude/longitude

grid, and then smoothed spatially with a 3-point cosine filter. However, the differences in

STMW inventories between the raw and filtered time series are statistically insignificant.

Following Roemmich and Cournelle (1992), a vertical gradient in temperature was

computed over 40 metres intervals, and only those gradients with values less than

2◦C/100 metres, enclosed between the isotherms of 14◦ and 20◦C and below the mixed

layer, were selected to identify the location of the STMW. The inventory of STMW is

defined as the total cross-sectional area (in km2) along the PX06 line coordinates (Figure

4.2).
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Three to four measurements a year are barely adequate to capture seasonal changes. In

addition, these measurements are not regularly distributed in time and could potentially

lead to biases due to poor representation of the seasonal variability. Figure 4.3 shows

the annual distribution of the HRX measurements along the PX06 line. The temporal

mean of the 28-year time series is centred in the year 2000, however the under-sampled

months are towards the end of the time series. In order to address potential biases due

to poor temporal sampling, the STMW inventories from the HRX data are compared

with the Least-Square Harmonic Analysis (LSHA) of the same HRX temperature time

series calculated by Sutton and Roemmich (2001) and updated for the period 1986-2015.

The LSHA is a fit of basis functions (sines and cosines) that reconstruct the temperature

signal at regular time and space intervals.
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Figure 4.3: Histogram showing distribution of HRX transects per month for the whole length
of the 28-years time series. Numbers at the top of each bar is the average year of each monthly
time series which is compared with the mean year of the entire 28-year time series.

4.2.2.2 Roemmich-Gilson Argo Climatology

The Roemmich-Gilson Argo Climatology (Roemmich and Gilson, 2009), is used to iden-

tify STMW as an independent comparison with the HRX estimates. The Roemmich-

Gilson product consists of optimally-interpolated Argo profiles on a 1◦ × 1◦ longitude

and latitude grid (hereinafter RG OI). The RG OI are the monthly anomalies of Argo-

derived temperature and salinity fields over 58 pressure levels from the surface to 2000

metres depth. The anomalies are referenced to a spatial mean of the fields over the pe-
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riod 2004-2014. In this work, the absolute temperature and salinity values for the upper

2000 metres were computed by adding the mean of the 2004-2014 period to the anoma-

lies. While the RG OI product has lower spatial resolution and spans only 10 years in

comparison to the 28 years of HRX data, it is based on highly accurate measurements of

temperature and salinity analysed onto a regular temporal grid and has the advantage

of geographic coverage over the entire Southwest Pacific ocean.

The vertical temperature gradient was calculated using centred finite differences along

176.5◦E, which is the meridian closest in location to the PX06 line (Figure 4.2). The same

threshold values in temperature and dT/dz as used in the HRX dataset were applied

to the RG OI. Inventories of STMW derived from the RG OI are below the MLD, also

computed as the depth of the 0.5◦C change from the surface temperature.

STMW can also be identified, from the RG OI data, by finding areas of low potential

vorticity (PV) (Hanawa and Talley, 2001). The PV method uses the fact that hydrostatic

stability is proportional to changes in potential density:

PV =
f

σθ

∆σθ
∆z

(4.1)

where f is the Coriolis parameter, σθ is the potential density, and ∆σθ and ∆z are

the difference in density and depth for all the pressure levels. Here, the PV method is

primarily used to check that the thermostad, as defined by both the HRX and RG OI

products, is found in regions of low PV.

4.2.3 Net heat flux and ocean heat content in the STMW

4.2.3.1 Net surface heat flux

Changes of the MLD and STMW inventories were correlated with ocean heat loss and

gain because of the impact of heat flux on SSTs, which play an important role in the

development of the mixed layer. The net heat flux through the surface of the ocean

results from four individual components. These components are the solar and thermal
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radiations, known as the short-wave and long-wave radiation respectively, the latent

heat due to an air-sea exchange of energy from evaporation, and sensible heat due to

the difference in temperature between the atmosphere and the ocean. Here, the net

heat flux data is provided by the JRA-55 Reanalysis (see Chapter 2, Section 2.2.5 for a

description of the product). The monthly means of the short-wave (qs), long-wave (ql),

radiation, latent (L) and sensible (S) heat were added together (Eq. 4.2) to compute

the net surface heat flux (Qn). Then, a time series of Qn was created by calculating

an average along the 176.25◦E meridian, between 33.75◦S and 30◦S, where the STMW

formation region north of New Zealand is located at the surface.

Qn = qs + ql + L+ S (4.2)

4.2.3.2 Ocean heat content anomaly in the STMW layer

In order to investigate how changes in the heat content of the upper ocean influence the

STMW, the ocean heat content along the section (measured in J m−2) is calculated from

both the HRX and the RG OI data by vertically integrating the temperature between

the mean depths of the 14◦C and 20◦C isotherms using Equation 4.3:

OHC =

∫ Z̄20

Z̄14

ρcpTdz (4.3)

where Z̄14 and Z̄20 are the mean depths of the 14◦C and 20◦C isotherms (290 metres and

40 metres respectively), ρ and cp are the potential density and specific heat of seawater

respectively and T is the temperature. ρ is in fact a function of T, S and pressure

while cp is a function of T and S. For the RG OI, the OHC was calculated along the

176.5◦E meridian. In the case of the HRX data, the ρ and cp are taken as mean reference

values (1024 Kg m−3 and 4000 J Kg−1 ◦C−1 respectively) because of the lack of salinity

measurements in the HRX dataset. Mean values of ρ and cp from the RG OI are similar

when compared with the reference. Taking the mean depths Z̄14 and Z̄20 ensures that

OHC is computed for a layer of constant thickness and therefore represents changes in
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heat content. A time series of OHC is obtained by averaging the OHC values over the

28.5◦-34.5◦S latitude range, which covers the STMW region well. The temporal mean

was removed from the OHC values because only the changes in OHC are of interest here.

Hereafter, the time series of OHC represents the OHC anomalies.

4.2.4 Sea Surface Temperature

Here, the NOAA Optimum Interpolation (OI) Sea Surface Temperature (SST) V2 (or

NOAA OI SST V2) product was used to find the location of the 14◦-20◦C isotherm

range at the ocean surface for comparison with the surface heat fluxes over the same re-

gion. The NOAA OI SST V2 data, provided by the NOAA/OAR/ESRL PSD, Boul-

der, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/, are the

monthly means between January 1982 and December 2014 and have a resolution of one

degree in latitude and longitude (Reynolds et al., 2007).

4.3 Results

4.3.1 Mean distribution of STMW thickness from the RG OI

The distribution of the mean STMW thickness, over the 2004-2014 period, in the South-

west Pacific is shown in Figure 4.4. STMW inventories thicker than 100 metres are

distributed zonally across the Tasman Sea from 150◦E to 180◦ and meridionally from

25◦S to just over 35◦S. However, thickness decreases abruptly east of the Kermadec

Ridge near 180◦. Superimposed on the mean thickness map are the mean steric height

contours for the 180 decibar level referenced to 2000 decibars (< h180/2000 >), to give an

indication of the mean flow at 180 metres. The 180 decibar level was selected because the

core of the STMW inventories lie at this pressure level (see Figure 4.5). In the Tasman

Sea, STMW thickness follows steric height contours. The abrupt change in thickness

east of Kermadec Ridge also coincides with steric height contours warping to follow the

ridge orientation in the 30◦-35◦S latitude range. Between 167◦E and 180◦ two maxima in

thickness are located east and west of the 2.11 metres steric height contour in a double
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core structure (observed by Tsubouchi et al., 2007). Here, the focus is on the STMW

core located southeast of the 2.11 metres steric height contour, not only because it is

immediately adjacent to the western boundary region off New Zealand but also because

it is transected by the PX06 line and therefore there are data available for analysis of

the variability.

