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EPIGRAPH

You’ll be probably frightened at times, scared, worried. You’ll hate it, you’ll absolutely despise
the fact that you’re involved and when you get to the finish, you’ll know why: because there’s
nothing like it.

— Sir Peter Blake
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The subtropical western boundary currents (WBCs) in the upper-ocean and deep western

boundary currents (DWBCs) in the deep-ocean are large-scale ocean currents located on the

western side of the world’s major ocean basins. These currents redistribute oceanic mass and

heat around the globe and exert a sizeable influence on climate variability. However, due to

their complexity, both WBCs and DWBCs are difficult to observe across multiple time and

space scales. This dissertation therefore sets out to explore WBC and DWBC variability, and

the impacts of this variability, from seasonal to multi-decadal and from local to basin scales. To

achieve this goal, a suite of complementary global ocean observing platforms is used to study
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the Agulhas Current in the Indian Ocean, and the East Australian Current (EAC), Kuroshio, and

Southwest Pacific Basin DWBC in the Pacific Ocean.

Chapter 1 examines transport trends and seasonality in the Agulhas Current, EAC, and

Kuroshio. Over the 16-year time series – longer than most other time series of subsurface WBC

velocity – a decreasing trend in Kuroshio transport was found. There were no significant trends

in Agulhas Current or EAC transport.

Chapter 2 examines the occurrence of subsurface marine heatwaves (MHWs) along a

transect intersecting the Kuroshio and Kuroshio Extension. Using a novel 30-year synthetic

temperature time series, subsurface MHWs were found to occur significantly more often during

El Niño periods due to a strengthening of the Kuroshio Extension and its Southern Recirculation

Gyre. This was a surprising result given that surface MHW occurrence along the transect is not

influenced by El Niño.

Lastly, Chapter 3 examines flow pathways, turbulent mixing, and seasonality in the

Southwest Pacific Basin DWBC. Deep Argo observations confirmed the existence of a previ-

ously hypothesised cyclonic circulation over the Kermadec Trench. While, inside the northern

Kermadec Trench, seasonal heaving within the DWBC was discovered to be driven by local

Ekman pumping at the surface. Finally, the deep-ocean salinity maximum was eroded as the

DWBC exited the Kermadec Trench to the north, thus revealing the Louisville Seamount Chain

collision zone as a previously unidentified region of enhanced deep-ocean mixing.
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Chapter 0

Introduction

We can think of ocean currents as the arteries and veins of the climate system. Much like

our arteries and veins transport blood around our body and help regulate our body temperature,

these ocean currents – or oceanic arteries – transport large amounts of water and heat around

the ocean and help regulate the global temperature. In this dissertation, I have focussed on a

subsection of these ocean currents – western boundary currents (WBCs) – that are located along

the ocean’s western boundaries.

The location of these WBCs can be explained by conservation of potential vorticity (Q):

Q =
f +ζ

H

where f is planetary vorticity, ζ is relative vorticity, and H is water column height (Colling

et al. 2001; Talley et al. 2011). In the subtropics, surface winds induce Ekman pumping that

compresses the water column beneath the Ekman layer. As ζ is small in the ocean interior, this

decrease in H must be balanced by a decrease in the magnitude of f , thereby resulting in an

equatorward interior flow and a corresponding poleward return flow along an ocean boundary.

This poleward return flow must occur at the western boundary as, using the Southern Hemisphere

as an example and assuming constant H, a water parcel moving poleward has decreasing (more

negative) f and therefore increasing ζ . The negative ζ input required to oppose this increase in

ζ can be produced by coastal friction at the western boundary, but not at the eastern boundary.
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Similarly, in the deep-ocean, interior upwelling lifts the thermocline (i.e. H increases) which

causes a poleward interior flow (i.e. magnitude of f increases) and a corresponding equatorward

return boundary flow. As in the upper-ocean, this equatorward return flow must occur at the

western boundary.

The subtropical WBCs are therefore poleward-flowing currents that redistribute oceanic

mass and heat from low-latitudes to mid-latitudes. In doing so, these currents release heat and

moisture to the atmosphere and thus exert a substantial influence on regional weather and climate

(Bond and Cronin 2008; Minobe et al. 2008; Nakamura et al. 2008; Njouodo et al. 2018; Nonaka

and Xie 2003; Qiu et al. 2014; Sasaki et al. 2012; Sugimoto et al. 2021). Furthermore, changes

in these currents, as is expected under a warming climate (Oliver and Holbrook 2014; Sen Gupta

et al. 2021; Yang et al. 2016), impact extreme climate variability. For example, intensification

or changes in the path of WBCs can influence local sea-level (Archer et al. 2017; Diabaté et al.

2021; Ezer et al. 2013; Holbrook et al. 2011; Nhantumbo et al. 2020; Sasaki et al. 2014) and

produce advection-driven marine heatwaves (Elzahaby et al. 2021; Li et al. 2020; Oliver et al.

2017, 2021). These impacts, and more, mean that WBCs often hold cultural, economic, and

climatic importance for nearby countries (Ando et al. 2021).

The Deep Western Boundary Currents (DWBCs) lie much deeper in the ocean, thousands

of metres below the sea surface. These currents transport cold, dense waters away from their

high-latitude formation regions, filling the deep and abyssal ocean (Johnson 2008; Stommel

and Arons 1959a). DWBCs are therefore a critical component of the meridional overturning

circulation that redistributes heat, salt, carbon, nutrients, and oxygen around the globe (Sloyan

et al. 2013; Talley 2013). However, the waters transported by these currents are initially formed

near the surface. Cooling and brine rejection around Antarctica, and cooling and deep convection

in the northern North Atlantic, increase the density of surface waters which then descend into

the deep-ocean to form deep and bottom waters (Talley 2013; Talley et al. 2011). The properties

of these deep and bottom waters are therefore influenced by climatic conditions at the time and

location of their surface formation. As such, changes in deep and bottom water properties –
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caused by changes in climate – are advected into the deep-ocean by DWBCs, impacting ocean

heat uptake, dissolved oxygen content, sea level, and carbon storage (Desbruyères et al. 2016;

Gunn et al. 2023; Kouketsu et al. 2011; Purkey and Johnson 2010, 2013; Purkey et al. 2019;

Sloyan et al. 2013).

The oceanographic community therefore considers WBCs to be a crucial area of study

(e.g. Ayoub et al. 2024; Morris et al. 2021; Savidge et al. 2024). However, WBCs are difficult to

observe over multiple time and space scales due to their complex nature and substantial variability.

As such, few long-term measurements of their subsurface structure exist (e.g. Liu et al. 2021;

Oka et al. 2018; Ridgway et al. 2008; Wei et al. 2015). Mooring arrays can provide the highest

temporal resolution measurements over the full vertical extent of a WBC, but these arrays are

typically restricted to a few years at most and may not capture the entire width of the current

(e.g. Beal et al. 2015; Bryden et al. 2005; Lee et al. 2001; Mata et al. 2000; Sloyan et al. 2016).

Developing long-term WBC time series therefore often requires combining complementary

ocean observing platforms (e.g. Beal and Elipot 2016; Goes et al. 2020; Lee et al. 2001; Ridgway

et al. 2008; Zilberman et al. 2018).

Observing DWBCs is even more challenging. Extremely high pressures and frigid waters

make it difficult to maintain high-quality measurements thousands of metres deep, with sensor

drift rather common (e.g. Watts and Kontoyiannis 1990). Additionally, profiling instruments

must be able to operate across large temperature and pressure gradients and withstand repeated

pressure cycling (e.g. Roemmich et al. 2019b). Shipboard measurements, such as those from

quasi-decadal repeat hydrographic surveys, have typically been used to study the deep-ocean

(Sloyan et al. 2019). However, deep-ocean observations are sparse, with less than 10% of

historical non-Argo temperature and salinity profiles extending below 2000-dbar (Roemmich

et al. 2021). Deep-ocean moorings have also been deployed, but only in a limited number of

locations for short periods of time (e.g. Meinen et al. 2017; Rudnick 1997; Voet et al. 2016;

Whitworth III et al. 1999). DWBCs are therefore one of the least observed large-scale circulation

features in the global ocean.
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Nevertheless, the ability to observe WBCs beneath the sea surface and over long time

periods is invaluable in helping to better understand WBC variability and dynamics, and in iden-

tifying how this variability impacts society at the ocean’s western boundaries. Such subsurface

observations are also crucial for verifying the representation of WBCs in the ocean and climate

models used to project future changes. Developing a sustainable global ocean observing system

is therefore one of the key challenges of the 2021–2030 United Nations Decade of Ocean Science

for Sustainable Development (Challenge 7; Miloslavich et al. 2024).

In this dissertation, I have studied four different WBCs – the Agulhas Current, East

Australian Current, and Kuroshio in the upper-ocean (shallower than 2000-m), and the Southwest

Pacific Basin DWBC in the deep-ocean (deeper than 2000-m) – to address the following research

questions:

• Are projected changes in WBC transport evident in long-term observations?

• Have conflicting warming and weakening trends within the Kuroshio caused any long-term

changes in subsurface MHW occurrence?

• Do patterns of large-scale climate variability, such as the El Niño-Southern Oscillation,

influence MHW occurrence in the Kuroshio Extension?

• Does the Southwest Pacific Basin DWBC exhibit a cyclonic recirculation over the entire

Kermadec Trench?

• Is seasonality evident within the Southwest Pacific Basin DWBC?

• Can observations from Deep Argo floats be used to identify deep-ocean mixing hotspots?

To conduct this research, I utilised a suite of global ocean observing systems – including

the High-Resolution eXpendable BathyThermograph network (Goni et al. 2019), Argo program

(Wong et al. 2020; Zilberman et al. 2023c), and satellites (Huang et al. 2021; Taburet et al. 2019)

– alongside output from an eddy-resolving ocean reanalysis (Lellouche et al. 2021).
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In Chapter 1 (Chandler et al. 2022a), I examined transport trends and seasonality in

the Agulhas Current, East Australian Current, and Kuroshio using 16-year time series of cross-

transect absolute geostrophic velocity between the surface and 1975-m deep. In Chapter 2 (in

prep), I examined the occurrence of subsurface marine heatwaves in the upper 800-m using a 30-

year subsurface temperature time series along a transect intersecting the Kuroshio and Kuroshio

Extension. Finally, in Chapter 3 (Chandler et al. 2024), I examined flow pathways, turbulent

mixing, and seasonality in the Southwest Pacific Basin DWBC using recent observations from

Deep Argo floats that profile between the sea surface and 6000-m deep. The dissertation is

concluded in Chapter 4.
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Chapter 1

Seasonal To Decadal Western Bound-
ary Current Variability From Sustained
Ocean Observations

1.1 Abstract

Subtropical western boundary currents (WBCs) exert a substantial influence on regional

climate. To improve WBC observations on seasonal-to-decadal timescales, and characterise their

subsurface structure to 1975-m depth, we combine high-resolution expendable bathythermograph,

Argo, and satellite altimetry observations in the Agulhas Current, East Australian Current, and

Kuroshio. The resulting 16-year time series (2004–2019) show a weakening trend in Kuroshio

transport, but no trend in Agulhas Current transport or East Australian Current transport. All

three WBCs have stronger transport in summer, driven mostly by changes in current speed rather

than current width. This unique subsurface view of WBC variability reveals changes in the

path of the Kuroshio Extension on interannual timescales, and eddy variability in the Agulhas

Current. Our work highlights how this application of a consistent methodology to combine

complementary ocean observations allows for an unprecedented direct comparison of variability

between WBCs.
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1.2 Plain Language Summary

Western boundary currents are major ocean currents located on the western side of the

world’s oceans. These currents transport warm water towards the poles, which influences regional

weather and climate. However, despite their importance, the fast speeds, high variability, and

narrow width of these currents makes them difficult to observe. Here we examine the western

boundary currents of the Indian Ocean (Agulhas Current) and Pacific Ocean (East Australian

Current and Kuroshio) using measurements from three different ocean observing networks. The

same method is applied to each current, allowing us to compare variability in the three currents.

Between the start of 2004 and end of 2019 we find that transport of water has decreased in the

Kuroshio but has not changed in the Agulhas or East Australian Current. We find changes in the

path of the Kuroshio on interannual time scales, and shorter and irregular changes in the path of

the Agulhas. On annual time periods, all three currents transport more water in summer than

winter, which is related to faster speeds during the summer. These long subsurface time series

can help us better understand how western boundary current variability impacts society at the

western boundaries of the ocean.

1.3 Introduction

The subtropical western boundary currents (WBCs) are strong, poleward-flowing currents

located on the western side of the major ocean basins (Figure 1.1). They redistribute oceanic

mass and heat from low- to mid-latitudes and are vital in the release of heat and moisture to

the atmosphere (Cronin et al. 2010; Hu et al. 2015), which influences weather patterns and

regional climate (Minobe et al. 2008; Nakamura et al. 2008; Njouodo et al. 2018; Qiu et al. 2014;

Sugimoto et al. 2021). Furthermore, changes in these currents impact extreme climate variability.

Intensification or changes in the path of WBCs can produce advection-driven marine heatwaves

(Oliver et al. 2017, 2021), likewise, variability in WBC strength and proximity to the coast are

correlated with local sea-level variability (Archer et al. 2017; Diabaté et al. 2021; Ezer et al.
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2013; Holbrook et al. 2011; Nhantumbo et al. 2020; Sasaki et al. 2014).

WBCs are expected to change under a warming climate (Oliver and Holbrook 2014;

Sen Gupta et al. 2021; Yang et al. 2016). Most recently, Sen Gupta et al. (2021) project decreased

Kuroshio, Gulf Stream, and Agulhas Current transport, and increased transport in the Brazil

Current and extension regions of the East Australian Current (EAC) and Agulhas. However,

challenges associated with measuring these currents across multiple time and space scales

can cause large uncertainties, even in present-day conditions. Producing long-term transport

estimates of these narrow, fast, and highly variable WBCs from a single observing platform

is often not feasible. Mooring arrays provide the highest resolution measurements over the

full vertical extent of WBCs, but are typically restricted to only a few years and do not always

capture the full width of WBCs (e.g. Beal et al. 2015; Bryden et al. 2005; Lee et al. 2001; Mata

et al. 2000; Sloyan et al. 2016). On the other hand, broadscale observing systems used in the

ocean interior - such as Argo - do not adequately sample these narrow and swift WBCs (Riser

et al. 2016; Send et al. 2010). Developing WBC time series therefore often requires combining

complementary observing platforms (e.g. Beal and Elipot 2016; Goes et al. 2020; Lee et al. 2001;

Liu et al. 2021; Ridgway et al. 2008; Zilberman et al. 2018).

In this study, we examine and compare seasonal-to-decadal variability in the WBCs

of the Pacific Ocean (Kuroshio and EAC) and Indian Ocean (Agulhas Current) (Figure 1.1).

Complementary High-Resolution eXpendable BathyThermograph (HR-XBT), Argo, and satellite

altimetry observations are combined over their shared 2004–2019 period to produce cross-transect

geostrophic velocity estimates down to 1975-m depth at 1 month and 0.1◦ longitude resolutions

(section 1.4). These estimates allow us to characterise the subsurface velocity structure over a

longer time period than afforded by most other subsurface observations of WBCs. In addition,

because a consistent methodology is used, variability is directly comparable between the WBCs.

We examine the transport mean, trend, and annual cycle for each WBC, along with variability in

the location of each WBC (section 1.5).
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Figure 1.1. (a) 2004–2018 mean dynamic height at the surface relative to 1975-dbar from
Argo (Roemmich and Gilson 2009), HR-XBT nominal transects (black), and associated western
boundary currents (blue). Abbreviations are: AC - Agulhas Current; ARC - Agulhas Return
Current; EMC - East Madagascar Current; EAC - East Australian Current; EACx - East Australian
Current Extension; TF - Tasman Front; Ku - Kuroshio; KE - Kuroshio Extension. (b–d) 2004–
2019 mean depth-integrated (0–1975-m) absolute geostrophic velocity across mean HR-XBT
transects (b) IX21, (c) PX30, and (d) PX40. Depth contours are 200-m (green), 1000-m (blue-
green), and 2000-m (blue). Izu Ridge (referred to in the text) is labelled in (d).

1.4 Data and Methods

1.4.1 Data

HR-XBT transects are occupied nominally four times a year and measure temperature to

roughly 860-m depth with horizontal resolution of 6–10-km in WBC regions and 25–50-km in

the ocean interior (Goni et al. 2019). The Agulhas Current is sampled by IX21 between Durban,

South Africa and Port Louis, Mauritius; the EAC by PX30 between Brisbane, Australia and Suva,

Fiji; and the Kuroshio by PX40 between Yokohama, Japan and Honolulu, Hawai’i (Figure 1.1).

For each transect, temperature was objectively mapped onto 10-m depth intervals from 0–800-m

and 0.1◦ intervals in longitude (Roemmich 1983; Zilberman et al. 2018). Corresponding salinity

data was obtained using temperature-salinity relationships based on Argo data (Zilberman et al.

2018) and mapped at the same 0.1◦ resolution as the objectively mapped temperature. Argo
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profiles to 1975-m depth were used for temperature and salinity (TS) profiles, and Argo trajectory

velocities (Scanderbeg et al. 2019) were used to provide reference velocities at 1000-m depth.

We also used the 2004–2018 mean Argo TS 1/6◦×1/6◦ gridded climatologies (Roemmich and

Gilson 2009). The satellite altimetry product used was the daily-mean sea-level anomaly (SLA)

1/4◦×1/4◦ gridded product (Taburet et al. 2019). All data sets were for 2004–2019, covering the

period since global Argo coverage was first achieved.

1.4.2 Computing Velocity Estimates

The method used to compute the velocity estimates was based on Zilberman et al. (2018),

which the reader is referred to for complete details. Nominal transects (Figure 1.1) were deter-

mined as the linearised average of the 2004–2019 HR-XBT transects. The difference between

Argo TS climatologies along individual HR-XBT transects and along the nominal transect were

added to HR-XBT TS to produce corrected TS along the nominal transect. Corrected transects

were extended from the reference depth (zre f ) to 1975-m depth using the linear regression

(Ridgway and Godfrey 1997; Zilberman et al. 2018):

h(z/1975)−h(z/zre f )≈ m(zre f ) ·Tzre f + c(zre f ), 0 ≤ z ≤ zre f (1.1)

h(z/1975)≈ m(z) ·Tzre f + c(z), zre f < z (1.2)

where m and c are the regression coefficients, determined using Argo profiles within ±1.5◦

latitude of the nominal transect that extend to at least 1975-m depth; Tzre f is the temperature

at zre f ; and h(z/z1) is the steric height (h) at depth z relative to depth z1. For each transect,

zre f (800-m for IX21 and PX30, 600-m for PX40) was selected based on where maximum

correlations occurred between h and Tzre f from Argo profiles (profile-averaged r > 0.8 for all

three transects). Steric height was then adjusted to be relative to 1975-m or the bottom depth if

shallower (zb) using bathymetry from Smith and Sandwell (1997).

To obtain monthly estimates of h, daily-mean SLAs were interpolated onto the nominal
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transect and the time-mean and trend over the HR-XBT measurement period (2004–2019 for

IX21 and PX30, 2012–2019 for PX40; Figure 1.2) were removed to obtain the SLA temporal

anomaly (SLA′). Daily-mean SLA′ was averaged over 7 days centered on the HR-XBT WBC

sampling date. The h time-mean and trend at each coordinate (x) and depth were removed to

obtain the h temporal anomaly (h′). A linear regression was calculated between h′ and the 7-day

average SLA′ (Zilberman et al. 2018):

h′(z/zb)(x)≈ m(x,z) ·SLA′(x)+ c(x,z) (1.3)

to obtain the regression coefficients m and c. Using these regression coefficients, equation 1.3

was applied to monthly-averaged SLA′ to obtain monthly estimates of h′, which then had the

h trend added back in over the HR-XBT measurement period and h time-mean added back in

over 2004–2019. For PX40, where the HR-XBT record is shorter (Figure 1.2c), our transport

estimates compared favourably with observations from the Kuroshio Extension System Study

(Donohue et al. 2008, 2010) over June 2004 – October 2005 (Figure A1.1) when PX40 was not

occupied. This favourable comparison provides confidence in our methodology.

Cross-transect geostrophic velocity (vg) was calculated from the thermal wind relation

(e.g. Gill 1982) relative to a level of no motion at zb. Argo trajectory velocities (Scander-

beg et al. 2019) at the nominal parking depth of 1000±100-dbar were used to obtain estimates

of cross-transect absolute geostrophic velocity (v) by referencing vg to this level of known motion:

v(z,x, t) = vg(z,x, t)− vg(1000,x)+ v⊥(x) (1.4)

where t is time, the overbar represents the 2004–2019 time-average, and v⊥ is the component of

the Argo trajectory velocity perpendicular to the nominal transect. Velocities were referenced

to the bathymetry in regions shallower than 1000-m. Mean Argo trajectory velocities were

computed using 1/2◦ longitude × 3◦ latitude bins centered on the nominal transect (Zilberman

et al. 2018). Because WBCs tend to follow the bathymetry near the coast, bins were aligned
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parallel to the 1000-m isobath in WBC regions. Offshore of the WBCs, in the ocean interior,

bins were meridionally oriented. The relatively sparse (Figure A1.2) and noisy Argo trajectory

velocity data dominates the uncertainty, hence it was not possible to employ a time-varying v⊥

and v uncertainties were assigned based on the standard error of v⊥. Our transport estimates

for transects PX40 (Figure A1.1) and PX30 (Figure A1.3) were validated against independent

measurements.
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Figure 1.2. Longitude-time Hovmöller plots of depth-integrated (0–1975-m) absolute
geostrophic velocity for the western section of HR-XBT transects (a) IX21, (b) PX30, and
(c) PX40 sampling the Agulhas Current, East Australian Current (EAC), and Kuroshio respec-
tively. Negative values (blue) indicate southward flow. Yellow and black lines identify the core
and offshore edge of the western boundary current. Filled circles on the right indicate the dates
of HR-XBT transects. Low depth-integrated velocities near 160◦E (PX30) are due to a shallow
seamount (Figure 1.1c).

1.4.3 Metrics of WBC Variability

Four metrics were used to compare WBCs: core longitude, core depth-integrated velocity,

offshore edge deviations, and WBC transport (Figure 1.2). To compute these metrics, v was

depth-integrated (0–1975-m) then smoothed along-transect using a triangle filter with size chosen

based on the deformation radius in each region (LaCasce and Groeskamp 2020). The WBC core
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was defined as where poleward depth-integrated velocities were maximum. The offshore edge

was defined as where depth-integrated velocities changed from poleward to equatorward moving

offshore from the WBC core. Offshore edge deviations were used, rather than WBC width, as

nominal transects are not necessarily perpendicular to the WBC flow (Figure 1.1). The inshore

edge was defined as the western edge of the transect. WBC transport (Figure A1.4) was the

depth-integrated velocity horizontally integrated between the inshore and offshore edges. The

uncertainty on the time-mean WBC transport was assessed using the v⊥ standard error out to

the mean offshore edge. To compute annual cycles, time series were smoothed using a 3-month

boxcar filter (Figure A1.4) and an average monthly climatology was formed. Annual cycle

uncertainties are the standard error of the monthly mean. Significance levels were computed

using an effective degrees of freedom determined from an integral time scale (Chapter 3 in

Thomson and Emery 2014).

1.5 Results and Discussion

1.5.1 Mean Transport and Trends

Time-mean WBC transport between 0–1975-m over 2004–2019 was −45.0± 5.2 Sv

(1 Sv ≡ 1× 106 m3 s−1) for the Agulhas, −20.9± 1.8 Sv for the EAC, and 69.8± 8.2 Sv for

the Kuroshio (Figures 1.3a–c). Our EAC estimate is comparable to nearby shorter period

observations in the upper 2000-m of −19.5±2.0 Sv at PX30 over 2004–2015 (Zilberman et al.

2018), −22.1±7.5 Sv near 27◦S over 2012–2013 (Sloyan et al. 2016), and −23.67 Sv at 30◦S

over 1991–1993 (Mata et al. 2000). Our Agulhas cross-transect transport estimate is smaller than

the upper 2400-m transport estimate of −76.2 Sv made using direct current measurements near

31◦S over a 9-month period in 1995 (Bryden et al. 2005). IX21 is located over a wider section

of the continental shelf (Figure 1.1b) where, during 2004–2019, both Argo trajectory velocities

and satellite altimetry surface geostrophic velocities were weaker than the stronger and more

coherent poleward velocities associated with the Agulhas Current at the location of the Bryden
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et al. (2005) mooring array (not shown). In the Kuroshio south of Japan, around 32◦N, 133◦E, a

comparable full-depth transport of 65±4 Sv was found over 1993–1995 (Book et al. 2002).

Trends in the raw monthly transport time series over 2004–2019 were only significant (at

the 95% confidence interval) in the Kuroshio, which showed a weakening poleward transport

(−1.20± 0.36 Svyr−1; Figure A1.4c) with contributions from both a weakening core depth-

integrated velocity (−4.66±2.64 m2 s−1 yr−1) and a narrowing of the offshore edge (−3.27±

1.97 kmyr−1). Wang et al. (2016) and Liu et al. (2021) also observed a weakening Kuroshio

(upstream of Japan) over earlier 1993–2013 and 1998–2013 periods, respectively. This decreasing

Kuroshio transport over recent decades has been hypothesised to be caused by a weakening of

the negative North Pacific wind stress curl (Liu et al. 2021; Wang et al. 2016) which propagates

baroclinic signals into the Kuroshio region, causing a shallower offshore pycnocline depth

and relaxation of the pycnocline gradient across the Kuroshio (Liu et al. 2021; Sugimoto

et al. 2010). Examination of our velocity trends over 2004–2019 (Figure A1.5) suggests that the

offshore region of the poleward-flowing Kuroshio has experienced the largest decrease in velocity,

consistent with this proposed mechanism. However, as these winds are known to demonstrate

multi-decadal variability (Sugimoto et al. 2010; Trenberth et al. 2014) it is uncertain whether

the recent decreasing transport trend will continue over future decades. EAC transport showed

no significant trend (0.03±0.19 Svyr−1; positive trend indicates weakening) which could be

due to competing influences from a strengthening core depth-integrated velocity (−4.14±1.24

m2 s−1 yr−1) and narrowing of the offshore edge (−2.78±1.54 kmyr−1). No other observational

EAC transport trends have been published in the literature. However, modelling studies have

examined past and future trends and suggest increased transport in the southern EAC and EAC

extension (i.e. downstream of PX30) that is driven by strengthening of the positive South Pacific

wind stress curl south of where the EAC separates from the coast, and a largely unchanged wind

stress curl to the north (Cetina-Heredia et al. 2014; Oliver and Holbrook 2014). Agulhas transport

also showed no significant trend (−0.21±0.37 Svyr−1; negative trend indicates strengthening).

Beal and Elipot (2016) found a non-significant transport trend downstream of IX21 over 1993–
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2015, concluding that the Agulhas was instead broadening due to increased eddy activity. We

also found a significant broadening trend in the Agulhas offshore edge (3.38±3.19 kmyr−1) at

IX21, suggesting that this broadening may be happening over the length of the Agulhas Current.

1.5.2 Annual Cycles

All three WBCs demonstrate a significant transport annual cycle (Figures 1.3a–c), ac-

counting for 14%, 25%, and 23% of the variance in the Agulhas, EAC, and Kuroshio respectively.

In the southern hemisphere, the Agulhas and EAC are stronger in the austral summer and weaker

in the austral winter. Agulhas transport peaks in March (−48.6±1.7 Sv) and is minimum in

September (−41.4±1.5 Sv). EAC transport peaks in January (−23.6±0.8 Sv) and is minimum

in July (−17.7±0.7 Sv). Other studies have shown comparable timing of the transport annual

cycle in both the Agulhas (e.g. Beal and Elipot 2016; Beal et al. 2015) and EAC (e.g. Kerry and

Roughan 2020; Ridgway and Godfrey 1997; Zilberman et al. 2018). The smaller amplitude at

IX21 than observed further downstream (Beal and Elipot 2016; Beal et al. 2015) suggests that the

amplitude of the Agulhas transport annual cycle increases poleward. In the northern hemisphere,

the Kuroshio is stronger in the boreal summer, peaking in September (74.7±2.6 Sv), and weaker

in the boreal winter, with a minimum in March (64.8±2.5 Sv). Stronger transport in summer has

been observed in the upstream Kuroshio (e.g. Gilson and Roemmich 2002; Lee et al. 2001; Wei

et al. 2015; Zhu et al. 2017), though often with minimum transport in autumn (Lee et al. 2001;

Wei et al. 2015; Zhu et al. 2017). Observations of the Kuroshio annual cycle near PX40 have not

been published before and we find a much larger amplitude than observed further upstream in the

Kuroshio. The different timing of the annual cycle minimum compared to further upstream may

be linked to PX40’s location east of Izu Ridge (Figure 1.1d) which blocks barotropic Rossby

waves propagating westward from the ocean interior (Lee et al. 2001).

All three WBCs also demonstrate a significant annual cycle in core depth-integrated

velocity (Figures 1.3d–f), accounting for 15%, 26%, and 33% of the variance in the Agulhas,

EAC, and Kuroshio respectively. The timing of these annual cycles are consistent with those for
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WBC transport, with poleward core depth-integrated velocity at a maximum (minimum) in April

(October) in the Agulhas, January (July) in the EAC, and August (February) in the Kuroshio.