Figure 4.4: Mean STMW thickness. The white lines centred at 176.5◦E and 32.5◦S indicate
coordinates for cross sections depicted in Figures 4.5a and 4.5b. The black contours are the
steric height contours referenced to 2000 decibar for the 180 decibar level and the contour
interval is 0.03 metres. The grey thin contours represent the 2000 metres isobath.

STMW is also characterised by low PV as defined by Equation 4.1. The low PV is a

tracer for the layer that shows the smallest vertical changes in density (i.e. a pycnos-

tad). PV cross-sections calculated from the mean temperature and salinity fields along

32.5◦S and 176.5◦E are shown in Figure 4.5. Additionally, values of dT/dz characterising

STMW (see Sec. 4.2.2) are superimposed on the PV field in order to compare both the

thermostad and PV criteria.

Along 32.5◦S (Figure 4.5a), a layer of high PV is located in the 40-80 metres depth

range, with the highest PV values east of 175◦E and west of 165◦W, i.e. east of the

Kermadec Ridge and in the Tasman Sea region respectively. Lower PV values in this

depth range are observed north of New Zealand at around 170◦E. PV lower than 3× 10−10
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m−1 s−1 is found immediately below the surface down to 40 metres depth and below 120

metres. Similarly, along 176.5◦E (Figure 4.5b), high PV is enveloped by regions of low

PV at the depth ranges seen at 32.5◦S. It is noted that below 100 metres depth, the PV

value of 3× 10−10 m−1 s−1 is located at the top of the STMW estimate defined by the

dT/dz-based criterion.
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Figure 4.5: Vertical profiles of potential vorticity (PV) and potential density σθ (dark grey
contours) along a) 32.5◦S and b) 176.5◦E. Cross-hatch area corresponds to the vertical temper-
ature gradient characteristic of STMW. Thick black line is the PV = 3× 10−10 m−1 s−1 which
delimits the top of STMW below 100 metres.

On both the zonal and meridional sections (Figures 4.5a and 4.5b respectively) the

bottom of the STMW defined by the temperature gradient is closely aligned with the

26.4σθ isopycnal for most of the sections. However, the top of the STMW is not aligned

with a particular density surface for the meridional section (Figure 4.5b) where the dT/dz

gradient crosses several isopycnals and remains aligned with the PV = 3× 10−10 m−1
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s−1.

While low PV identifies regions where STMW occurs and is consistent with the ther-

mostad method, it does not provide enough constraint unless a threshold is selected.

This threshold appears to be PV = 3× 10−10 m−1 s−1. Even then, only the top of

the STMW is defined and there is no clear lower bound. Hence, the thermostad-based

criterion to define the STMW is adopted because of the better constraint on STMW

inventories across the selected sections.

4.3.2 The seasonal cycle of STMW

Figure 4.6 shows the annual cycle of mode water thickness calculated using the RG

OI. Here, waters in the mixed layer satisfying the thermostad criterion are included

in the calculation of thickness to show the formation site and the timing of formation

geographically, despite the fact that this water may or may not subduct as STMW in

the permanent pycnocline.

North of New Zealand, there is a semi-permanent volume of water thicker than 80

metres with low stratification. Mode waters as thick as 200 metres are found between

June and November (a thin strip is also observed near the coast in December). A sharp

change in thickness is observed near 180◦, oriented approximately parallel to the crest

of the Kermadec Ridge. In the winter-spring seasons the mode waters spread across the

zonal band of 30◦-40◦S, with the thicker mode waters confined to the region located west

of Kermadec Ridge and across the Tasman Sea.

A climatology of STMW (i.e. mode waters below the mixed layer) is shown in Figure

4.7. STMW thickness gradually decreases from January to June. From July to October,

STMW thickness increases primarily around 30◦S and west of 180◦. During this period,

thickness continues increasing and spreading zonally, across the Tasman Sea and to the

east of New Zealand within the 30◦-40◦S latitude band, reaching a maximum value of

about 180-200 metres in October. From November on, thickness contracts again to reach

the austral summer conditions observed in January.
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Figure 4.6: Climatology for thickness of waters with a thermostad in the range 14-20◦C. The
gray line indicates the 2000 metres isobath.

Both Figures 4.6 and 4.7 show a similar spatial pattern of thicker STMW being con-

fined to the region west of Kermadec Ridge. The greater thickness of mode waters

observed in Figure 4.6 is due to including the mode waters in the mixed layer at the

time of formation, however the true thickness that will be considered in this study and

defined as STMW is that shown in Figure 4.7 when the water mass is detached from the

mixed layer.

The seasonality of STMW inventories from the HRX and the RG OI are shown in

Figure 4.8. The shaded areas are the standard errors (ste) of the means:

ste =
σ√
N

(4.4)

98



Subtropical Mode Water in the subtropical WBC north of New Zealand: inventories
and variability

Figure 4.7: Climatology for thickness of STMW as defined by the thermostad method applied
to the RG OI. The gray line indicates the 2000 metres isobath.

where σ is the standard deviation of the time series for each month and N is the number

of cruises (HRX) available in each month. For the HRX the values derived from each

cruise are displayed to show the spread from the mean value. Similarly, the individual

monthly values are shown for the RG OI.

From the HRX data, STMW inventories along the PX06 line decay from December

to May, and increase from July to November. The seasonal cycle calculated with the

LSHA from Sutton and Roemmich (2001) has a smoother decay in the summer-autumn

seasons than the HRX dataset, but a similar pattern overall. The annual variability

is also captured by the RG OI. During the formation period, from August to October,

both estimates are statistically similar, despite the fact that the averages are calculated

over time series with different lengths. From both HRX and RG OI it is estimated
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Figure 4.8: Seasonal climatology for the inventories of STMW along the coordinates of the
PX06 transects (HRX and LSHA) and along 176.5◦E (RG OI). Shaded areas are the standard
error for the means taking into account the number of transects for each individual month in the
case of the HRX data and 10 years of data in the case of the RG OI. Individual measurements
of the HRX and RG OI are displayed to show the dispersion of data.

that STMW inventories decrease between 50% and 75% respectively from spring to the

following winter (between October and August).

The annual cycles of the MLD derived from the HRX and the RG OI are compared

(Figure 4.9). The values are the mean MLDs averaged over the 20◦-35◦S latitude range

along the PX06 section and the 176.5◦E meridian. Both the HRX and RG OI MLD

estimates are in accordance with Sutton and Roemmich (2001) who reported a summer

MLD of 30 metres and a winter MLD of 120 metres. Comparing the seasonal climatology

of MLDs (Figure 4.9) and seasonal inventories of STMW (Figure 4.8) it can be observed

that the deepest MLD occurs in July-August, which is the period when the STMW forms

before subducting as the ocean re-stratifies and the MLD decreases in the austral spring.

As an example, a cycle of STMW and MLD changes is shown in Figure 4.10. The

year 2012 was chosen because there are four HRX transects available distributed over

the four seasons. The location and direction of the EAUC are indicated with a double

arrow and symbol in Figure 4.10a. In February (Figure 4.10a) a relatively shallow mixed

layer (yellow line) is found between 30 and 60 metres depth. Below the mixed layer,
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Figure 4.9: Seasonal climatology of MLD derived from the HRX data and from the RG OI
along the 176.5◦E meridian.