In contrast, annual cycles are not clear in the offshore edge deviations (Figures 1.3g–i). The

offshore edge of the Agulhas and Kuroshio hint at an annual cycle but remain close to the mean

for almost all months and the annual cycles are not significant, with each explaining only 4% of

the variance. The EAC offshore edge demonstrates a significant quasi semiannual cycle, with

an offshore maximum in February and onshore maximum in October, that explains 13% of the

variance.
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Figure 1.3. Annual cycles in the Agulhas Current (left), East Australian Current (EAC, middle),
and Kuroshio (right) for: (a–c) western boundary current transport (positive values northward);
(d–f) core depth-integrated velocity (positive values northward); (g–i) offshore edge deviations
(positive values eastward). Shading is ±1 standard error. Dashed line is the 2004–2019 mean.

Similarities between the WBC transport and core depth-integrated velocity annual cycles,

and the lack of any clear annual cycle in offshore edge deviations, suggest that, for all three

WBCs, seasonality in WBC transport is driven more by corresponding changes in the speed of

the WBC core rather than the width of the WBC. In other words, when the core of the WBC is

flowing faster in the summer, the volume transport of the WBC is larger. The converse is true in

winter. Whether the similar transport annual cycles are driven by similar forcing mechanisms
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remains unclear. In the Agulhas, the transport annual cycle is driven by baroclinic adjustment

to near-field winds, with the wind-driven barotropic component small (Hutchinson et al. 2018).

In the Kuroshio, the annual cycle of velocity above 500-m is dominated by local wind stress,

with wind stress curl west of the Izu Ridge (Figure 1.1d) controlling the barotropic response

(Lee et al. 2001; Zhang et al. 2021). The relationship between the EAC annual cycle and wind

forcing remains poorly understood (Kerry and Roughan 2020), although given the similarities in

the annual cycles between the three WBCs we may expect local wind stress to be important.

1.5.3 Temporal Variability in the Location of the WBC

Large offshore displacements in the core of the Agulhas Current occurred irregularly at

IX21 (Figure 1.2a). Following previous studies (e.g. Elipot and Beal 2015; Krug and Tournadre

2012; Leber and Beal 2014; Rouault and Penven 2011), we defined Natal Pulses (NPs) as when

the core longitude meandered offshore by more than 1 standard deviation from the mean (Figure

1.4a). The SLA composite for months in which NPs were identified (Figure 1.4e) shows an

anomalous cyclonic circulation near the coast and an anomalous anticyclonic circulation offshore.

Twenty-one NPs were identified over the 16-year record, varying between 0–3 events per year

and with an average of 1.3 per year. This rate is slightly lower than the average of 1.5–2 per year

further downstream (Elipot and Beal 2015; Krug and Tournadre 2012; Rouault and Penven 2011),

but slightly higher than the approximately 1 per year near IX21 (Rouault and Penven 2011). Our

velocity cross-section composites at IX21 (Figures 1.4b–d) show poleward flow in the Agulhas

is stronger and closer to the coast under normal conditions (maximum poleward velocity of

0.66 ms−1; Figure 1.4c) compared to when a NP is present (maximum poleward velocity of

0.51 ms−1; Figure 1.4b). In the NP composite (Figure 1.4b) there are two separate cores with

poleward velocities greater than 0.1 ms−1 down to 950-m depth. This two-core structure is likely

an artefact of the monthly sampling resolution, as any given month may experience both NP and

non-NP conditions. For example, Elipot and Beal (2015) found NPs took between 23–44 days to

cross their mooring array. The surface-intensified recirculation centered around 36◦E is likely
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tied to the anticyclonic surface anomaly (Figure 1.4e). Under normal conditions (Figure 1.4c),

poleward velocities greater than 0.1 ms−1 reached 1000-m depth.

Figure 1.4. (a) Monthly time series of Agulhas Current core longitude. Dashed line indicates +1
standard deviation from the mean. (b) Absolute cross-transect geostrophic velocity composite
for Natal Pulse (NP) events. Negative velocities are poleward. (c) As in (b) but for non-NP
periods. (d) Difference between the two composites (NP minus non-NP). Hatching indicates
where differences are not significant at the 95% confidence level. For (b–d) the black contour
denotes 0 ms−1 and the solid and dashed grey contours are at intervals of +0.1 and −0.1 ms−1.
(e) Composite of monthly sea level anomaly (SLA) for NP months. The black line is the IX21
nominal transect and the yellow marker the mean location of the Agulhas Current core. The
white SLA contour denotes 0-m and the solid and dashed black SLA contours are at intervals of
+0.05-m and −0.05-m.

In the North Pacific, the Kuroshio-Kuroshio Extension (KE) system is known to vary

between dynamically stable and unstable states on decadal time scales due to a negative feedback

with the North Pacific wind stress curl (Qiu and Chen 2005, 2010; Qiu et al. 2020, 2014). Qiu

et al. (2014) introduced the Kuroshio Extension Index (KEI; Figure A1.6), which uses satellite

altimetry to provide a single measure of this low frequency variability in the KE. Satellite

observations suggest that the Kuroshio typically passes through a gap in the Izu Ridge (Figure

1.1d) closer to the coast during a stable dynamic state (positive KEI) and over the ridge further

offshore during an unstable dynamic state (negative KEI) (Qiu and Chen 2005). Our composites
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of the velocity cross-section at PX40, downstream of the Izu Ridge, show that the structure of

the poleward-flowing Kuroshio is similar during both positive and negative KEI states (Figure

1.5). These similarities are indicative of the convergence of the different Kuroshio pathways

downstream of the Izu Ridge (Kawabe 1995). Likewise, both WBC transport and maximum

poleward velocities were statistically similar (at the 95% confidence level) between the two

composites (70.5 Sv and 0.89 ms−1 for the positive KEI compared to 72.9 Sv and 0.83 ms−1 for

the negative KEI). The largest differences occurred further offshore, with significantly stronger

equatorward velocities between 144.05–145.05◦E and poleward velocities between 145.85–

147.45◦E in the negative KEI composite (Figures 1.5b and 1.5c). In an unstable dynamic state

the KE is located further south, therefore closer to PX40, and exhibits greater meandering (Qiu

and Chen 2010; Qiu et al. 2014). As such, meanders in the KE more readily intersect PX40. The

opposite occurs during a stable dynamic state.

Figure 1.5. (a) Absolute cross-transect geostrophic velocity composite for periods when the
Kuroshio Extension Index (KEI) is positive (> 1

2σ ). Positive velocities are poleward. (b) As
in (a) but for negative KEI (< −1

2σ ). (c) Difference between the two composites (positive
minus negative). Hatching indicates where differences are not significant at the 95% confidence
level. For (a–c) the black contour denotes 0 ms−1 and the solid and dashed grey contours are at
intervals of +0.1 and −0.1 ms−1.
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In contrast to both the Agulhas and Kuroshio, the location of the EAC core (Figure 1.2b)

was relatively stable at the location of PX30 which coincides with where the EAC jet is most

coherent (Kerry and Roughan 2020).

1.6 Conclusions

We examined seasonal-to-decadal variability in the subsurface signature of the Agulhas

Current, EAC, and Kuroshio using 16-year time series produced from sustained ocean observa-

tions. Few other observational studies of these WBCs span time periods of a similar length or

longer (e.g. Beal and Elipot 2016; Liu et al. 2021; Oka et al. 2018; Ridgway et al. 2008; Wei

et al. 2015). Uniquely, our application of a consistent methodology permits direct comparison of

velocity and transport variability in the upper 1975-m of WBCs. Given the sparse distribution

of Argo data, we are unable to resolve any trends or variability in the barotropic signal using

Argo trajectories and therefore a constant reference level was used. However, the envisioned

increase in Argo sampling density in WBC regions (Roemmich et al. 2019a) may allow for a

time-varying reference level that addresses these limitations in the future.

Decreased Kuroshio transport and no significant change in EAC or Agulhas transport

were observed over 2004–2019. As noted above, there are relatively few long time series that

can provide comparisons with these observed trends. Our time series provide a baseline for

studying future changes and therefore contribute toward addressing this long-term observations

knowledge gap. Transport annual cycles were remarkably similar in all three WBCs, with

poleward transport stronger in the summer and weaker in the winter. Our results suggest that this

summertime transport maximum is driven by an increase in current speed rather than current

width. Importantly, the length of our time series provide enhanced confidence in the robustness

of these observed annual cycles.

Incorporating subsurface observations allows us to expand upon sea surface satellite

observations of variability in the path of WBCs (e.g. Krug and Tournadre 2012; Qiu and Chen
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2005, 2010; Qiu et al. 2014; Rouault and Penven 2011). Observing the vertical structure of

velocity down to 1975-m depth provides context for these satellite altimetry studies as the

subsurface flow is not required to follow the surface expression. Variability in the Agulhas core

longitude was dominated by NPs that occurred at an average rate of 1.3 per year. The subsurface

velocity structure showed that, during NPs, the Agulhas was slower near the coast and faster

offshore, with differences of 0.1 ms−1 as deep as 800-m when compared with normal conditions.

At PX40, the poleward-flowing Kuroshio was found to be similar during both positive and

negative KEI states, however differences in the meandering of the KE were evident further

offshore with 0.1 ms−1 differences also extending to 800-m depth. Variability in WBC location

may influence ocean temperature advection and air-sea interactions, with important implications

for both ocean temperature and regional weather patterns (e.g. Oliver et al. 2021; Sugimoto et al.

2021).

Our work demonstrates the ability of the Zilberman et al. (2018) method to provide a

consistent procedure for examining and comparing subsurface variability in WBCs. The time

series we produced are longer than most other observations in these WBCs and therefore provide

enhanced confidence in the robustness of observed variability. Because the high spatial resolution

observations needed to observe WBCs are provided by HR-XBT transects, which are present

in all ocean basins (Goni et al. 2019), this method can be applied to illuminate variability in

other boundary currents. Furthermore, incorporating autonomous underwater gliders - which

provide sustained and high spatial resolution observations from the surface down to 1000-m

depth (Rudnick 2016; Testor et al. 2019) - in place of HR-XBT transects could allow the method

to be applied in other regions. These long-term observations of WBCs will be important for

studying the impact of WBC variability on, for example, marine heatwaves and local sea-level

variability.
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1.7 Open Research

The HR-XBT data is made available by the Scripps Institution of Oceanography HR-

XBT program (IX21 - http://www-hrx.ucsd.edu/ix15.html; PX30 - http://www-hrx.ucsd.edu/

px31.html; PX40 - http://www-hrx.ucsd.edu/px40.html). The Argo data is collected and made

available by the International Argo Program and the national programs that contribute to it

(https://doi.org/10.17882/42182). The Argo temperature and salinity climatologies are available

from http://sio-argo.ucsd.edu/RG Climatology.html. The satellite altimetry products are available

from the EU Copernicus Marine Service (https://doi.org/10.48670/moi-00148). Bathymetry

data is available through the NOAA National Centers for Environmental Information (https:

//doi.org/10.7289/V5J1012Q). The first surface mode deformation radius dataset is available

from https://figshare.com/articles/dataset/Rossby Deformation Radius/14336759. Data from

the Kuroshio Extension System Study can be accessed through the program websites (http:

//www.po.gso.uri.edu/dynamics/kess/CPIES data.html and https://uskess.whoi.edu/overview/

dataproducts/). Scripts for building the velocity estimates and conducting the analysis are

publicly available at MC’s GitHub (https://github.com/mlchandler/wbc sustained obs). The

velocity time series produced from this research are permanently available through Zenodo

(https://doi.org/10.5281/zenodo.5851311).
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1.A Supplementary Figures for Chapter 1

Figure A1.1. Cross-transect volume transport across transect PX40 between 0–1975-m and
143.95–148.35◦E from our monthly estimates (XAA) and from the Kuroshio Extension System
Study (KESS, 12-hourly and monthly) computed using (a) geostrophic velocity relative to a
level-of-no-motion (LNM) at 1975-m, and (b) absolute geostrophic velocity referenced to a
level-of-known-motion (LKM) determined using Argo trajectories at 1000-m (XAA) and bottom
velocities from current meters (KESS). Positive values are northward.
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Figure A1.2. (a–c) Number of Argo trajectory measurements between 900–1100-dbar each year
in each bin for HR-XBT transects (a) IX21, (b) PX30, and (c) PX40. (d–f) Number of Argo
trajectory measurements between 900–1100-dbar each month over the full 2004–2019 period in
each bin for HR-XBT transects (d) IX21, (e) PX30, and (f) PX40. Bins with no measurements
are coloured white and bins with less than 5 measurements are coloured grey.
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Figure A1.3. (a) Comparison between our monthly estimates of geostrophic volume transport
between 153.75–155.25◦E across transect PX30 (XAA) and total volume transport between
153.77–155.30◦E across a mooring array at 27◦S (IMOS, daily and monthly-averaged). Both
XAA and IMOS transports are computed using velocities normal to transect PX30 between
0–1975-m and relative to a level-of-no-motion (LNM) at 1975-m. Negative values are southward.
Mooring data is from Sloyan et al. (2016). (b) As for (a) but both monthly time series are
smoothed using a 3-month boxcar filter and computed using velocities referenced to a level-
of-known motion (LKM) determined using Argo trajectories at 1000-m (XAA) or from direct
measurements (IMOS).
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Figure A1.4. Time series of monthly western boundary current transport (black) and monthly
western boundary current transport smoothed using a 3-month boxcar filter (blue) between the
surface and 1975-m computed using absolute geostrophic velocities for the (a) Agulhas Current,
(b) East Australian Current, and (c) Kuroshio. Positive transport is northward. Trend (red line
with 95% confidence interval shading) is shown for the Kuroshio, where a significant weakening
transport trend was found (−1.20±0.36 Svyr−1). Transport trends were not significant for the
Agulhas Current or East Australian Current.
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Figure A1.5. Cross-transect absolute geostrophic velocity (a) time-mean and (b) trend over
2004–2019 in the poleward-flowing Kuroshio across transect PX40. Trends are only shown
where they are significant at the 95% confidence interval. Positive values are northward.
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Figure A1.6. Weekly time series of the Kuroshio Extension Index smoothed using a 53-week
boxcar filter. Dashed lines represent ±1

2 standard deviation.
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Chapter 2

ENSO Influences Subsurface Marine Heat-
wave Occurrence In The Kuroshio Exten-
sion

2.1 Abstract

Extreme ocean temperature events, also known as marine heatwaves (MHWs), can have

devastating consequences for ecosystems, communities, and economies. However, the ability

to understand and predict MHWs beneath the sea surface is limited by a scarcity of subsurface

observations. Here, we combined in situ temperature observations from a High-Resolution

eXpendable BathyThermograph (HR-XBT) transect in the Northwest Pacific Ocean with satellite

observations to produce a multi-decadal (1993 to 2022) subsurface temperature time series

with 10-day temporal resolution. This novel time series was used to examine MHWs between

the surface and 800-m deep in the Kuroshio-Kuroshio Extension region east of Japan. The

length of this 30-year time series also permitted exploration of long-term trends and interannual

variability in subsurface temperature. Variability in the Kuroshio-Kuroshio Extension system

is found to exert a strong control on the occurrence of MHWs along this transect. Throughout

the water column, Kuroshio warming drove a significant increase in Kuroshio MHW days per

year. Notably, the largest mean MHW event intensities were observed in the subsurface at every

location along the transect rather than at the surface. Strengthening of the Kuroshio Extension
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and its Southern Recirculation Gyre during El Niño drove a significant increase in subsurface

MHWs where the intensified current system intersected the transect. In contrast, surface MHW

occurrence along the transect was not influenced by the El Niño-Southern Oscillation (ENSO).

Clearly, relying only on sea surface temperature observations does not provide the full picture of

MHWs in this region.

2.2 Plain Language Summary

Marine heatwaves (MHWs) – the ocean equivalent to the atmospheric heatwaves ex-

perienced on land – are periods of unusually warm water. These events have the potential

to cause devastating economic impacts. Although MHWs occur throughout the ocean, most

studies have focussed only on events at the sea surface due to the availability of long-term

satellite measurements. Fewer long-term time series exists beneath the sea surface. Here, we

combined long-term satellite measurements of the surface with repeated subsurface temperature

measurements collected along a shipping route in the Northwest Pacific Ocean to produce a new

temperature time series between the surface and 800-m deep. This multi-decadal time series

was used to examine subsurface MHWs in the Kuroshio and Kuroshio Extension – strong ocean

currents east of Japan. We found that, since 1993, warming temperatures in the Kuroshio have

caused an increase in the number of subsurface MHW days per year. In addition, subsurface

MHWs occurred more often during El Niño conditions due to a strengthening of the Kuroshio

Extension. Knowledge that subsurface MHWs along this route occur more often during El Niño

could aid in designing and implementing MHW adaptation plans.

2.3 Introduction

Marine heatwaves (MHWs) are prolonged periods of anomalously warm water (Hobday

et al. 2016). These events can have devastating consequences for marine ecosystems (Cavole

et al. 2016; Mills et al. 2013; Smale et al. 2019; Smith et al. 2023, 2021). Such extreme ocean
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temperatures can also impact regional weather by influencing surface air temperature, humidity,

winds, and/or precipitation (Pathmeswaran et al. 2022; Sugimoto et al. 2021; Tochimoto and

Iizuka 2022). The potential economic impacts of MHWs can thus reach into the billions of

dollars (Smith et al. 2021).

Due to the extensive spatial and temporal coverage provided by sea surface temperature

(SST) observations, most MHW studies have focussed only on events at the sea surface. Yet SST

variability is often not representative of subsurface temperature variability. Differences between

surface and subsurface temperature arise, in part, because of the different forcing mechanisms

driving temperature variability, and consequently MHWs, at the surface and in the subsurface

(e.g. Elzahaby et al. 2021; Großelindemann et al. 2022; Xu et al. 2024). As such, subsurface

MHWs can occur independently of an anomalous warming signal at the sea surface, and can

have greater intensities compared to surface MHWs (Hu et al. 2021; Schaeffer and Roughan

2017; Schaeffer et al. 2023). Subsurface-intensification is also thought to be a common feature

of surface MHWs in western boundary current (WBC) regions (Elzahaby and Schaeffer 2019;

Zhang et al. 2023). Ecosystem impacts of these MHWs are therefore often amplified at depth

where many commercially-important species are found (e.g. Cai et al. 2020; Mills et al. 2013).

As such, the ability to observe, understand, and predict MHW events below the sea surface is a

priority for the MHW community (Oliver et al. 2021).

In this study, we focus on MHWs in the Kuroshio, the WBC of the North Pacific Ocean.

The Kuroshio holds cultural, economic, and climatic importance for nearby countries (Ando et al.

2021) as it is an important spawning and nursery area for fish (Fujioka et al. 2018; Kitagawa

et al. 2010; Yatsu 2019) and exerts an important influence on regional weather and climate (Bond

and Cronin 2008; Nonaka and Xie 2003; Qiu et al. 2014; Sasaki et al. 2012; Sugimoto et al.

2021). Over recent decades, warming has been observed at the surface along the path of the

Kuroshio (Wang et al. 2016) and in the subsurface at 137◦E (Oka et al. 2017). This warming

has occurred despite a decreasing trend in Kuroshio mass transport (Chandler et al. 2022a; Liu

et al. 2021; Wang et al. 2016), with surface warming instead being driven by warming of source

32



waters (Wang et al. 2016). Surface warming is projected to drive an increase, relative to a fixed

baseline, in surface MHW occurrence within the Kuroshio and Kuroshio Extension over the

course of the century (Kawakami et al. 2024). However, comparable trends in subsurface MHWs

have yet to be demonstrated. The El Niño-Southern Oscillation (ENSO) has also been shown

to influence MHW occurrence in the North Pacific Ocean (e.g. Gregory et al. 2024). Although

recent studies indicate essentially no relationship between ENSO and surface MHW occurrence

in the Kuroshio-Kuroshio Extension region (Gregory et al. 2024; Holbrook et al. 2019; Sen Gupta

et al. 2020), it is unknown whether this same weak relationship extends into the subsurface.

Multi-decadal and high-resolution measurements are essential for observing, under-

standing, and predicting MHWs. Yet such time series are rare in the ocean’s subsurface. The

High-Resolution eXpendable BathyThermograph (HR-XBT) network provides measurements

of ocean temperature between the surface and more than 800-m deep along fixed transects,

with some transects having been occupied for more than 30 years (Goni et al. 2019). These

subsurface temperature observations are at high spatial resolutions (O(1–10)-km), but relatively

low temporal resolutions (nominally four occupations per year). However, HR-XBT and sea

level anomaly (SLA) observations have a close relationship that can be exploited to enhance the

temporal resolution of these subsurface temperature time series (Chandler et al. 2022a; Gilson

et al. 1998; Ridgway et al. 2008; White and Tai 1995; Willis et al. 2003).

Here, we examine the occurrence of subsurface MHWs along a HR-XBT transect inter-

secting the Kuroshio and Kuroshio Extension using a novel 30-year synthetic temperature time

series. This new time series is produced from complementary HR-XBT and satellite observations

(Section 2.4.2). Along the transect, warming trends in the Kuroshio (Section 2.5.1) have led to an

increase in surface and subsurface MHW days per year (Section 2.5.2). The largest mean MHW

intensities and durations along the transect occur at depth (Section 2.5.3). Subsurface MHWs are

more common during El Niño where an intensified Kuroshio Extension intersects the transect

(Section 2.5.4). In contrast, surface MHW occurrence along the transect is not influenced by

ENSO (Section 2.5.4). We conclude in Section 2.6 with a summary and implications of this
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work.

2.4 Data and Methodology

2.4.1 Data

Subsurface temperature observations were obtained from HR-XBT measurements along

transect PX40, which runs between Yokohama, Japan and Honolulu, Hawai’i. This transect

crosses the Kuroshio at approximately 34.5◦N, just south of where the Kuroshio separates from

the coast to form the Kuroshio Extension (Figure 2.1). To focus on the WBC system, only

observations west of 150◦E were used. HR-XBT temperatures were objectively mapped onto

a 10-m depth grid between the surface and 800-m and a 0.1◦ along-transect longitudinal grid

(Roemmich 1983). At the time of this study, PX40 had been occupied 41 times since 2012.

132°E 136°E 140°E 144°E 148°E 152°E
28°N

32°N

36°N

40°N

< -5 km

-4 km
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-2 km

-1 km

0 km

>1 km

Figure 2.1. PX40 nominal transect (thick grey line) overlain on the bathymetry of the northwest
Pacific Ocean. Black contour line is the 800-m isobath. Gold lines show the paths of all individual
PX40 transects (dashed transects were not used in this study due to being either too far from the
nominal transect or more recent than available satellite altimetry observations). Purple crosses
locate the PIES/CPIES deployed during the Kuroshio Extension System Study (2004 to 2006).
Blue lines are the 0.9-m, 1.1-m, and 1.3-m absolute dynamic topography contours averaged over
1993 to 2022 and indicate the mean path of the Kuroshio and Kuroshio Extension. The thin
dotted line is at 150◦E.
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The 2015 to 2022 temperature climatology from the 1/4◦ World Ocean Atlas 2023

(Locarnini et al. 2024) was used to adjust PX40 observations onto the mean transect. This

climatology covers a similar time period as the PX40 observations. World Ocean Atlas 2023 has

up to 102 standard depth levels of varying resolution and was therefore linearly interpolated onto

the same 10-m depth grid as the HR-XBT temperature data.

Daily SLA was from the 1/4◦ Global Ocean Gridded L4 Sea Surface Heights and Derived

Variables Reprocessed product (CMEMS 2024a). Daily SST was from the 1/4◦ NOAA Daily

Optimum Interpolation Sea Surface Temperature version 2.1 product (Huang et al. 2021). This

SST product is independent of HR-XBT observations (Huang et al. 2021; Willis et al. 2003).

Both the SLA and SST time series spanned the period 1 Jan 1993 to 30 April 2023.

The maximum climatological surface mixed layer depth along PX40 was obtained from

the 1◦ Mixed Layer Depth Climatology Computed with a Density Threshold Criterion of 0.03

kgm−3 from 10-m Depth Value product (de Boyer Montégut et al. 2004).

The Oceanic Niño Index (ONI) was used to identify El Niño (ONI > +0.5◦C) and La

Niña (ONI <−0.5◦C) periods between 1993 and 2022. ONI is computed based on the 3-month

running mean of SST anomalies in the Niño 3.4 region and, here, was taken to represent the

central month of each 3-month average. These same processing steps were applied to the Niño 3

index used to identify Eastern Pacific El Niño conditions and the Niño 4 index used to identify

Central Pacific El Niño conditions (e.g. Capotondi et al. 2015; Wang et al. 2024).

Monthly zonal and meridional velocities from the 1/12◦ Global Ocean Physics Reanalysis

12V1 product (GLORYS; Lellouche et al. 2021) were used to provide spatial context for the

state of the Kuroshio Extension system between 1993 and 2020. GLORYS was validated against

monthly PX40 cross-transect velocities from Chandler et al. (2022a) between 2004 and 2019

(Text 2.B; Figure 2.2). The two velocity products agreed well, although the core of the Kuroshio

was shifted slightly offshore at depth in GLORYS.
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(a) Chandler et al. (2022a) cross-transect velocity
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(b) GLORYS cross-transect velocity

140°E 142°E 144°E 146°E 148°E 150°E

0 m

200 m

400 m

600 m

800 m -0.8

-0.4

0

0.4

0.8

[m
/s

]

(c) Correlation coefficient

140°E 142°E 144°E 146°E 148°E 150°E

0 m

200 m

400 m

600 m

800 m -1

-0.5

0

0.5

1

Figure 2.2. Time-mean of the 2004 to 2019 monthly cross-transect velocity time series from
(a) Chandler et al. (2022a) and (b) GLORYS. A positive velocity is northward. (c) Correlation
coefficients between the Chandler et al. (2022a) and GLORYS velocity anomalies. Stippling
identifies where correlations are not significant at the 95% significance level (effective degrees
of freedom computed following Von Storch and Zwiers (1999)).
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2.4.2 Synthetic Temperature Time Series Development

All 41 individual occupations of PX40 were averaged to obtain a first guess of the mean

location of the PX40 transect. Individual transects that reached a maximum latitudinal distance

of more than 4◦ from the mean transect were removed and the mean was recalculated until all

remaining transects were within 4◦ of latitude. Three occupations were removed through this

procedure. A further three occupations after April 2023 were also removed as, at the time of

analysis, SLA data was not yet available. This study therefore utilised 35 occupations of PX40

between November 2012 to March 2023. Every month of the year had at least one occupation.

Each ENSO phase (El Niño, La Niña, neutral) had at least eight occupations.

Individual transects do not exactly follow the mean PX40 transect (Figure 2.1). Therefore,

for each occupation, the difference in climatological temperature between the occupied transect

and the mean transect was used to correct for variability in ship tracks (Chandler et al. 2022a;

Zilberman et al. 2018).

Daily SLA and SST were interpolated onto the mean transect and averaged over the 10

days following the start date of each PX40 occupation. A 10-day temporal resolution is consistent

with the cycle duration of the satellite altimetry reference missions. The 35-transect seasonal

cycle, computed via least-squares fitting an annual harmonic, semi-annual harmonic, and mean,

was removed to obtain temporal anomalies (T ′(z), SLA′, SST ′) that were all referenced to the

same time period (November 2012 to March 2023). Comparison of these PX40-period SLA

and SST seasonal cycles against those computed using the full (January 1993 to April 2023)

time-series confirmed that the temporal coverage of the 35 PX40 occupations was able to resolve

the seasonal cycle.

A strong relationship exists between SLA′ and T ′(z) below the surface mixed layer along

PX40, while SST ′ is better correlated with surface and near-surface temperature anomalies (not

shown, see also Willis et al. 2003). Therefore, to take advantage of their individual strengths,

the 10-day averaged SLA′ and SST ′ were fit to observed T ′(z) at the times of the 35 PX40
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occupations using a multiple linear regression (e.g. Ridgway et al. 2008; Willis et al. 2003):

T ′(x,z, t)≈ α(x,z) ·SLA′(x, t)+β (x,z) ·SST ′(x, t) (2.1)

where x is location along the transect, z is depth, t is time, and α and β are regression coefficients.

The full (January 1993 to April 2023) SLA and SST time series were then averaged

every 10 days and the PX40-period seasonal cycles removed. The regression coefficients (α and

β ) were applied (Equation 2.1) to these 10-day averaged SLA′ and SST ′ time series to obtain

estimates of 10-day averaged synthetic T ′(z) from 0-m down to 800-m deep over the full January

1993 to April 2023 time period.

2.4.3 Synthetic Temperature Time Series Validation

A leave-one-out approach, where regression coefficients (α and β ; Equation 2.1) were

recalculated using all PX40 occupations except one and a synthetic estimate was computed

for the withheld occupation, was used to validate the method (e.g. Gilson et al. 1998). This

procedure was repeated 35 times, such that all PX40 occupations were withheld once. The

resulting 35 synthetic estimates compared favourably with the 35 HR-XBT observations, albeit

with reduced variability and with small discrepancies in the surface mixed layer (Figure 2.3).