STMW (magenta shaded area) is found on the northern side of sloping isotherms north

of 34◦S, that is, on the offshore side of the EAUC. In May (Figure 4.10b), the mixed

layer deepens down to depths between 70 and 110 metres. Below the mixed layer there

is STMW remaining from the previous season, while above the mixed layer there is new

mode water forming (dark green shaded area). By August (Figure 4.10c), the mixed

layer varies its depth from 50 metres to as much as 200 metres and mode waters are

observed in the mixed layer and below. The December mixed layer (Figure 4.10d) is no

deeper than 60 metres and all of the STMW is observed below the thermocline, that is,

the STMW has detached from the mixed layer and it is completely isolated from the

surface.
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(a) (b)

(c) (d)

Figure 4.10: A cycle of STMW formation and MLD fluctuations over the year 2012. The
location and direction of the EAUC are noted by a double arrow and symbol respectively in
a). Contours are the isotherms for temperature profiles during a) February, b) May, c) August
and d) December HRX transects in 2012. The yellow line is the MLD, the dark green shaded
area is the water that satisfies the thermostad criterion but is in the mixed layer. The magenta
shaded area is the STMW that is detached from the mixed layer and accounts for the STMW
inventories.
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4.3.3 Interannual variability

4.3.3.1 STMW properties

In this section, fluctuations in potential temperature (θ) and salinity (S) of the STMW

from the RG OI are investigated in order to observe whether changes in the properties

of the water mass have occurred or there are significant trends. I have used θ instead

of the measured temperature (T) to a) remove the effects of compressibility since θ “is

defined as the temperature of a parcel of water at the sea surface after it has been raised

adiabatically from some depth in the ocean” (Stewart, 2008), and b) to be consistent

with previous analyses of θ-S relationship in the Southwest Pacific (e.g.Tsubouchi et al.,

2007).

Figure 4.11a shows a θ-S diagram of all of the RG OI profiles identifying STMW in the

region delimited by 28.5◦-34.5◦S, 173◦E-180◦. The region is chosen based on the mean

distribution of STMW (Figure 4.4) and on the winter time SST when surface isotherms

for the 14◦-20◦C range are located within the 28.5◦-34.5◦S latitude band (see inset Figure

4.11a).

Temporal changes in the properties of STMW are analysed by calculating annual

averages of the selected profiles for the period 2004-2014. The STMW lies in the potential

density σθ = 25.25-26.5 kg m−3 range with a core density of σθ = 26 kg m−3. A clearer

representation of these changes is shown in Figure 4.11b, where all the profiles have been

bin-averaged over 0.5◦C intervals and then annually averaged. The STMW exhibits

substantial interannual variability at all depths. It appears that changes in salinities are

larger in the 17-20◦C layer, ranging from 35.65 psu during 2005-2007 to 35.5 psu in 2009

to 35.6 psu in 2012. There is less variability at lower temperatures (14-16◦C), however

the STMW in the 2007-2009 period appears to be more salty than that in the 2004-2006

or 2012-2014 periods for all temperatures. Thus, there is no simple trend in salinity

through the sampling period.

To describe the fluctuations of the characteristic temperature of the STMW, the core

layer temperature (CLT) is calculated from the RG OI data. The CLT is defined as
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Figure 4.11: θ-S diagram of STMW from the RG OI. Only profiles enclosed in box (see inset
map in Figure 4.11a) are included. a) All profiles for the period 2004-2014, b) bin-averaged
profiles every 0.5◦C and then annually averaged.

the temperature at the location of the thermostad, that is, the minimum dT/dz. The

CLT has been calculated along the 176.5◦E meridian and spatially averaged between the

28.5◦S and 34.5◦S to make it coincide with the location of STMW inventories along the

PX06 line. The CLT is a useful property of the STMW because the temperature is set

at the moment of formation (Taneda et al., 2000). The year-to-year variability of the

STMW CLT is examined and then compared to the time series of the MLD and STMW

inventories (Figure 4.12). The comparison seeks to establish a relationship between the

observed fluctuations in the STMW properties, STMW inventories and fluctuations in

the mixed layer. In addition to the CLT, the mean temperature of the STMW, i.e. the

average temperature of the layer that defines the STMW, is calculated and compared

to the CLT and MLD time series. The mean temperature of the STMW offers the

advantage that temperature is not tied to an absolute minimum value (the thermostad).

Figure 4.12a shows the time series of the MLD, the CLT and the mean temperature of

the STMW. The MLD is deepest in July-August and shallowest in December-January.

First, it is noted that the mean temperature of the STMW is highly correlated to the CLT

(r = 0.94, p < 0.001). The CLT variability has a larger amplitude than that of the mean

temperature and is about 0.5◦C warmer but both show similar variability. It appears that
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the CLT variability is out of phase with the MLD with the latter leading by 1-2 months.

The interannual variability is difficult to analyse because the seasonality dominates the

fluctuations of the MLD, with the seasonal cycle remaining almost constant throughout

the 11-year period. This is not the case for the CLT variability, which shows amplitude

changes ranging from 1◦C in 2009 up to 2◦C in 2007. Therefore, it is best to remove the

seasonal cycle, calculated as the monthly climatology, to better expose the interannual

signal (Figure 4.12b).

0

50

100

150

M
LD

 [m
]

 

 

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
14

15

16

17

18

T
em

pe
ra

tu
re

 [o C
]

Time

MLD CLT mean temperature STMW

(a)

−10

−5

0

5

10

M
LD

 [m
]

 

 

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
−0.5

0

0.5

Time

T
em

pe
ra

tu
re

 [o C
]

MLD CLT mean temperature STMW

(b)

Figure 4.12: a) Time series of MLD, CLT and mean temperature of STMW from the RG OI
product. b) as for a) but deseasoned and smoothed with a 13-month cosine filter.

The interannual changes in both the CLT, mean temperature and MLD are very

small in comparison to their annual cycle. At interannual time scales, the CLT and the

MLD are nearly uncorrelated (r = 0.05). Also, it is worth comparing CLT with STMW

inventories to see if there is any correlation between the amount of STMW formed and

its CLT. The correlation at interannual time scales (Figure 4.13) is negative and weak
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(r=-0.13) suggesting once again that there is no clear correspondence between changes

in STMW inventory and changes in its water mass properties.
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Figure 4.13: Time series of STMW inventories and CLT from the RG OI product. Both time
series are deseasoned and filtered with a 13-month cosine window.
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4.3.3.2 STMW inventories

The fluctuations of STMW inventories are shown in Figure 4.14 which shows the inven-

tories along the PX06 line derived from the HRX dataset, the updated LSHA (Sutton

and Roemmich, 2001) and from the RG OI along the 176.5◦E meridian. The higher fre-

quency variability is associated with the strong seasonal signal of the STMW, however

there is some evidence of interannual changes that can be observed in both the HRX

(including the LSHA) and the RG OI. For example, inventories during the spring of 1986

were higher than inventories during the subsequent 5 years for the same season. Then

during the early 1990s the inventories increased again to reach the highest peak during

late 1997 and early 1998. During the overlapping period between the HRX and RG

OI, the estimates from the RG OI are lower than those of the HRX with means for the

same 10-year period of 144.8 ± 17.4 km2 and 119.9 ± 18.4 km2 for the HRX and RG OI

respectively. The difference in the mean inventories could be related to the smoothing

of the RG OI, however both means are not statistically different.
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Figure 4.14: Time series of STMW inventories [km2]. Black curve correspond to the inventories
derived from the HRX data, showing STMW measurements for each cruise from 1986 to 2014.
Dark magenta curve are STMW inventories from the LSHA from Sutton and Roemmich (2001).
The light blue curve are the inventories derived from the RG OI data for the period 2004-2014.

There is a low frequency signal underlying the interannual variability, mainly evident

in the long observational record provided by the HRX time series. The low-frequency

variability is examined in the following section.
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4.3.4 Low-frequency variability

To focus on the low frequency variability, STMW anomalies are calculated by removing

the corresponding seasonal cycle (Figure 4.8) from both the HRX and the RG OI time

series (Figure 4.15). While the RG OI is only 10 years long, making it quite short

to study signals with periods longer than 5-10 years, the time series is still useful to

include in the analysis as an independent comparison with the HRX in the overlapping

period. Each time series was annually smoothed to further remove fluctuations with

periods less than a year (the HRX with a 5-point window assuming 4 cruises a year and

the RG OI with a 15-month cosine filter). The greatest variation in STMW inventories

occurred between the 1990s and 2000s, with the minimum in 1990 and maxima in 1996

and 1998 for the total record. During the RG OI era (2004-2014) the frequency of the

variability increases, with inventories peaking around every 5 years and a similar pattern

of variability being observed in both products.
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Figure 4.15: Time series of STMW inventories [km2]. Black curve correspond to the inventories
derived from the HRX data, blue curve from the RG OI. To show the low-frequency signal,
both time series were deseasoned and smoothed to remove signals with periods shorter than
annual.