Standard deviations demonstrated a similar structure (Figures 2.3a and 2.3b) but with smaller

values for the synthetic estimates compared to observations. Correlations between synthetic

and observed T ′(z) were significant (p<0.05) almost everywhere, except for some near-surface

regions and at the very western edge (Figure 2.3c). Likewise, the root-mean-square signal of

observed T ′(z) was greater than the root-mean-square-error (RMSE) between synthetic and

observed T ′(z) except for a few regions near the surface and at the western edge (Figure 2.3d).

Averaged over the entire section, RMSE between synthetic and observed T ′(z) was 1.12◦C.

To validate the ability of the method to be extended back in time through use of the

satellite record prior to PX40 observations (i.e. January 1993 to October 2012), synthetic T ′(z)
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(a) Standard deviation, HR-XBT
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Figure 2.3. Standard deviations of (a) HR-XBT observed temperature anomalies and (b)
synthetic temperature anomalies at the times of PX40 occupations. (c) Correlation coefficients
between HR-XBT observed and synthetic temperature anomalies. Stippling is where correlations
are not significant at the 95% significance level (each occupation considered independent).
(d) Ratio of the root-mean-square signal of HR-XBT observed temperature anomalies to the
root-mean-square-error between HR-XBT observed and synthetic temperature anomalies. Black
contour identifies a ratio of 1. Black dashed line in (c) and (d) is the maximum climatological
mixed layer depth.

was compared against independent observations from the Kuroshio Extension System Study

(KESS). During KESS, an array of 46 PIES/CPIES were deployed in the Kuroshio Extension

east of Japan (Figure 2.1) for 16 months between 2004 and 2006 (Donohue et al. 2010). Here,

the objectively mapped subsurface temperature fields from KESS (Donohue et al. 2010) were

interpolated onto the same PX40 transect and 10-m depth grid as synthetic T ′(z), averaged into

10-day periods, and de-seasoned by subtracting the PX40-period seasonal cycle. KESS and

synthetic T ′(z) were compared over the longitude range that provided the longest time period

(June 2004 to September 2005) of consistently good quality KESS data, and were found to

compare favourably (Figure 2.4). The RMSE between KESS and synthetic T ′(z) averaged over

the entire section was 1.16◦C, similar to the 1.12◦C between HR-XBT and synthetic T ′(z). This

validation therefore provided confidence that satellite observations could indeed be used to
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extend the synthetic T ′(z) time series back in time prior to PX40 observations. However, there

is no guarantee that these same regression coefficients will continue to hold in the future given

expected climate shifts and resulting non-stationarity (e.g. Litzow et al. 2020).

(a) Standard deviation, KESS
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Figure 2.4. Standard deviations of (a) Kuroshio Extension System Study (KESS) temperature
anomalies and (b) synthetic temperature anomalies between June 2004 and September 2005.
(c) Correlation coefficients between KESS and synthetic temperature anomalies. Stippling is
where correlations are not significant at the 95% significance level (effective degrees of freedom
computed following Von Storch and Zwiers (1999)). (d) Ratio of the root-mean-square signal
of KESS temperature anomalies to the root-mean-square-error between KESS and synthetic
temperature anomalies. Black contour identifies a ratio of 1. Black dashed line in (c) and (d) is
the maximum climatological mixed layer depth.

2.4.4 Marine Heatwave Identification

The synthetic T ′(z) time series (re-referenced to the 1993 to 2022 time-mean) was used

to examine extreme ocean temperature events (i.e. MHWs) between the surface and 800-m deep

over the 1993 to 2022 time period.

Qualitatively, a MHW is defined as a prolonged period of anomalously warm water at a

particular location (Hobday et al. 2016). One commonly used quantitative definition is where

daily ocean temperatures are warmer than the 90th percentile climatology for a period of five or
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more days, with events separated by two or less days considered as a single event (Hobday et al.

2016). However, the qualitative definition offers flexibility, including in the temporal resolution

of the time series (Farchadi et al. 2025; Hobday et al. 2016; Oliver et al. 2021). For example,

numerous studies have used monthly resolution temperature time series where MHWs are thus

defined as extreme events lasting at least one month (e.g. Gregory et al. 2024; Jacox et al. 2022,

2020; Scannell et al. 2016; von Kietzell et al. 2022; Zhou et al. 2024).

Here, MHWs were defined as when synthetic T ′(z) was above the 90th percentile

threshold. This temperature anomaly threshold varied with x and z but, because the seasonal

cycle had already been removed from the temperature time series, was constant in time. Due to

the 10-day resolution of the synthetic time series, MHW conditions occurred during 10% of the

study time period. MHW conditions occurring in consecutive 10-day periods were considered a

single MHW event.

Following Hobday et al. (2016), MHW intensity was defined as T ′(z), i.e. the temperature

anomaly relative to the 1993 to 2022 time-mean. Only mean event intensity was considered

here as the reduced variability in the synthetic temperature time series compared to observations

(Figures 2.3 and 2.4) meant that maximum event intensity was likely underestimated. Higher

temporal resolution observations (e.g. daily) have more variability, and typically larger maximum

values, than those based on longer (e.g. 10-day or monthly) time means (e.g. Hobday et al. 2016).

To examine whether there had been a change in MHW occurrence over the 30-year time

series, linear trends were fit at every grid point (x,z) to the number of MHW days per year. Trend

significance was assessed using a two-tailed t-test (Draper and Smith 1998) where each year was

considered independent. Linear trends were also computed for the synthetic T ′(z) time series

with significance assessed using a two-tailed t-test where the effective degrees of freedom was

calculated using the integral timescale (Emery and Thomson 2001). Temperature trends were

found to impact MHW identification along PX40 (see Section 2.5.2) therefore MHWs were also

identified using the detrended synthetic T ′(z) time series so that the influence of factors other

than long-term ocean warming could be examined.
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To examine the influence of one such factor, ENSO, on MHW occurrence along the

transect, the percentage of time that MHW conditions were experienced during El Niño and La

Niña was examined. Because synthetic T ′(z) demonstrated limited ability in reproducing near-

surface temperature anomalies (Figures 2.3 and 2.4), the detrended synthetic T ′(z) time series

was used to examine MHW occurrence in the subsurface (i.e. below the maximum climatological

surface mixed layer depth) only. Detrended and 10-day averaged SST ′ were instead used to

examine MHW occurrence at the surface, while MHW occurrence within the surface mixed-layer

during ENSO was not considered. A chi-squared test was used to determine if MHW occurrence

was significantly different from the expected 10% occurrence rate during each ENSO phase.

2.5 Results and Discussion

2.5.1 Temperature Trends

The 30-year length of the synthetic temperature time series allows multi-decadal subsur-

face temperature trends along transect PX40 to be estimated with a high degree of confidence

(Figures 2.5a and 2.5c). Over 1993 to 2022, there was a significant warming trend at PX40

between 139.9◦E to 142.9◦E that extended throughout the upper 800-m, reaching 0.09°Cyr−1

within the subsurface (Figure 2.5a). The location of this significant warming coincides with the

mean location of the Kuroshio jet (Figure 2.2). Kuroshio warming at the surface was typically

reduced compared to the subsurface, although still significant, with a mean warming trend of

0.02°Cyr−1. The observed surface and subsurface warming trends along PX40 became non-

significant offshore of the Kuroshio then switched to a non-significant cooling trend east of

approximately 146.8◦E (Figure 2.5a).

The surface warming rate in the Kuroshio at PX40 (Figure 2.5a) is consistent with

SST warming trends in the upstream Kuroshio over 1993 to 2013 (Wang et al. 2016), and with

projected SST warming trends over the course of this century in the Kuroshio-Kuroshio Extension

region from a high-resolution ocean model (1/11◦ longitude × 1/10◦ latitude; Kawakami et al.
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2024). However, there are very few other long time series of subsurface temperature in the

Kuroshio. One of these time series is the 137◦E repeat hydrographic transect that intersects the

Kuroshio south of Japan, upstream of PX40, which has been occupied annually since 1967 then

semi-annually since 1972 (Oka et al. 2018, 2017). Using wintertime observations over the period

1967 to 2016, Oka et al. (2017) found a warming trend in the Kuroshio at 137◦E that, much

like our result at PX40 (Figure 2.5a), was largest in the subsurface between roughly 200-dbar to

600-dbar. However, Kuroshio warming trends at 137◦E between 1967 and 2016 were roughly

half those observed at PX40 between 1993 and 2022. The larger subsurface temperature trends in

our more contemporary data set therefore suggest an acceleration of subsurface warming within

the Kuroshio.

Oka et al. (2017) attributed Kuroshio subsurface warming at 137◦E to a decrease in

Kuroshio large-meander occurrence. However, large-meander events (Yoshida et al. 2006) have

minimal impact on the path of the Kuroshio at PX40 (e.g. Kawabe 1985, 1995). Additionally, the

Kuroshio has been in an ongoing large-meander state since August 2017 (Qiu et al. 2023; Yoshida

et al. 2006), coinciding with some of the warmest subsurface temperature anomalies at PX40

(Figure 2.5c). Decreasing large-meander occurrence therefore cannot explain the significant

subsurface warming trend between 1993 and 2022 at PX40. Strengthening of advective heat

transport within the Kuroshio also seems an unlikely driver of subsurface warming given that

Kuroshio mass transport has decreased over 2004 to 2019 at PX40 (Chandler et al. 2022a)

and over 1998 to 2013 further upstream at the Tokara Strait (Liu et al. 2021). This decrease

in mass transport has been driven by vertical pycnocline displacement (i.e. heave) caused by

wind stress curl changes over the North Pacific Ocean (Liu et al. 2021). Heaving of isotherms,

which produces large temperature changes where vertical temperature gradients are steep, could

be driving subsurface warming in the Kuroshio. For the 1993 to 2022 time-mean temperature

along PX40, the sloping shape of the steep vertical temperature gradient in the Kuroshio (Figure

2.5b) coincided with, and was replicated by, the sloping shape of the strong warming trend

in the Kuroshio (Figure 2.5a). However, because the largest Kuroshio temperature trends at
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Figure 2.5. (a) Temperature trends over 1993 to 2022. Stippling is where trends are not
significant at the 95% significance level. (b) Vertical temperature gradients in the 1993 to 2022
time-mean temperature. The black dashed line in (a) and (b) is the maximum climatological
mixed layer depth and the black box indicates the region plotted in (c). (c) Temperature anomaly
time series over 1993 to 2022 area-averaged in the region where Kuroshio warming trends were
largest. Thin grey line is the raw (10-day) time series, thick black line is the annually low-pass
filtered time series, red line is the trend. Light blue shading identifies Kuroshio large-meander
periods.
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PX40 (around 141.8◦E and 420-m deep) do not coincide with the steepest vertical temperature

gradients (Figures 2.5a and 2.5b), we hypothesise that additional factors likely also contribute to

the observed subsurface warming trends in the Kuroshio at PX40.

2.5.2 Trends in Marine Heatwave Occurrence

Over the 30-year time series, a positive trend in the number of MHW days per year was

observed throughout the water column from close to the coast out to around 146.5◦E (Figure

2.6a). This trend was significant within the Kuroshio, between 139.9◦E to 142.9◦E, increasing

by as much as 4.2 days per year. If these significant trends are maintained through to the end

of the century (i.e. 2100) then, relative to a fixed baseline, the number of subsurface Kuroshio

MHW days per year at PX40 would increase by between 120 to 330 days. Similar increases

in surface MHW days per year are projected for this same region and time period based on a

high-resolution ocean model (Kawakami et al. 2024). Further offshore, east of 146.5◦E, the

observed trend in MHW days per year at PX40 became weakly negative and was not significant

(Figure 2.6a).

Long-term changes in MHWs can be caused by changes in the temperature mean and/or

temperature variability. Here, as in many other MHW studies (e.g. Du et al. 2022; Kawakami

et al. 2024; Oliver 2019; Oliver et al. 2019, 2018), trends (or lack thereof) in the number of

MHW days per year were largely due to trends in ocean temperature causing a change in the

mean temperature. In particular, the significant Kuroshio warming trend occurred in the same

location (139.9◦E to 142.9◦E) as the significant increase in the number of MHW days per year

(Figures 2.5a and 2.6a). In contrast, there were no significant increasing trends in MHW days

per year when the temperature trend was removed before identifying MHWs (Figure 2.6b). In

fact, a significant decrease in the number of MHW days per year (reaching as large as −2 days

per year) was instead found between 140.8◦E to 142.3◦E. This decrease in MHW days at the

offshore edge of the Kuroshio was likely due to the decreased variability here during the second

half of the time series compared to the first half (Figure A2.1). Decreases in variance were also
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evident in both daily SLA (comparing 1993 to 2007 with 2008 to 2022) and monthly GLORYS

depth-integrated velocity eddy kinetic energy (comparing 1993 to 2007 with 2008 to 2020).

Trends in MHW days per year were not significant elsewhere along the transect when using the

detrended temperature anomaly time series (Figure 2.6b).

Due to the influence of the Kuroshio warming trend on MHW identification and occur-

rence, we detrended the synthetic temperature time series before identifying MHWs for the

analyses in the following sections. Detrending allowed us to examine the influence of other

physical processes independent of this long-term background warming.

(a) Trend in MHW days per year
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(b) Trend in MHW days per year (no temperature trend)
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Figure 2.6. Trends over 1993 to 2022 in (a) marine heatwave (MHW) days per year, and (b)
MHW days per year when the 1993 to 2022 temperature trend is removed. Stippling is where
trends are not significant at the 95% significance level. Black dashed line is the maximum
climatological mixed layer depth.
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2.5.3 Marine Heatwave Primary Metrics

Reporting of standardised MHW metrics helps facilitate comparisons between different

events, locations, and times (Hobday et al. 2016). Here, we present the primary MHW metrics

of intensity and duration averaged over all events between 1993 and 2022. As noted above, the

synthetic temperature anomaly time series was detrended before these primary metrics were

computed.

At every longitude along the transect, the largest mean event intensities were found below

the sea surface (Figure 2.7a). Similar subsurface intensification has been observed by studies

examining subsurface MHWs in the tropical western Pacific Ocean (Hu et al. 2021) and coastal

southeastern Australia (Schaeffer and Roughan 2017). Additionally, along PX40, the largest

mean event intensities (4.1◦C) occurred around 500-m deep at approximately 145◦E (Figure

2.7a). This longitude coincides with where the Kuroshio Extension meanders most closely to

PX40 (Figures 2.1 and 2.2). Variability in the position of the Kuroshio Extension, which is

known to be sizeable here (Donohue et al. 2010; Qiu et al. 2014), likely drives these large mean

event intensities along PX40 at 145◦E.