While the longer time series hints of a decadal signal over the first two decades, it does

not persist since 2000, which shows generally weak and higher-frequency fluctuations in

inventory.
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4.3.5 Mechanisms contributing to the formation and fluctua-
tions of STMW

In this section the mechanisms of STMW formation and causes of variability are analysed

by looking at the processes that affect the mixed layer, because it is where the STMW

forms. To determine what processes contribute to the formation of STMW as well as

its variability, the MLD is compared to surface heat fluxes, heat content of the STMW

layer and to the STMW inventory.

4.3.5.1 Net Surface Heat fluxes and changes in the mixed layer

In order to investigate the temporal phases of ocean heat loss and gain, a seasonal

climatology of net surface heat flux was calculated and compared to that of the SST

(Figure 4.16). The box depicted in the inset map in Figure 4.16 shows the domain over

which the average Qn was calculated, with the background coloured contours being the

mean SST of all Augusts from 1981 to 2014 (coldest month of the year). The box of

dimension 173◦E - 180◦, 28◦S - 36◦S covers the STMW region well.

Figure 4.16 shows that when Qn becomes negative in March, SST starts to decline

reaching an absolute minimum value in August-September, which are the months when

Qn becomes positive again. At seasonal time scales, the SST and MLD (see Figure 4.9)

are cooler and deeper respectively in August, with maximum ocean heat loss leading the

minimum in SST by 2-3 months.

To further understand the changes in MLD potentially due to ocean-atmosphere in-

teraction, the Qn values in August (winter) were compared to the August MLD when

SSTs are the lowest (Figure 4.16). Figure 4.17 shows a (linear) relationship between the

winter MLD and Qn. The negative slope of the regression line indicates that, the greater

ocean heat loss in the region is concurrent with deeper mixed layers in the coldest month

of the year.
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Figure 4.16: Seasonal cycle of the net surface heat flux Qn [W m−2] compared with the
seasonal cycle of the SST [oC] from both the SST (or NOAA OI SST V2, red curve) and the
near surface temperature from the RG OI (magenta curve). The inset is a map of the mean
NOAA OI SST V2 for all Augusts from 1982 to 2014 and the area enclosed in the box of
dimension 173◦E - 180◦, 28◦S - 34◦S is where the averages were calculated. Thin shaded areas
in curves represent the standard error of the climatological mean based on N = 34 years for
the Qn and the SST, and for N = 11 for the RG OI near surface temperature. The solid thin
horizontal line indicates the zero value of Qn.
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Figure 4.17: Scatter plot of Qn and MLD in late winter (August). The green line with
a negative slope is the regression using principal component analysis and accounts for the
variance in both the x and y axes.

4.3.5.2 Ocean heat content anomalies and STMW inventories

The annual cycle of OHC of the layer with mean 14◦-20◦C isotherm range (Z̄20-Z̄14) for

the STMW region is shown in Figure 4.18. For both the HRX and RG OI datasets,

the OHC is higher in April, when most of the STMW formed in the previous winter
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has vanished along the PX06 line and 176.5◦ meridian (see Figure 4.8 and 4.10b). From

August to October the heat deficit is maximum, coinciding with the period of STMW

formation, which reaches a peak in October-November (Figure 4.8). The amplitude of

the annual cycle appears to be larger in the HRX than in the RG OI, but the temporal

pattern is similar: the OHC is maximum in autumn and minimum in late winter.

Figure 4.18: Seasonal cycle of the OHC derived from the HRX data (black curve) and the RG
OI data (blue curve). Shaded area represents the standard error with N based on the number
of cruises for each month of the HRX dataset and on 11 years of data for RG OI.

The difference in the amplitude of the OHC between the HRX and RG OI, over a

similar depth range delimited by the Z̄20-Z̄14, is also evident in the time series of the

short and long term OHC variability (RG OI and HRX dataset respectively) shown in

Figure 4.19. The discrepancy could be related to the fact that the RG OI has smoothed

fields (OI) which reduce the amplitude of the signal (and noise).

Using the shorter time series from the RG OI, the interannual variability of the OHC

time series is compared to the STMW inventories in Figure 4.20. Here, the annual cycle

was removed from both time series and filtered to pass signals with periods longer than

15 months. The signals are negatively correlated (r = −0.48, p = 0.1), indicating that

STMW inventories are in general larger when there is less heat in the 14◦-20◦C layer.

Note that while there are fewer degrees of freedom (DOF) due to the smoothing of the

time series, the correlation suggests that increased inventory of STMW is a reservoir for

water that is uniformly cooler.
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Figure 4.19: Time series of the OHC derived from the RG OI data (blue curve) and the HRX
data (black curve).
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Figure 4.20: Time series of OHC and STMW inventories from RG OI over 176.5◦E meridian
with the seasonal cycle removed and smoothed with a 15-month cosine window.

4.3.5.3 Relationship between MLD, SST and STMW inventory

Time series of MLD, SST and STMW inventory are compared to test the hypothesis

that deeper winter mixed layers are a key factor in producing more STMW (Figure

4.21). Here, the HRX data and the NOAA OI SST V2 reanalysis are used because

of their long-records (1986-2014). Note that to investigate the relationship between late

winter mixed layer and STMW inventories in spring only years with available HRX

measurements in the corresponding seasons were included. There is a high correlation

(r = 0.78, p = 0.002) between the late winter (August or September) MLD and STMW

inventories in the following spring season (October or November). Conversely, SSTs

are anticorrelated to both the STMW inventory (r = −0.6, p = 0.04) and the MLD
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(r = −0.48, p = 0.1). These relationships support the hypothesis that larger STMW

inventories are associated with preceding cooler SSTs and deeper mixed layers.
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Figure 4.21: Correlation between STMW inventories in spring (October or November) and the
late winter (August or September) MLD and SST. The STMW and MLD are correlated with
r = 0.78 based on N = 13 years depending on availability of data. The SST is anticorrelated
with both the STMW (r = -0.6) and the MLD (r = -0.48).

The relationship between STMW and MLD is verified using the monthly (but shorter

duration) RG OI data. Figure 4.22 shows a scatter plot of the later winter MLD (July-

August) plotted against the subsequent spring STMW inventories (October-November).

Here, the choice of months is based on the maximum annual peak values of STMW

inventories (Figure 4.8) and MLD (Figure 4.9), however the overall comparison is between

the winter MLD and the STMW inventories the following spring. The relationship

between the two parameters is investigated using principal component analysis, with

the result being the green line with positive slope. Note that in using this method it is

assumed that the errors are of the same magnitude in both variables.

A correlation between the late winter MLD and the spring STMW inventories of the

following year shows little to no correspondence (not shown). This result is consistent

with the seasonal cycle (Figures 4.7 and 4.8) which suggests that the influence of the

MLD condition on the production of STMW has a short lifespan, that is, there is little

carry-over from one year to the next.

The previous results indicate that the MLD has an influence on the STMW production,
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Figure 4.22: Scatter plot of the late winter MLD (July-August) and the STMW inventories
(from the RG OI) for the immediately following spring season (October-November) for the
period 2004-2014. The green line is the regression using principal component analysis and
accounts for the variance in both the x and y variables.

hence it is natural to ask which processes are responsible for the observed changes in the

mixed layer. On a short-time scale, variations in heat content of the upper ocean may

be an important factor in determining the deep mixed layers. Other processes affecting

the SST are likely to affect the MLD, for example warmer (cooler) SSTs could lead

to shallower (deeper) mixed layers. Also, dynamic processes affecting the upper ocean

stratification will impact the mixed layer conditions, for example high (low) stratification

will lead to shallow (deeper) mixed layers.

4.3.5.4 ENSO impact on STMW inventories

In this section, the influence of ENSO events on the formation of STMW is investigated.

It has been shown that during El Niño, cooler SSTs are typically observed around north-

ern New Zealand (Mullan, 1998) which would be expected to reflect the development of

deeper mixed layers.

The influence of ENSO events and fluctuations in STMW is analysed by comparing the

Southern Oscillation Index (SOI) time series with the annually averaged and deseasoned

time series of the HRX STMW inventories. A negative SOI value is representative of

El Niño conditions, whereas a positive index indicates La Niña conditions. SOI values

above 1 or -1 are related to strong ENSO events. ENSO events tracked by the SOI

114



Subtropical Mode Water in the subtropical WBC north of New Zealand: inventories
and variability

have shown significant correlations to SST and mixed layer temperatures around New

Zealand (Greig et al., 1988; Goring and Bell, 1999; Sutton and Roemmich, 2001) with

cooler SST observed during El Niño years. One possibility would be that cooler surface

ocean conditions induce deeper convection which has a profound impact on the depth

of the mixed layer. Figure 4.23 shows the 28-year record of both the STMW inventories

and the SOI, with the shorter RG OI record included for comparison. To make the

correspondence between ENSO and STMW inventories more evident, the STMW axis

is flipped to be positive downwards and the inventory time series was interpolated to

the same time grid of the SOI (monthly values). The correlation for annual averages of

both the HRX and SOI time series are negative (r = −0.34, p = 0.08) at zero-lag. There

is a general tendency for greater inventories to occur in El Niño years. Conversely,

less than average inventories occur in warmer ocean conditions during La Niña. The

largest changes in STMW inventories, which occurred during the late 1980s and late

1990s, coincide with the La Niña in 1988/1989 and the strong El Niño in 1997/1998.

Fluctuations in STMW inventories after the year 2000 are predominantly in phase with

those of the SOI, however it seems there is no clear relationship between the magnitude

of the ENSO events and the changes in inventories.
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Figure 4.23: Comparison of monthly interpolated STMW inventories and the SOI. The HRX
(black curve) and the RG OI (blue curve) time series have the annual cycles removed. All the
time series were smoothed with a 13-month cosine window.
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In order to observe whether the occurrence of ENSO events are related to ocean heat

content, the SOI was compared to the time series of the OHC for the Z̄20-Z̄14 layer.

Both time series are annual averages, with the difference that the SOI is averaged over

the year from May to April because ENSO events can often start in January in one

phase and end the year in the opposite phase (Gordon, 1986). Figure 4.24 depicts the

annually-averaged time series of SOI and the OHC derived from the longer HRX time

series. Both time series are positively correlated (r = 0.40, p = 0.03). This positive

correlation is consistent with previous results that during El Niño years greater STMW

inventories are concurrent with cooler conditions and greater ocean heat loss, conversely,

lower STMW inventories concur with warmer La Niña events and less heat loss to the

atmosphere.
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Figure 4.24: Comparison of the annual averages of OHC in the Z̄20-Z̄14 layer and the SOI.
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4.3.5.5 Western boundary current transport and STMW inventories

A connection between the state of the boundary currents and the STMW inventories is

also sought, since the variability of the flows may impact the water that accumulates on

the northern side of the currents (Hanawa, 1987). For this reason, this analysis focuses

on the relationship between the STMW inventories, the transports along the northern

boundary of New Zealand and the variability of the depth of the thermocline in the same

region, defined as the depth of the 12◦C isotherm (z12). This threshold is chosen as a

descriptor of the large-scale surface circulation with no connection to the definition of

the STMW (i.e. outside the 14◦-20◦C range).

Firstly, to evaluate a potential connection, the time series of the STMW inventories

is compared with the time series of the WBC transport north of New Zealand (Figure

4.25). This is the transport of the EAUC measured in Sv for the period 1993-2014 (see

details of calculation in Chapter 2) and interpolated to the times of the HRX cruises.

Both time series were deseasoned. The high-frequency variability (unfiltered time series)

is shown as thin grey and pink lines for the STMW inventories and transport respectively

in Figure 4.25. The thick black and red lines represent the annually smoothed time series.

The correlation between the interannual variability in transports and STMW inventories

is r = 0.51 (p = 0.02) at zero-lag, suggesting that increased STMW inventories occur

with increased transport of the EAUC.

One of the possible mechanisms explaining the observed changes in STMW inventories

via the transports of the currents may be transport-induced variability in the thermo-

cline, i.e. a more vigorous (intense) current deepens the thermocline on its offshore

side creating favourable conditions for the development of deeper mixed layers. Selected

years from Figure 4.25 are used to explore whether there is evidence of this relationship.

The choice of years is based on available inventories for winter and spring (of the same

year) and when STMW inventories were higher than the mean (positive anomaly). The

STMW inventories in winter and spring are displayed with their respective MLD and the

thermocline depth. Figure 4.26 shows late winter cross-sections along the PX06 line of

the STMW inventories (coloured shaded area), the MLD (magenta line) and z12 (green
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Figure 4.25: Time series showing the interannual variability in STMW inventories (anomalies
in thick black curve) and the EAUC transport (anomalies in thick red curve). Thin lines in
matching colours are the unfiltered time series.

line). The late winter season is chosen to show the mode water at the time of formation

and in contact with the surface. The water with lowest stratification (weak dT/dz) is

observed in the mixed layer (above the magenta line), as is expected at this formation

stage. The latitudinal extension of mode waters at the time of formation is delimited by

the 20◦C isotherm which is usually observed south of 25◦S.

Deeper mixed layers are observed near the boundary current (left side of cross-section

south of 33◦S) with the thermocline depth sitting between 300 and 400 metres south

of 30◦S. Figure 4.27 shows the snapshots of STMW in spring, when the water mass is

detached from the mixed layer. Greater inventories are evident in 1986 (Figure 4.27a),

1992-1993 (Figures 4.27d and 4.27e), 1996 (Figure 4.27f), 2003 (Figure 4.27j) and 2011-

2012 (Figure 4.27l and 4.27m). A comparison of the previous winter conditions (for the

same years) shows that greater inventories of STMW are associated either with deeper

winter mixed layers as is the case of 1992 (Figure 4.26d) and 2003 (Figure 4.26j) or with

deeper thermoclines in spring such as happened in 1992 (Figure 4.27d), 1996 (Figure

4.27f) and 2003 (Figure 4.27j).

The largest correlation between z12 and EAUC transports is obtained when transports

lead z12 by one season as shown in Figure 4.28. The time series are positively correlated

(r = 0.9, p < 0.001) suggesting that the thermocline variability in spring follows the
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Figure 4.26: Cross-sections of STMW inventories in late winter (coloured area indicating
dT/dz), MLD (magenta line) and thermocline depth indicated as the 12◦C isotherm (green
line). Shown are only years when inventories for consecutive winter and spring were higher
than the mean.

changes in the WBC in the winter when the formation and maximum inventories of

STMW occur. In addition, there is a strong correspondence between winter EAUC

transports and spring STMW inventories (r = 0.62, p = 0.03) supporting the result

shown in Figure 4.25 except that the correspondence is stronger with one season lag.