Mean event durations (Figure 2.7b) followed a different pattern than mean event in-

tensities (Figure 2.7a). The shortest mean durations (13.3 days) were found at the western

boundary, consistent with the shorter durations that are typical of surface MHWs in WBC

regions (Holbrook et al. 2019; Sen Gupta et al. 2020). Mean MHW durations then increased

moving east along the transect, with the longest mean durations (35.5 days) occurring around

approximately 144◦E at depths below 400-m (Figure 2.7b). MHWs at this depth are most likely

advection-driven by Kuroshio Extension variability (e.g. Xu et al. 2024), and we hypothesise that

strengthening of the Kuroshio Extension could be a key driver of the longer MHW durations here.

Indeed, when averaging monthly GLORYS depth-integrated velocities for the longest (>30-day)

duration events over 1993 to 2020 at 144.05◦E and 440-m deep (i.e. the grid-point along the

transect where mean event duration was longest), the Kuroshio, Kuroshio Extension, and first
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quasi-stationary meander recirculation were all significantly stronger compared to the mean state

(Figure A2.2). Further east along the transect, mean event durations tended to decrease again

(Figure 2.7b).

(a) Mean intensity
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Figure 2.7. Mean (a) intensity and (b) duration averaged over all marine heatwave events
between 1993 and 2022. Black dashed line is the maximum climatological mixed layer depth.

Relatively longer mean durations were also evident near the surface (shallower than

250-m) around 148◦E. We are unsure of what unique physical processes may be driving the

increased MHW duration in this region compared to elsewhere in the near-surface. However,

this region coincides with where the synthetic time series most poorly reproduced observed

temperature variability (Figures 2.3c and 2.4c). The increased mean duration (and slightly

decreased mean intensity) at this location may therefore reflect limitations in the method’s ability

to reproduce temperature variability in the surface mixed-layer to a high degree of accuracy (e.g.
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Willis et al. 2003).

2.5.4 Influence of ENSO on Marine Heatwave Occurrence

Based on the 90th percentile temperature anomaly threshold used, MHW conditions

would occur around 10% of the time during El Niño and La Niña (and neutral) periods if ENSO

did not impact MHW occurrence along the transect. Surface MHW occurrence along PX40

was not significantly different from this expected 10% occurrence rate (Figures 2.8a and 2.8c),

consistent with the weak correlation between the Niño 3.4 index and SST in this region (e.g.

Talley et al. 2011). Holbrook et al. (2019), Sen Gupta et al. (2020), and Gregory et al. (2024)

also show essentially no relationship between ENSO and surface MHW occurrence in the PX40

region east of Japan. However, in contrast to the surface, subsurface MHW occurrence along

PX40 shows a strong relationship with ENSO (Figure 2.8). Relying only on SST observations

would therefore lead to incomplete conclusions being drawn about the influence of ENSO on

MHW occurrence along PX40.

During El Niño, subsurface MHWs along PX40 occurred significantly more often in

a western region between approximately 141.4◦E to 144.6◦E and an eastern region between

approximately 147.5◦E to 148.6◦E (Figures 2.8a and 2.8b). At both locations, the increased

MHW occurrence was evident from the base of the surface mixed layer down to 800-m deep. In

contrast, subsurface MHWs during La Niña occurred significantly less often between approxi-

mately 144◦E to 146.6◦E and from approximately 147.6◦E out to the eastern end of the transect

(Figures 2.8c and 2.8d). This decreased MHW occurrence was also typically evident from the

base of the surface mixed layer down to 800-m deep, although there were some regions where it

did not extend all the way up to the base of the surface mixed layer.

Recently, Wang et al. (2024) demonstrated that surface and near-surface velocities in

the Kuroshio and Kuroshio Extension strengthen during El Niño due to a strengthening of the

mid-latitude westerlies driving a more negative wind stress curl over the subtropical North Pacific

Ocean. Given that the strength of the Kuroshio Extension and its Southern Recirculation Gyre
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Figure 2.8. Percentage of time that marine heatwaves (MHWs) occurred along PX40 during
(a,b) El Niño and (c,d) La Niña over the 1993 to 2022 time period. (a) and (c) show MHW
occurrence depth-averaged below the maximum climatological mixed layer depth (subsurface,
green) and at the surface from sea surface temperature (SST, brown). Dotted lines bound where
occurrence is not significantly different from 10% of the time at the 95% significance level. (b)
and (d) show MHW occurrence below the maximum climatological mixed layer depth (black
dashed line). Stippling is where occurrence is not significantly different from 10% of the time at
the 95% significance level.

tend to vary roughly in phase (Qiu et al. 2014), we may expect both to strengthen during El

Niño periods. Indeed, using the GLORYS eddy-resolving ocean reanalysis, both the Kuroshio

Extension and its Southern Recirculation Gyre were found to strengthen during El Niño (Figure

2.9b), thereby transporting more warm subtropical-origin water. Mean subsurface temperatures

along PX40 were therefore warmer during El Niño, compared to the 1993 to 2022 time-mean,

where the strengthened Southern Recirculation Gyre intersected the transect (Figure 2.10a).

These warmer mean temperatures led to the increased subsurface MHW occurrence observed in

both regions along the transect (141.4◦E to 144.6◦E and 147.5◦E to 148.6◦E) during El Niño

(Figures 2.8b and 2.10a).

The stronger Kuroshio Extension and Southern Recirculation Gyre during El Niño

was also associated with a more coherent (less variable) Kuroshio Extension jet (Figure 2.9),

consistent with the inverse relationship between Kuroshio Extension strength and path length
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(b) El Niño depth-integrated velocity anomalies
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(c) La Niña depth-integrated velocity anomalies

140°E 142°E 144°E 146°E 148°E 150°E
32°N

33°N

34°N

35°N

36°N

37°N

-100

-50

0

50

100

[m
2
 / 

s]

Figure 2.9. GLORYS depth-integrated (0-m to 800-m) velocity (a) 1993 to 2020 time-mean,
and anomalies averaged during (b) El Niño and (c) La Niña. Scale arrows are in the top right of
each panel, but note the different scale for (a) compared to (b) and (c). Thick grey line is PX40.
Black contour is the Japan coastline (0-m isobath).
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shown by Qiu et al. (2014). Reduced variability in the path of the Kuroshio Extension resulted

in reduced temperature variability along PX40 between 142.1◦E to 148.1◦E during El Niño

periods compared to the full 1993 to 2022 time period (Figure 2.10b). Decreased variance

produces a narrower distribution of temperature anomalies and therefore less extreme values.

Between approximately 144.6◦E to 147.5◦E, the reduction in temperature variability during

El Niño (Figure 2.10b) was substantial enough to oppose the positive shift in the temperature

anomaly distribution from the increase in mean temperature during El Niño (Figure 2.10a). The

net result was no significant change in subsurface MHW occurrence at this location along the

transect (Figures 2.8b, 2.10a, and 2.10b).

Changes in subsurface MHW occurrence along PX40 during La Niña did not mirror

changes in occurrence during El Niño (Figure 2.8). During La Niña, the Kuroshio Extension and

its Southern Recirculation Gyre were both weaker (Figure 2.9c), resulting in reduced transport of

warm subtropical-origin water and, importantly, reduced recirculation of this warm water across

PX40. Slightly cooler mean subsurface temperatures compared to the 1993 to 2022 time-mean

were therefore found along much of PX40 (Figure 2.10c). The path of the Kuroshio Extension

also appeared to be less tightly defined during La Niña, resulting in a more diffuse mean state

of the Kuroshio Extension (Figure 2.9). As such, decreases in subsurface MHW occurrence

along PX40 during La Niña tended to be found where there were compounding effects of both a

decrease in mean temperature and a decrease in temperature variability compared to the full 1993

to 2022 time period (Figures 2.10c and 2.10d). This slight negative shift and slight narrowing of

the temperature anomaly distribution combined to produce less extreme positive temperature

anomalies.

When considering El Niño diversity (Capotondi et al. 2015), similar significant increases

in subsurface MHW occurrence were found along PX40 irrespective of whether Central Pacific

or Eastern Pacific El Niño conditions existed (Figure 2.11). However, the increased subsurface

MHW occurrence was significant over more of the PX40 cross-section during Central Pacific El

Niño conditions compared to Eastern Pacific El Niño conditions. These differences likely arise
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(a) El Niño mean difference
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(d) La Niña standard deviation difference
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Figure 2.10. Difference in temperature anomaly (a,c) mean and (b,d) standard deviation between
(a,b) El Niño compared to the full 1993 to 2022 time series (red indicates warmer temperatures
and purple indicates smaller standard deviations during El Niño) and (c,d) La Niña compared to
the full 1993 to 2022 time series (blue indicates cooler temperatures and purple indicates smaller
standard deviations during La Niña). Stippling is where MHW occurrence below the maximum
climatological mixed layer depth (black dashed line) is not significantly different from 10% of
the time at the 95% significance level (see Figure 2.8).

because, although Central Pacific and Eastern Pacific El Niño conditions both drive strengthening

of the Kuroshio and Kuroshio Extension, the strengthening is typically greater during a Central

Pacific El Niño than an Eastern Pacific El Niño (Wang et al. 2024).

We have defined MHWs as when synthetic subsurface temperature anomalies were above

the 90th percentile threshold for at least 10 days. However, results are rather insensitive to the

choice of duration threshold (Figures A2.3 and A2.4). When using a 20-day duration threshold,

subsurface MHWs occurred significantly more often than expected during El Niño in the same

regions along PX40 as for the 10-day duration threshold (Figure A2.3a). Likewise, subsurface

MHW occurrence was reduced during La Niña periods, although significant over a substantially

smaller cross-sectional area of the transect when using a 20-day duration threshold compared

with the 10-day duration threshold (Figure A2.3b). Surface MHWs along PX40 also did not
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occur at a significantly different rate than expected during El Niño or La Niña when using a

20-day duration threshold, nor when the Hobday et al. (2016) definition was applied to daily SST

observations (Figure A2.4). For these different duration thresholds, MHWs no longer occurred

10% of the time. Therefore, confidence intervals were assessed using a Monte Carlo approach

(with 1×104 iterations) where the start dates of observed MHW events were randomly assigned

(observed durations and intensities were retained).

(a) Subsurface MHW occurrence during Eastern Pacific El Niño
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(b) Subsurface MHW occurrence during Central Pacific El Niño
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Figure 2.11. Percentage of time that subsurface marine heatwaves (MHWs) occurred along
PX40 during (a) Eastern Pacific El Niño conditions (identified using the Niño 3 region) and (b)
Central Pacific El Niño conditions (identified using the Niño 4 region) over 1993 to 2022. Black
dashed line is the maximum climatological mixed layer depth. Stippling is where occurrence is
not significantly different from 10% of the time at the 95% significance level.
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2.6 Conclusions

Here, we have produced a novel 30-year time series of synthetic subsurface temperature

anomalies at the western end of a HR-XBT transect that intersects the Kuroshio and Kuroshio

Extension east of Japan. This time series has a 10-day temporal resolution, representing the

10-day average temperature. MHWs were defined as when the temperature anomaly was above

the 90th percentile. All identified MHW events were therefore at least 10 days long. Nevertheless,

our conclusions are rather insensitive to the duration threshold used to identify MHWs. The

largest mean MHW event intensities were found to occur in the subsurface at every longitude

along the transect, with the strongest mean intensity signal associated with variability in the

path of a Kuroshio Extension meander around 145◦E. At the western edge of the transect, in the

Kuroshio, the number of MHW days per year significantly increased between 1993 and 2022.

This increase in Kuroshio MHW days was caused by a significant warming trend in the Kuroshio,

which appears to be predominantly driven by heaving of isotherms (e.g. Liu et al. 2021). When

using the detrended temperature anomaly time series to identify MHWs, ENSO was found to

influence the occurrence of subsurface MHWs along PX40. During El Niño, a more negative wind

stress curl over the subtropical North Pacific Ocean (Wang et al. 2024) strengthens the Kuroshio

Extension and its Southern Recirculation Gyre, thereby producing warmer mean subsurface

temperatures where the current intersects the transect. As such, subsurface MHWs occurred

significantly more often during El Niño periods where the strengthened Southern Recirculation

Gyre of the Kuroshio Extension intersected the transect. This increase in subsurface MHW

occurrence was broadly similar under both Central Pacific and Eastern Pacific El Niño conditions.

In contrast, subsurface MHWs along PX40 occurred less often during La Niña periods.

Despite influencing subsurface MHW occurrence, ENSO did not significantly influence

the occurrence of surface MHWs along the transect. MHW occurrence at the sea surface therefore

differed from that below the surface mixed layer, reflecting the different forcing mechanisms (e.g.

Elzahaby et al. 2021; Großelindemann et al. 2022; Xu et al. 2024). These differences at PX40
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further emphasise that both surface and subsurface observations are needed to fully understand

MHW events and their impacts. In practice, subsurface MHW identification is often not feasible

as the sufficiently long time series required to identify MHWs are rare in the subsurface, and SST

alone is not representative of temperatures below the surface mixed layer. Yet HR-XBT transects

provide long-term observations of temperature between the surface and 800-m deep in all major

ocean basins (Goni et al. 2019). The method we used here could thus be implemented to evaluate

subsurface MHW properties along these other HR-XBT transects. However, WBCs typically

extend much deeper than 800-m (Chandler et al. 2022a; Zilberman et al. 2023a). Because of the

deep-reaching influence of the Kuroshio Extension (Chandler et al. 2022a; Jayne et al. 2009),

we think it likely that the warmer subsurface temperatures and increased subsurface MHW

occurrence observed along PX40 during El Niño will extend much deeper than 800-m and

possibly as deep as 5000-m (e.g. Jayne et al. 2009).

The insignificant influence of ENSO on surface MHW occurrence along PX40 reflects

the weak influence ENSO has on SST here (e.g. Talley et al. 2011). However, north of PX40,

starting around 36◦N, ENSO has a much stronger influence on SST. Cold SST anomalies occur

during El Niño, driven by a deeper Aleutian Low and stronger midlatitude westerlies (Wang

et al. 2024), with warm SST anomalies during La Niña. Nevertheless, the potential subsurface

response in this northern region is unclear. ENSO predominantly drives a change in the strength

of the Kuroshio Extension and its Southern Recirculation Gyre, rather than a meridional shift of

the system (Figure 2.9). That being said, the Kuroshio Extension was typically a more defined

jet during El Niño periods, with less transport occurring north of approximately 36◦N (Figure

2.9b). Less warm subtropical-origin water would therefore be transported further north, which

would be expected to decrease subsurface MHW occurrence. On the other hand, the Kuroshio

and Kuroshio Extension are both generally weaker during La Niña (Figure 2.9c; Wang et al.

2024) which would also result in reduced transport of warm subtropical-origin water. The

dominant influence on subsurface MHW occurrence in this northern region may instead stem

from anticyclonic (warm-core) eddies spawned from the Kuroshio Extension (e.g. Elzahaby and
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Schaeffer 2019; Großelindemann et al. 2022; Xu et al. 2024; Zhang et al. 2023). The potential

impact of these eddies on subsurface MHWs north of PX40 is yet to be explored.