119



Subtropical Mode Water in the subtropical WBC north of New Zealand: inventories
and variability

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14 14

14

16

16

16

16

16

18

18

18

18

20

20

20

D
ep

th
 [m

]

Latitude

1986

(a)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14 14

14
14

16

16

16

16

16

18

18

18

18

18

20

20

20

20

D
ep

th
 [m

]

Latitude

1987

(b)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14 14
14

16

16

16

16
16

18

18

18

18

20

20

20

20

D
ep

th
 [m

]

Latitude

1988

(c)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14

14

14

14

14

16

16 16

16

16

16

16

18

18

18

18

20

20

20

D
ep

th
 [m

]

Latitude

1992

(d)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14 14

14

14

16

16

16

16

16

16 16

18

18

18

18 18

20

20

20

D
ep

th
 [m

]

Latitude

1993

(e)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14

14

14

16

16

16

16

16

18 18

18

18

18

20

20

20

20

D
ep

th
 [m

]

Latitude

1996

(f)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14

14
14

16

16

16

16 16

18

18

18

18

18

20

20

20

20

D
ep

th
 [m

]

Latitude

1998

(g)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14
14 14

16

16

16

16

16

18

18

18

18

18

20
20

20

D
ep

th
 [m

]

Latitude

1999

(h)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14

14

14

16

16

16

16

16

18

18

18

18

18

20
20

20

20

D
ep

th
 [m

]

Latitude

2000

(i)

−35 −30 −25 −20
−500

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

14

14

14

14

16

16

16

16

16

18
18

18

18

18

18

20

20

20

20

D
ep

th
 [m

]

Latitude

2003

(j) (k) (l)

(m)

Figure 4.27: Cross-sections of STMW inventories in spring (coloured area indicated by varying
dT/dz), MLD (magenta line) and thermocline depth indicated as the 12◦C isotherm (green
line). Shown are only years when inventories for consecutive winter and spring were higher
than the mean.
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Figure 4.28: Comparison of z12, STMW inventories and transport of the EAUC. The z12 and
STMW inventories have been lagged by one season with respect to the transport of the EAUC.
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4.4 Discussion

STMW with mean thickness greater than 100 metres is clearly observed across the Tas-

man Sea and north of New Zealand (Figure 4.4). The mean thickness distribution

appears to be bounded by mean steric height contours, particularly in the Tasman Sea

at 37◦S and between 150◦E-180◦. A previous study in the region by Tsubouchi et al.

(2007) also compares the spatial distribution of STMW to the local circulation and they

find one hotspot of maximum STMW thickness at 175◦E concurrent with flows exiting

to the central Pacific (Tsubouchi et al., 2007). However, results presented here show

that the distribution of STMW ends where steric height contours are nearly-meridional,

a result that is consistent with early findings that STMW does not migrate further east

than its formation region (Roemmich and Cornuelle, 1992).

On a seasonal time scale, STMW inventories peak in October and November and are

at a minimum from May through August with minimum values in June (LSHA), May

and July (HRX) and July (RG OI product) (Figure 4.8). These results are consistent

with measurements of total STMW volumes over the whole Tasman Sea and the region

north of New Zealand (Holbrook and Maharaj, 2008), suggesting that the seasonal cycle

of STMW over the PX06 line is representative of the annual fluctuations over a broader

region.

The STMW thickness reduces from a maximum in October-November to a minimum

in June-July (Figure 4.7) indicating that persistence of STMW from previous years

is limited. The short lifespan of South Pacific STMW was noted by Roemmich and

Cournelle (1992) who from a shorter HRX time series (1986-1991) estimated that STMW

decreases by 50% between its maximum and minimum inventories in spring and autumn

respectively. This estimate agrees with the decay in STMW inventories found here using

the HRX data (the RG OI shows a larger decrease of 75%), with the difference that

results here are estimated over a longer period.

The monthly snapshots of thickness observed in Figure 4.7 do not suggest that STMW

migrates to the east of New Zealand. A previous study found that advection of STMW
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occurs in the recirculation region of the EAC (Hu et al., 2007) and that transport of

STMW is limited and to the north of the Tasman Front (Zilberman et al., 2014). Mi-

gration of STMW away from its region of formation to the east of New Zealand is

implausible, as thickness decreases rapidly east of the Kermadec Ridge. This result is

also shown in the earlier study by Roemmich and Cournelle (1992). Because the def-

inition of STMW is not designed to follow water parcels, modification of some of the

STMW volume may lead to a change of temperature gradient that causes a relatively

large volume to disappear over a season.

Despite the strong seasonality observed in the STMW inventories, interannual vari-

ability is significant in both the properties of STMW (Figures 4.11b and 4.12b) and the

amount of STMW formed each year (Figure 4.14). The STMW temperature and salinity

relationship (θ-S), depicted in Figure 4.11b, indicates that interannual changes are more

evident in the shallower part or top of the STMW corresponding to the 17◦-20◦C tem-

perature range, well above the interannual fluctuations in the CLT (ca. 15◦-17◦C, Figure

4.12a). The mean value of the CLT is 16◦C, which is also similar to the mean CLT of

the South type of STMW found by Tsubouchi et al. (2007), for the same region and

from the HRX dataset for the period 1986-2003. The lack of a simple pattern in the θ-S

relationship variability and the absence of a trend in the time series of the CLT suggests

that, while there is strong year-to-year variability, no significant trends are present in

the properties of the STMW, at least in the last decade (2004-2014).

Interannual variability of the STMW inventories along the PX06 section and along

176.5◦E is evident as described in Section 4.3.3.2. The year-on-year decay in STMW in-

ventories during the late 1980s was also observed by Roemmich and Cornuelle (1992) and

attributed to shallow MLDs caused by warmer conditions that led to stronger stratifica-

tion and weak mixing. The recovery of inventories observed during the early 1990s was

noted by Sprintall et al. (1995), particularly for the years 1992-1993 that were reported

to be one of the coldest periods around New Zealand in nearly 50 years. The cooler at-

mospheric conditions were reflected also in colder oceanic subsurface temperatures that

potentially contributed to enhanced wintertime mixing and hence deeper mixed layers

(Sprintall et al., 1995).
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Larger inventories of STMW in the North Pacific have been found to be correlated with

cooler CLT (Douglass et al., 2013), while, conversely, there is no relationship between

cooler STMW and increased inventories in the North Atlantic. Here in the Southwest

Pacific, STMW inventories are poorly anticorrelated with CLT (Figure 4.13). Moreover,

the lack of correlation between MLD and CLT (Figure 4.12b) suggests that while deeper

mixed layers are a key factor for STMW formation, as shown in section 4.3.5.3 (see

Figure 4.22), there is not necessarily an impact on the properties of the STMW.

To explore the causes of MLD changes and relate those to changes in STMW in-

ventories, the STMW time series was compared with the occurrence of ENSO events,

in this case represented by the time series of the SOI. Past ENSO events have had a

strong impact on air and SSTs around New Zealand (Mullan, 1998; Goring and Bell,

1999), and it is expected that MLD, SSTs and STMW inventories may covary. There

is some correspondence represented by a negative correlation at zero lag (r = −0.34)

between the time series of SOI and STMW inventories, with some of El Niño events

in phase with increased STMW inventories. In particular, the El Niño phase of ENSO

(negative SOI) is associated with cooler than normal sea SSTs. This is often attributed

to increasing south-westerly winds (Gordon, 1986). Alternatively, Mullan (1998) con-

cluded that ENSO variations in SST around New Zealand are related to atmospheric

conditions from correlations of pressure and SST. Ciasto and England (2011) used obser-

vations and reanalysis products to attribute the extratropical ENSO-related variability

in Southern Ocean SSTs to the sum of atmospheric heat fluxes and oceanic heat advec-

tion. Anomalous cooling of the upper subsurface layers of the ocean (due to atmospheric,

oceanic forcing or a combination of both) would lead to deeper mixed layers favouring

the production of more STMW as found in previous regional studies (Holbrook and

Maharaj, 2008). An anti-correlation with similar magnitude and a 3-month lag (SOI

lagging STMW volumes) is shown by Holbrook and Maharaj (2008). While remaining

unconvinced about the robustness of the lag given the smoothing of the time series,

they conclude that El Niño phase of ENSO significantly contributes to thickening of the

STMW volumes over the whole Tasman Sea region including north of New Zealand.