This work has clearly demonstrated that variability in the Kuroshio-Kuroshio Extension

system exerts a strong control on subsurface temperature, and therefore subsurface MHW

occurrence, along transect PX40. Due to the length of our novel 30-year synthetic temperature

time series, we have largely focussed on the influence of ENSO. Yet other modes of climate

variability, such as the Pacific Decadal Oscillation (PDO; Newman et al. 2016), also exhibit a

relationship with the dynamics of the Kuroshio-Kuroshio Extension system. During a positive

PDO, the westerly winds over the North Pacific Ocean tend to be stronger and located further

south (Talley et al. 2011). As such, the phase of the PDO can influence, for example, the strength

of the Kuroshio (e.g. Wang et al. 2016) and SST anomalies in the Kuroshio-Oyashio Extension

region (e.g. Newman et al. 2016; Zhou et al. 2024). We therefore hypothesise that the PDO

may also influence subsurface MHW occurrence along PX40. However, due to the canonically

multidecadal periodicity of the PDO (as opposed to the interannual periodicity of ENSO), its

impact on subsurface MHW occurrence along this transect has not been examined and remains

unknown.

Lastly, present-day climate models struggle to predict the occurrence of monthly MHWs

in the Kuroshio Extension (Zhou et al. 2024). This limited predictive skill is likely due to the

coarser spatial resolution (≥1/4◦) of these models (Hayashida et al. 2020; Zhou et al. 2024).

There is therefore limited lead time to prepare for extreme ocean temperature events. Yet

subsurface ocean temperatures can have a significant influence on fisheries in the Kuroshio-

Kuroshio Extension region (e.g. Noto and Yasuda 1999; Yatsu 2019). Knowledge that subsurface

MHWs along PX40 occur more commonly during El Niño periods should enhance MHW

predictability in this region and thus aid in designing and implementing MHW adaptation plans

(e.g. Pershing et al. 2018).
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2.7 Open Research

HR-XBT data from transect PX40 was made available by the Scripps Institution of

Oceanography HR-XBT program (https://www-hrx.ucsd.edu/px40.html). The World Ocean

Atlas 2023 temperature climatology was obtained from NOAA NCEI at https://doi.org/10.25921/

va26-hv25 (Reagan et al. 2024). Sea surface height data (SLA and ADT) were obtained from

the EU Copernicus Marine Service at https://doi.org/10.48670/moi-00148 (CMEMS 2024a).

Sea surface temperature data was obtained from NOAA NCEI at https://doi.org/10.25921/

RE9P-PT57 (Huang et al. 2024). Data from the Kuroshio Extension System Study was provided

by Kathleen Donohue and can be accessed through the program website at https://uskess.whoi.

edu/overview/dataproducts/. Bathymetry was from the 15 arcsecond GEBCO 2023 gridded

bathymetry product (GEBCO Compilation Group 2023). The mixed layer depth climatology can

be accessed at https://doi.org/10.17882/91774 (de Boyer Montégut 2023). The Oceanic Niño

Index (https://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.txt) and Niño 3 and Niño 4 indices

(https://www.cpc.ncep.noaa.gov/data/indices/ersst5.Nio.mth.91-20.ascii) were all obtained from

NOAA CPC at https://www.cpc.ncep.noaa.gov/data/indices/. GLORYS12V1 velocity data

was obtained from the EU Copernicus Marine Service at https://doi.org/10.48670/moi-00021

(CMEMS 2024b). Cross-transect geostrophic velocity for transect PX40 can be accessed

at https://doi.org/10.5281/zenodo.5851311 (Chandler et al. 2022b). Dates of the Kuroshio

large-meander events were obtained from JMA at https://www.data.jma.go.jp/gmd/kaiyou/data/

shindan/b 2/kuroshio stream/kuroshio stream.html. Colourmaps are from BrewerMap (https:

//github.com/DrosteEffect/BrewerMap). This work utilised some functions from the MATLAB

Climate Data Toolbox (Greene et al. 2019). The objectively mapped HR-XBT observations

and the synthetic temperature anomaly time series from this study are permanently and publicly

available at https://doi.org/10.5281/zenodo.14219180 (Chandler 2024b). The MATLAB script

used to produce the synthetic temperature time series is also available through the above Zenodo

link, as are implementations of this script in Julia and R (Chandler 2024b).
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2.A Supplementary Figures for Chapter 2

(a) Change in temperature variance
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Figure A2.1. (a) Change in temperature anomaly variance between 1993 to 2007 and 2008
to 2022. Stippling is where the 1993 to 2022 trend in marine heatwave days per year (with
temperature trend removed) is not significant at the 95% significance level (see Figure 2.6b). (b)
Change in sea level anomaly (SLA, blue) variance between 1993 to 2007 and 2008 to 2022, and
change in GLORYS depth-integrated velocity eddy kinetic energy (EKE, red) variance between
1993 to 2007 and 2008 to 2020. The non-shaded region is between 140.8◦E and 142.3◦E. For all
plots, a negative value means decreased variance in the more recent time period.
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Figure A2.2. GLORYS depth-integrated (0-m to 800-m) velocity anomalies averaged during
the longest duration (>30 days) MHW events at 144.05◦E, 440-m depth. Colour and arrow
scales are the same as in Figures 2.9b and 2.9c. Blue stippling is where depth-integrated speed is
not significantly different from the 1993 to 2020 mean at the 95% significance level (effective
degrees of freedom determined by the number of long-duration events). Thick grey line is PX40.
Black contour is the Japan coastline (0-m isobath).
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(a) Subsurface MHW occurrence during El Niño
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(b) Subsurface MHW occurrence during La Niña
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Figure A2.3. Percentage of time that subsurface marine heatwaves (MHWs) occurred along
PX40 during (a) El Niño and (b) La Niña over the 1993 to 2022 time period when using a 20-day
duration threshold. Stippling is where MHW occurrence is within the 95% confidence interval of
occurrence due to chance. Black dashed line is the maximum climatological mixed layer depth.
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Figure A2.4. Percentage of time that surface marine heatwaves occurred along PX40 during
(a,b) El Niño and (c,d) La Niña over the 1993 to 2022 time period when (a,c) using a 20-day
duration threshold and (b,d) applying the Hobday et al. (2016) definition to daily observations.
Dotted lines bound the 95% confidence interval of occurrence due to chance.
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2.B Supplementary Text for Chapter 2

To validate GLORYS, the reanalysis velocities were compared to monthly PX40 cross-

transect absolute geostrophic velocities between 2004 and 2019 (Chandler et al. 2022a). Both

GLORYS and the PX40 cross-transect velocities utilise SLA observations and are therefore not

independent (Chandler et al. 2022a; Lellouche et al. 2021). Nevertheless, time-mean velocities

between depths of 0-m to 800-m over the shared 2004 to 2019 period were similar in structure and

magnitude, and the detrended and de-seasoned velocity time series were highly and significantly

(p<0.05) correlated everywhere except at depth near the western boundary. This discrepancy

near the western boundary appears to be caused by the core of the Kuroshio being located

further offshore at depth in GLORYS. Such shifted WBC locations may be a common feature in

ocean reanalyses (e.g. Zilberman et al. 2023a). Following validation, GLORYS velocities were

depth-integrated between the surface and 800-m depth then detrended and de-seasoned (with

time-mean retained).
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Chapter 3

The Deep Western Boundary Current
Of The Southwest Pacific Basin: Insights
From Deep Argo

3.1 Abstract

The deep western boundary current (DWBC) of the Southwest Pacific Basin (SWPB)

is the main pathway through which the deep and bottom waters formed around Antarctica

are transported northward and distributed throughout the Pacific Ocean. However, historical

observations of this current are sparse. Here, we used an unprecedented number of deep-

ocean observations collected by Deep Argo floats since 2016 to examine temperature, salinity,

and velocity in the DWBC of the SWPB. Deep Argo trajectory velocities were fastest along

the western side of the Kermadec Trench, with an average velocity of 0.057± 0.012 ms−1.

Trajectories confirmed the existence of a tight recirculation on the eastern side of the Kermadec

Trench (−0.021±0.008 ms−1). This recirculation was likewise seen in an independent eddy-

resolving ocean reanalysis. For the DWBC within the northern Kermadec Trench (26–30◦S),

Deep Argo profiles and the ocean reanalysis demonstrated seasonal isopycnal heaving of the

deep-ocean that was likely driven by local Ekman pumping and may influence seasonal DWBC

transport. At the northern end of the Kermadec Trench, the deep-ocean salinity maximum was

eroded as the DWBC exited the trench to the north through the Louisville Seamount Chain
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collision zone, thus revealing a previously unidentified region of enhanced deep-ocean mixing.

Although Deep Argo observations accurately estimated vertical turbulent diffusivity in the

Samoan Passage (6.1× 10−3 to 1.57× 10−2 m2 s−1), mixing within the Louisville Seamount

Chain collision zone was not due solely to vertical turbulent diffusivity. A global Deep Argo

array could reveal wind-driven seasonal heaving and unexplored deep-ocean mixing hotspots in

other DWBCs.

3.2 Plain Language Summary

The cold and dense seawater that fills the ocean interior is formed near the surface in polar

regions. This seawater sinks and is transported away from the poles and throughout the ocean by

deep western boundary currents. We used data collected by Deep Argo floats (freely drifting

robots that measure temperature and salinity between the sea surface and seafloor) to examine

the northward-flowing deep western boundary current in the Southwest Pacific Ocean, north-east

of New Zealand. The pathway and speed of the current was identified using the horizontal

movements of these floats. A clockwise circulation was evident over a deep-ocean trench (the

Kermadec Trench), with some of the current’s northward-flow returning southward. At the

northern end of the Kermadec Trench, temperature and salinity demonstrated seasonal changes

that extended at least 4000-m deep. These seasonal changes were likely caused by seasonal

changes in surface winds, and may influence seasonal transport of water in the deep western

boundary current. Saltier waters observed over the Kermadec Trench were not observed north

of the trench, identifying the exit of the Kermadec Trench as a region of enhanced deep-ocean

mixing. Implementing Deep Argo globally could reveal other unidentified regions of enhanced

deep-ocean mixing.
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3.3 Introduction

The Deep Western Boundary Currents (DWBCs) of the Southern Hemisphere are major

ocean currents located on the western side of deep-ocean basins (e.g. Fukamachi et al. 2010;

Purkey and Johnson 2012; Stommel and Arons 1959b; Warren 1981; Whitworth III et al. 1991,

1999). These DWBCs are the main conduit through which cold, dense water is transported

away from Antarctica, filling the deep and abyssal ocean (Johnson 2008; Stommel and Arons

1959a). DWBCs are therefore a critical component of the lower cell of the meridional overturning

circulation that redistributes heat, salt, carbon, nutrients, and oxygen (Sloyan et al. 2013; Talley

2013). Changes in deep and bottom water properties, due to climatic changes at high-latitude

formation regions, are advected by these DWBCs, impacting climate variability (Purkey and

Johnson 2010, 2013; Purkey et al. 2019), dissolved oxygen content (Gunn et al. 2023; Sloyan

et al. 2013), and steric expansion and sea level (Desbruyères et al. 2016; Kouketsu et al. 2011;

Purkey and Johnson 2010, 2013; Purkey et al. 2019).

Many studies of the deep-ocean have used shipboard measurements, such as those from

quasi-decadal repeat hydrographic surveys (Sloyan et al. 2019). Yet observations of the deep-

ocean are limited, with less than 10% of historical non-Argo temperature and salinity profiles

extending below 2000-dbar (Roemmich et al. 2021). Such sparse measurements mean that

DWBCs are one of the least observed large-scale circulation features in the global ocean. The

recent implementation of Deep Argo floats that measure temperature, salinity, and pressure

as they profile between the sea surface and as deep as 6000-dbar has afforded a new way of

studying the deep-ocean (Roemmich et al. 2019a,b; Zilberman et al. 2023c). However, the spatial

coverage of Deep Argo is presently restricted to a small number of regional pilot arrays (e.g.

Desbruyères et al. 2022; Johnson 2022; Johnson et al. 2020, 2019; Petit et al. 2022; Racapé et al.

2019; Thomas et al. 2020; Zilberman et al. 2020).

This work is focused on the Southwest Pacific Basin (SWPB), the location of one of the

pilot arrays that has been most densely sampled by Deep Argo floats. Historical studies have
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suggested that the DWBC of the SWPB (Figure 3.1) flows equatorward along the Campbell

Plateau, around the Chatham Rise, and through the Kermadec Trench (Reid 1986, 1997). The

main DWBC pathway then becomes less clear, although the majority of flow appears to divert

eastward (Warren and Voorhis 1970). Eventually, the DWBC exits the SWPB to the north,

predominantly through the Samoan Passage (Roemmich et al. 1996). Velocities within the

DWBC have been measured to be bottom-intensified in both the Kermadec Trench (Whitworth III

et al. 1999) and Samoan Passage (Alford et al. 2013; Rudnick 1997; Voet et al. 2016, 2015).
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Figure 3.1. Bathymetry at the western boundary of the Southwest Pacific Basin with a schematic
of the deep western boundary current pathway (yellow, dashed line represents an uncertain
pathway). Key bathymetric features are labelled.

As there are no deep-water formation sites in the North Pacific Ocean, the SWPB DWBC
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is the main pathway by which the deep and bottom waters formed around Antarctica make

their way into the western South Pacific Ocean and North Pacific Ocean (Johnson 2008; Talley

2013). Specifically, this DWBC transports high oxygen and low nutrient Lower Circumpolar

Deep Water (Whitworth III et al. 1999; Wijffels et al. 2001). In the SWPB, Lower Circumpolar

Deep Water is composed primarily of relatively cold and fresh Antarctic Bottom Water, although

a salinity maximum at shallower levels (depths of approximately 3000–4000-m at 32.5◦S)

reflects the influence of remnant North Atlantic Deep Water (NADW; Figure 3.2; Johnson 2008;

Whitworth III et al. 1999; Wijffels et al. 2001). Above the Lower Circumpolar Deep Water

lies a return flow of warmer, fresher, lower oxygen, and higher nutrient Pacific Deep Water

(Whitworth III et al. 1999; Wijffels et al. 2001).

Whitworth III et al. (1999) measured the SWPB DWBC over 1991–1992 using a mooring

array at 32.5◦S and found a time-mean transport of 16.0 Sv (1 Sv ≡ 1× 106 m3 s−1) below

2000-m. Transport variability was large (standard deviation of 11.9 Sv), with dominant periods

of variability between 40–100-days (Whitworth III et al. 1999). This large variability may be due

to the influence of Rossby waves at the western boundary of the SWPB (Moore and Wilkin 1998).