Another aspect of the air-sea interaction and its influence on forming deeper mixed
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layers is found in the net surface heat flux and is reflected in the upper-ocean heat

content. Here, it is found that greater STMW inventories are directly related to deeper

mixed layers (Figure 4.22) at seasonal and interannual time scales. Deeper mixed layers

are also correlated with greater net surface heat fluxes during winter (Figure 4.17).

It was shown in Figure 4.19 that STMW inventories are anti-correlated with OHC,

with less ocean heat content during periods of greater inventories of STMW. This is

consistent with the argument given by Kelly et al. (2010) describing the STMW as

a “heat deficit reservoir”, with large volumes of STMW representing cooler and less

stratified upper-ocean conditions, concurrent with less heat content. While here it is

found that the production of more STMW is linked to negative heat content anomalies,

weak relationships are found in other STMW regions, such as in the Kuroshio Current

in the North Pacific, where there are no significant correlations among net surface heat

fluxes, ocean heat content and STMW thickness (Rainville et al., 2014). Thus, it seems

that the contribution of STMW to the regional heat balance differs from one ocean basin

to another.

Low-frequency variability of STMW inventories corresponds with fluctuations observed

in the transport of the EAUC, which is the northern subtropical WBC of New Zealand

(Figure 4.25). The correspondence is greater when transports and inventories are com-

pared with one season lag, that is, when transports in winter are correlated with STMW

inventories in the following spring. To further explore the connection between transport

of the WBCs and STMW inventories, the depth of the thermocline was compared to

both the STMW and the WBC transport time series (Figure 4.28). A deeper thermo-

cline correlates well with a strong WBC. This result suggests there might be a dynamic

forcing preconditioning for the formation of STMW in addition to the thermodynamic

forcing from heat fluxes to create deeper mixed layers. A deeper thermocline has been

proposed as the mechanism for the development of deeper mixed layers that favour the

production of STMW in the Northwest Pacific (Sugimoto and Hanawa, 2010). In the

Kuroshio Current region, Qiu and Chen (2006) indicate that at interannual time scales,

a dynamic forcing such as the state of a boundary current (where a stable/unstable state

corresponds to low/high level of mesoscale variability), may be responsible for changes in
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STMW thickness. This relationship occurs because a stable (unstable) current leads to

a weakly (strongly) stratified upper ocean, hence, the development of deeper (shallower)

mixed layers that lead to increasing (decreasing) STMW inventories. However, a recent

study in the western South Pacific by Wang et al. (2015) finds that the interannual vari-

ability of STMW is linked to the flow of the EAC via horizontal heat advection, with low

heat transport leading to more production of STMW, particularly during the positive

phase of SOI (La Niña). Here, I find that when the flows of the EAUC are stronger,

the production of STMW increases. This difference could be related to the fact that the

STMW Wang et al. (2015) studied is the west type (Tsubouchi et al., 2007), located

near the EAC. The EAC is a larger WBC than the EAUC, and it is possible that greater

advection of heat in the EAC has a greater role in increasing stratification of the upper

ocean causing less favourable conditions for STMW formation.

Larger inventories of STMW were observed either in the years where a deep mixed

layer developed in winter or where a deeper thermocline was observed in spring (Figures

4.26 and 4.27). The lagged correlation between winter transports and thermocline depths

in spring may only explain the dynamic influence of the current on STMW inventories

over shorter time scales. Nevertheless, enhanced STMW production may be expected

when both deeper mixed layers and increased transports of the WBC combine.

Several further questions arise from the analysis of the formation and variability of

STMW inventories north of New Zealand. One interesting question with interdisciplinary

implications is how much sequestration of CO2 there is in the STMW inventories given

the results presented in this thesis. If the mixed layer is in sufficient contact with the

overlying atmosphere to become saturated in CO2, 2 grams of CO2 are dissolved in each

1 kg of water at 16.5◦ (the mean core layer temperature of the STMW north of New

Zealand). The mean density of seawater is 1024 Kg m−3, then 200 metres of STMW

(maximum annual peak occurring in October-November) can hold about 4× 108 kg CO2

per km2 of surface area or horizontal extent. The mode water subducts this CO2 into

the thermocline where it will be sequestered. Quantifying carbon sequestration by mode

waters (Bates et al., 2002) could be useful for the calculation of the carbon budget

because once the mode water subducts the CO2 is likely to be put in a longer-term
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storage.

Another fundamental investigation would be to specify which processes contribute to

the near disappearance of STMW over a season. For example, idealised modeling could

be of use to quantify the rate of dissipation of STMW inventories over a year and whether

it is associated with surface heat fluxes, interior ocean mixing or a combination of both.

Another potential area of research is to test whether formation and dissipation of STMW

inventories are related to the arrival of Rossby waves. As presented earlier in Chapter

3 of this thesis, variations in the sea level (mirroring variations in the thermocline)

can be represented with a baroclinic Rossby wave model. The model could be used to

measure the variability of the thermocline which could be correlated with changes in

STMW inventories to find any relationship between Rossby wave dynamics and water

mass variability (e.g Sugimoto and Hanawa, 2010). Further north of the STMW region,

Bowen et al. (2006) find good correspondence with temperatures at depth along the HRX

line PX06 and the Rossby wave model. Figure 4.29 shows preliminary tests comparing

STMW inventories, thermocline depth (z12) and modeled sea surface height using the

baroclinic model from Chapter 3 (see Section 3.2.3.2). The comparison indicates some

correspondence between z12 and modeled sea surface height at 30◦S, thus there may be

a response of STMW inventories to large-scale wind forcing via Rossby waves, a subject

that deserves more attention.
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Figure 4.29: Comparison of STMW inventories, z12 and modeled SSH at 30◦S using a baro-
clinic Rossby wave model (see Chapter 3, Section 3.2.3.2).
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4.5 Conclusion

The formation and variability of STMW north of New Zealand was investigated from

surface and subsurface observations and from reanalysis products. The main objectives

of this chapter were a) to identify the distribution of STMW inventories, b) to investigate

potential relationships between the fluctuations observed in the inventories and air-sea

heat fluxes and c) to relate the variability of the inventories to that of the subtropical

WBC north of New Zealand.

STMW in the Southwest Pacfic is distributed approximately from the east coast of

Australia to New Zealand around 180◦ and between 28◦-35◦S. This study focused on the

core of STMW that is adjacent to the EAUC to study the potential influence of the

current in modulating the variability of the STMW inventories.

The STMW north of New Zealand has a short lifespan, i.e. there is no longevity

and little reemergence of STMW from one year to the next one. This result is different

from other STMW regions where anomalous deeper mixed layers may cause STMW

inventories to persist for one to two consecutive seasons (Hanawa and Sugimoto, 2004;

Sugimoto and Hanawa, 2007).

It was verified that deeper mixed layers lead to increased formation of STMW north of

New Zealand. Variability in the mixed layer appears to be driven by air-sea fluctuations

with negative anomalies in heat fluxes associated with deeper mixed layers. However,

other factors such as a heat content of the STMW layer may also contribute to formation

of STMW. For example, it was found that increased STMW inventories are linked to

negative heat content anomalies; a similar dynamic observed in the Gulf Stream region

in the North Atlantic Ocean (Kelly et al., 2010) but opposite to the Kuroshio region in

the North Pacific (Rainville et al., 2014). In particular, during El Niño years, greater

STMW inventories coincide with negative ocean heat content anomalies, conversely,

lower STMW inventories concur with warmer La Niña events when the there is lower

heat content (positive anomalies) in the STMW layer.

Despite the significant seasonal and interannual variability in STMW inventories, there
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are no significant trends in water mass properties, including its CLT. This lack of trend

is indicative that no major changes in the structure of the water mass have occurred in

at least the last decade.

The variability of the STMW inventories was correlated to the EAUC transports

showing some correspondence at interannual time scales. However, if the mechanism

connecting the transports and STMW is the movement of the thermocline, the best

correspondence occurs when the EAUC transport leads changes in the thermocline depth

and STMW inventories by one season, i.e. winter transports are highly correlated with

STMW inventories in the following spring. Given the relationship between current and

the water mass it is expected that STMW inventories will tend to increase (decrease)

with increasing (decreasing) transports of the WBC north of New Zealand.

To summarise, formation and variability of STMW north of New Zealand appears to

be influenced by a combination of atmospheric and oceanic forcing, both preconditioning

for deeper mixed layers and deepening the thermocline.
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Chapter 5

General conclusions

This thesis investigates the ocean dynamics along the eastern margin of New Zealand

and their connection to the atmospheric forcing over the South Pacific from surface and

subsurface observations and from model simulations. The three main objectives of this

research were to:

1. Characterise the spatial and temporal variability of the western boundary currents

(WBCs) east of New Zealand.

2. Investigate the connection between variability of the currents and the adjustment

of the western boundary currents east of New Zealand to variations in the winds

and propagation of Rossby waves.

3. Analyse the fluctuations in Subtropical Mode Water (STMW) inventories along

the boundary and their connection to variability in the currents and air-sea heat

fluxes.

5.1 Key findings

This research provides the first comprehensive description of the variability of the cur-

rents along the eastern margin of New Zealand and of the formation of water masses in

the subtropical region north of the country.

In Chapter 2, a general picture of the mean flow and the coherence in the variability of

the transports of subtropical and subantarctic WBCs east of New Zealand is established

using more than 20 years of ocean surface and subsurface measurements. The mean

and variability are related to potential drivers of the circulation, such as basin-scale and
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local winds and climate modes. A steady-state dynamic balance between the meridional

changes in the gyre-scale winds and the flow around an island, called the Island Rule, is

used to estimate mean transports and low-frequency variability of the currents east of

New Zealand from the South Pacific wind stress curl.

Findings indicate no significant trends in the transports of either the subtropical or

subantarctic WBCs over the last two decades. The currents show considerable inter-

annual variability, which has little correspondence to ENSO-related variability. Low-

frequency variability is not coherent along the entire eastern margin of New Zealand.

For example, 1998-2002 was a period of positive transport anomalies (stronger current)

in the Subantarctic Front (SAF) and East Cape Current (ECC) but negative anomalies

(weaker current) in the East Auckland Current (EAUC), whereas in the 2009-2011 pe-

riod positive anomalies in the SAF and EAUC coincided with negative anomalies in the

ECC.

Individually, the currents have their own intrinsic variability. The fluctuations in the

EAUC transport are anticorrelated with the strength of the North Cape Eddy (NCE), a

result that is consistent with a previous study indicating a potential relationship between

the eddy and the current (Stanton and Sutton, 2003). A decadal response to large-

scale wind forcing is evident and coherent in the SAF. Significant seasonal cycles in the

transports of the Southland Current (SC) and ECC are likely to be driven by seasonality

in local winds. There are no statistically-significant annual cycles in the transports of

the EAUC and SAF.

The adjustment of the ocean east of New Zealand to large-scale wind forcing is inves-

tigated in Chapter 3 using models of propagating Rossby waves to describe the sea level

variability for both barotropic and baroclinic responses, i.e. fast and slow adjustments

of the sea surface height to remote forcing. The simulations are used to test the connec-

tions between the current transport and gyre-scale wind variations, but are limited by

the simple linear dynamics of the models.

The correlation between incoming variability and transport varies along the boundary.

Sea surface height from the baroclinic Rossby wave simulations corresponds well with
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the sea level variability in the ECC region but the correspondence with ECC transport

is weak. Conversely, while transport and sea level variability in the EAUC are in phase,

the baroclinic Rossby wave model does not reproduce the observed sea level. While the

addition of the barotropic response improves the correspondence between the observed

and modelled sea level, the correspondence with transports is still weak. The subantarctic

currents (SC and SAF) show little correspondence with either the barotropic or baroclinic

Rossby wave dynamics on sea level or transports.

In Chapter 4 I explore the connection between STMW inventories and western bound-

ary flows. The STMW is a water mass characteristic of western boundary regions.

STMW is distributed in the EAUC region north of New Zealand, thus it is natural to

ask whether the current plays a role in the formation and variability of STMW invento-

ries.

There is large variability in STMW inventories and properties, but there are no long-

term trends in either the properties or STMW inventories over the last three decades.

The comparison between the water mass and the current indicates that STMW inven-

tories increase with increasing transports of the WBC with a lag of one season (winter

transports leading spring STMW inventory changes). It appears that one of the mecha-

nisms connecting changes in the current with STMW inventories is thermocline deepen-

ing associated with the increasing EAUC geostrophic transports with the same time-lag

of one season. However, preconditioning of the mixed layer (where STMW forms) is also

largely influenced by air-sea heat fluxes in the western boundary region. Hence, the re-

sults presented here suggest that formation and variability of STMW in the subtropical

western boundary region north of New Zealand are influenced by both atmospheric and

oceanic mechanisms.

5.2 Outlook and future work

A number of questions have arisen while working towards building the big picture of how

the WBCs east of New Zealand vary.
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Remote-sensed observations of the sea surface are invaluable for describing the surface

variability, however information about the subsurface to calculate full depth transports,

and in particular shear, has to be incorporated from hydrography typically having dif-

ferent spatial and temporal scales. The Argo network now offers a decade of data from

the surface down to 2000 metres depth. More data becoming available in the region is

undoubtedly going to improve spatial and temporal resolution of the flows. However,

much of the WBCs transport occurs in water shallower than 2000 metres, and Argo

floats tend to not sample very well WBCs because they move fast and away from the

boundary region. Thus, repeat hydrographic sections are still critical to cross-validate

the remote-sensed estimates.

Westward-propagating signals crossing the South Pacific are observed in time-longitude

plots (Chapter 3), however, changes in speed due to waves propagating across complex

topography are not captured by the models used in this thesis. Previous studies high-

light the importance of local ridges, shallow slopes and seamounts in guiding the flows

(Chiswell, 1996; Chiswell and Roemmich, 1998; Maharaj et al., 2005; Fernandez et al.,

2014) and influencing the mean state and variability of the WBCs off New Zealand (Stan-

ton and Sutton, 2003). However, to find out the extent to which complex topography

affects the flows is a difficult task from the sparse and discontinuous observations. More

sophisticated models including the effects of topography (Andres et al., 2012) could

be implemented in the region adjacent to New Zealand WBCs. Another option is to

use the eddy-permitting Southern Ocean State Estimate (SOSE) (Mazloff et al., 2010),

which is a dynamic model conserving mass and momentum and dynamically consistent

with observations. SOSE fields could be used to calculate the eddy, wind-driven and

topography-supported pressure gradient components to estimate how much of the ob-

served fluctuations are related to the winds and the arrival of Rossby waves and how

much of the flow is steered by the topography.

The STMW analysis provided new insights on relationships between formation and

distribution of water masses and heat content in the region north of New Zealand. SOSE

could be useful to obtain another estimate of STMW from a broader set of observations

as already done for other water masses in the Southern Ocean (e.g. Cerovevcki et al.,
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2013). For example, a Lagrangian approach could resolve trajectories of water parcels

to track their possible pathways and shedding light in explaining the little reemergence

of STMW observed in the formation region.

Through the analyses presented here on the coherence and variability of the currents

and the structure of STMW in the western boundary region off New Zealand a more

comprehensive picture of the Southwest Pacific ocean circulation and climate has been

built. The characterisation of the fluctuations of the currents and water masses along the

boundary provides new information that is of great value for developing regional climate

models seeking to assess the role of WBCs in climate projections. Furthermore, it has

enhanced our understanding of the strength of the transport fluctuations at different

time scales and the places in the western boundary region east of New Zealand where

there are links between the currents and the winds.
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