Further north, in the Samoan Passage, time-mean transport below 4000-m has been estimated

from mooring arrays to be 6.0±0.5 Sv during 1992–1994 (Roemmich et al. 1996; Rudnick

1997) and 5.4±0.6 Sv during 2012–2013 (Voet et al. 2016). Both time series demonstrated large

variability at tidal frequencies and sporadically at roughly 30-day periods, which may be related

to resonance of the flow (Rudnick 1997). Roemmich et al. (1996) combined observations from

the 1992–1994 mooring array with a full-depth hydrographic survey in 1994 to estimate a total

mean northward transport out of the SWPB (including the Samoan Passage and other smaller

transport pathways) of 10.6±1.7 Sv relative to the 1.2◦C potential temperature (θ ) surface.

Transport out of the SWPB was therefore less than that measured by Whitworth III et al. (1999)

in the DWBC at 32.5◦S. At least part of this transport discrepancy is likely due to a broad return

flow within the interior of the SWPB between 1800–4100-dbar (Zilberman et al. 2020).

Earlier studies have also hinted at a tight cyclonic circulation over the Kermadec Trench,
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Figure 3.2. Meridional sections of (a) potential temperature (θ ) and (b) salinity between 2000–
6000-dbar from 1◦ zonal-averages of Deep Argo profiles collected at the western boundary of the
Southwest Pacific Basin between June 2016 to January 2023 (see Figure 3.3 for profile locations
and times). Vertical dotted lines mark the latitude of the (a) Samoan Passage (∼9◦S) and (b)
Louisville Seamount Chain collision zone (∼26◦S).

consisting of the strong equatorward-flowing DWBC on the western flank and a weaker poleward-

flowing recirculation on the eastern flank (Johnson 1998). Evidence for this recirculation has

been largely based on hydrographic and velocity measurements at the 32.5◦S mooring array,

where time-mean meridional velocities on the eastern side of the trench were small but southward

(on the order of −0.01 ms−1; Whitworth III et al. 1999). A hydrographic survey at 28◦S also

suggested the presence of southward flow on the eastern side of the trench (Warren 1973), but

the spatial extent of this recirculation is unresolved due to sparse historical observations. As yet,

it is unknown whether the southward velocities on the eastern side of the Kermadec Trench are

part of a cyclonic circulation that spans the entire trench.
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As the DWBC exits the SWPB through the Samoan Passage, a large volume of water

is forced over the complex bathymetry and series of sills (Alford et al. 2013). Vertical (or

diapycnal) turbulent diffusivity in the Samoan Passage is therefore significantly larger than

background levels in the deep-ocean (1× 10−5 m2 s−1; Toole et al. 1994) and the canonical

basin-scale average (1×10−4 m2 s−1; Munk 1966). Indeed, Roemmich et al. (1996) estimated

diapycnal diffusivity in the Samoan Passage to be between 5×10−3 to 5×10−2 m2 s−1 below

0.7◦C. More recently, Voet et al. (2015) estimated vertical turbulent diffusivities in the Samoan

Passage of between 3×10−3 to 5×10−2 m2 s−1 averaged at the depth of the salinity maximum,

and around 6×10−3 m2 s−1 below 0.8◦C. However, turbulent mixing within the Samoan Passage

is spatially heterogeneous (Alford et al. 2013; Voet et al. 2015), with diapycnal diffusivities as

large as 1×10−1 m2 s−1 measured over the sills (Alford et al. 2013). This elevated deep-ocean

turbulence mixes away the coldest and densest waters, erodes the higher salinities evident at the

passage entrance, and thus sets the water mass properties of the abyssal North Pacific Ocean

(Alford et al. 2013; Voet et al. 2015). We suspect there could be other such regions along the path

of the SWPB DWBC where turbulent mixing is elevated, however, to the best of our knowledge,

no specific locations have been identified.

Additionally, Deep Argo observations from the interior of the SWPB have suggested the

presence of deep-ocean dynamic height (DH) seasonal cycles (Zilberman et al. 2020). These

seasonal cycles differed between the subtropics (15–32◦S) and mid-latitudes (32–46◦S), and were

hypothesised to be driven by regional Ekman pumping within the SWPB (Zilberman et al. 2020).

It is unclear whether similar seasonal cycles occur in the DWBC as, at the time of Zilberman et al.

(2020)’s study, there was insufficient Deep Argo coverage at the western boundary. Whitworth III

et al. (1999) found no evidence of a seasonal cycle in DWBC transport at the 32.5◦S mooring

array, although the array was only deployed for 22-months. Furthermore, the array was located

within the latitude range where the Ekman pumping seasonal cycle changes sign. Hence, if there

is a DWBC seasonal cycle forced by Ekman pumping, it would likely not be evident at 32.5◦S.

Measurements from mooring arrays in the Samoan Passage have also been inconclusive as to the
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presence of a seasonal cycle, with wavelet spectra of bottom water transport hinting at energy

at the annual period (Voet et al. 2016), but again the short time series (17-months in the 1990s,

15-months in the 2010s) make determination of any seasonal cycle difficult.

Continued Deep Argo deployments in the SWPB have increased coverage of the western

boundary in recent years. This blossoming data set can now be leveraged to provide new insights

that were not previously feasible using sparse historical observations. In the present study we

have examined flow pathways, turbulent mixing, and seasonality in the DWBC of the SWPB

using 964 Deep Argo profiles and 711 Deep Argo trajectories collected since 2016. These

observations allowed us to trace the path of the DWBC and, for the first time, clearly show

the cyclonic recirculation over the entire Kermadec Trench. Deep Argo profiles revealed that

the remnant NADW salinity maximum is eroded as the DWBC exits the Kermadec Trench to

the north, marking the Louisville Seamount Chain collision zone as a previously unidentified

deep-ocean mixing hotspot. We found seasonal isopycnal heaving in the northern Kermadec

Trench, and suggest this deep-ocean heaving is forced by the local Ekman pumping seasonal

cycle at the surface. In the remainder of this paper we outline the data and methods used (section

3.4), present our results (section 3.5), and discuss their implications (section 3.6).

3.4 Data and Methodology

3.4.1 Deep Argo Profiles and Trajectories

Data were collected by 10 Deep Argo floats profiling within the DWBC of the SWPB

(Figure 3.3). All floats were the Deep SOLO model capable of profiling down to 6000-dbar

(Roemmich et al. 2019b). Following initial diagnostic cycles on deployment (Roemmich et al.

2019b), these floats were set to 10-day or 15-day profiling cycles. Only delayed-mode profiles

with adjusted temperature, salinity, and pressure flagged as ‘good’ or ‘probably good’ (Wong et al.

2022) were used in this study. Profiles shallower than 2000-db or outside of the latitudinal range

5–40◦S were excluded, which resulted in a total of 964 profiles since June 2016 with the most
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recent delayed-mode profile from January 2023. As the vertical resolution within and between

float profiles varied (from near-continuous to 60-dbar), all profiles were linearly interpolated to a

10-dbar pressure grid (e.g. Foppert et al. 2021; Johnson et al. 2020). Temperature was converted

to θ (relative to the sea surface, i.e. 0-dbar).
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Figure 3.3. (a) Locations of Deep Argo profiles and (b) number of Deep Argo profiles per
month, both coloured according to float WMO identification number. Grey shading is bathymetry
shallower than 4000-m.

Deep Argo has target accuracies of ±3-dbar for pressure, ±0.001◦C for temperature,

and ±0.002 PSS-78 for salinity (Roemmich et al. 2019a). Efforts are ongoing to achieve these

targets, with prior observations indicating that the SBE-61 CTDs carried by Deep SOLO floats

have accuracies of ±4.5-dbar for pressure, ±0.001◦C for temperature, and ±0.005 for salinity

(Roemmich et al. 2019a). A compressibility correction of the conductivity cell that improves

salinity accuracy to ±0.002 (Foppert et al. 2021; Zilberman et al. 2023c) was applied to the

delayed-mode profiles here.

The Scripps Argo Trajectory-Based Velocity Product provides trajectories for all delayed-

mode quality-controlled Argo floats with parking pressures between 100–6200-dbar and profiling

cycles between 5–25-days over the period 2001–2022 (Zilberman et al. 2023a). These subsurface

trajectory velocities were computed based on the float’s drift distance and duration each profiling
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cycle (Zilberman et al. 2023a). This product was used to obtain trajectories for the 10 Deep Argo

floats in the DWBC. Most of the 711 Deep Argo trajectories (at time of writing, the product did

not contain delayed-mode trajectories for floats 5906417, 5906419, or 5906420) were from floats

parked at pressures around 5000-dbar (75% were between 4500–5500-dbar). The shallowest

trajectory parking pressure was 2520-dbar and the deepest was 5909-dbar.

3.4.2 Ocean Reanalysis

The 1/12◦ Global Ocean Physics Reanalysis (GLORYS12V1, hereafter GLORYS; Lel-

louche et al. 2021) was used for comparison with Deep Argo profiles of temperature and salinity

and Deep Argo subsurface trajectory velocities in the Kermadec Trench. GLORYS assimilates

reprocessed and quality-controlled satellite observations of sea level anomaly, sea surface tem-

perature, and sea ice concentration, as well as in situ observations of temperature and salinity

(Lellouche et al. 2021). Deep Argo observations are not yet included in the reanalysis, with

(non-Argo) climatological temperature and salinity assimilated below 2000-m (Lellouche et al.

2018). As such, the Deep Argo and GLORYS data used here are independent of each other.

GLORYS can be used to examine variability from meso-scale to global-scale over time

periods from days to decades (Lellouche et al. 2021). Previously, Song et al. (2023) used

GLORYS to examine seasonality in the southward-flowing Philippine Trench DWBC and found

that GLORYS successfully reproduced velocity variability, albeit with stronger velocities than

observed. Here, monthly means of GLORYS θ and salinity between depths of 1940–5730-m and

in the region bounded by 25–40◦S, 179–185◦E were downloaded for the period 1993–2020. The

GLORYS time series therefore had limited overlap with the period of Deep Argo observations.

Nevertheless, Deep Argo profiles and GLORYS θ and salinity profiles (time-averaged for the

month in which the corresponding Deep Argo profile was measured) were similar (Figure 3.4).

Although, compared to Deep Argo observations, GLORYS underestimated the salinity maximum,

overestimated salinity in the coldest waters, and had colder bottom waters. GLORYS zonal and

meridional velocities at 5275-m (the depth level closest to the largest number of Deep Argo
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trajectory parking pressures) were also downloaded for the same time period and region.
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Figure 3.4. Potential temperature (θ ) – salinity curves for all Deep Argo profiles in the Kermadec
Trench (grey lines), the spatial-average of these Deep Argo profiles (black line), and the spatial-
average of the GLORYS profiles interpolated to the locations of the Deep Argo profiles (red dots),
with σ3 (potential density anomaly referenced to 3000-dbar; kgm−3) contours in blue. Each
GLORYS profile was the 1993–2020 time-average for the month in which the corresponding
Deep Argo profile (December 2019 to December 2022) was measured.

3.4.3 Ekman Pumping

Monthly ERA5 (Hersbach et al. 2020) wind stress was downloaded for 1993–2020, the

same time period as GLORYS, and used to compute Ekman pumping (wEk):

wEk =

∂τy

∂x − ∂τx

∂y

ρ0 f
(3.1)
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where τy is meridional wind stress, τx is zonal wind stress, x is zonal distance, y is meridional

distance, ρ0 is a representative surface density (1025 kgm−3), and f is the Coriolis parameter

(e.g. Cushman-Roisin and Beckers 2011). Ekman pumping seasonal cycles were obtained by

least-squares fitting annual and semi-annual harmonics and a mean, then subtracting the fitted

mean.

3.4.4 Turbulent Mixing

Vertical turbulent diffusivity (κz) was examined in the Samoan Passage and in the

Louisville Seamount Chain collision zone. These two locations are bathymetric choke-points

along the path of the DWBC (Figure 3.1) where substantial changes in water mass properties

were observed (Figure 3.2). To estimate κz, the equation for conservation of a tracer C (either

θ or salinity), with no sources or sinks, small aspect ratio (vertical scale much smaller than

horizontal scale), horizontal changes only in the along-flow direction (no x-direction terms), and

constant vertical turbulent diffusivity was used (e.g. Ffield and Gordon 1992; Salmon 1998; Voet

et al. 2015).

In a reference frame moving with the flow, the conservation equation becomes (Ffield

and Gordon 1992):
∂C
∂ t

= κz
∂ 2C
∂ z2 (3.2)

where t is time and z is depth. Following Voet et al. (2015), equation 3.2 was applied to the mean

θ and salinity profiles immediately upstream (within 2.7◦ of latitude) of each region and solved

numerically using forward differencing. In the Samoan Passage, C was held constant at 3600-m

and a no flux boundary condition applied at the bottom. In the Louisville Seamount Chain

collision zone, C was held constant at both 2400-m and 3800-m. Model results depend on the

spreading scale parameter λ =
√

κzt∗, where t∗ = y
v is the transit time through the choke-point

with y the distance between the mean location of downstream and upstream profiles and v the

mean Deep Argo trajectory velocity within the choke-point. Here, λ was taken to be the value
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that minimised the difference between the modelled θ -salinity profile and the mean profile

observed downstream.

In a stationary reference frame and assuming a steady-state, the conservation equation

instead becomes:

v
∂C
∂y

= κz
∂ 2C
∂ z2 (3.3)

Three of the terms in equation 3.3 (v, ∂C
∂y , ∂ 2C

∂ z2 ) could be obtained from Deep Argo observations,

allowing κz to be computed from direct observations. This calculation was only performed in

the Samoan Passage, where the numerical model (equation 3.2) reproduced a θ -salinity profile

exceptionally similar to the mean observed downstream profile (Figure A3.1). Each term in

equation 3.3 was averaged below 4000-dbar (about 1.1◦C), where the observed θ -salinity curves

upstream and downstream of the Samoan Passage diverged, and κz was computed for both

salinity and θ observations. The calculation was not performed in the Louisville Seamount

Chain collision zone as the modelled profile evolution did not match the mean θ -salinity profile

observed downstream (Figure A3.2), indicating that additional mixing processes other than just

κz are important.

For both the numerical model and direct calculation, a bootstrapping approach was

employed to compute 95% confidence intervals. Mean profiles, locations, and velocities were

recomputed by sampling with replacement, and κz was recalculated using these new values. This

procedure was repeated 1×104 times and the 2.5th and 97.5th percentile values of κz taken to

represent the 95% confidence interval.

3.4.5 Seasonality

Deep Argo profiles in the DWBC along the Kermadec Trench were used to examine

θ , salinity, and DH seasonal cycles in the deep-ocean. These profiles were identified using

Deep Argo trajectories to select a region that encompassed just the northward flow on the

western side of the trench (between 26–38◦S). Profiles were spatially-averaged each month to
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produce monthly time series for 2021–2022. To obtain seasonal cycles, annual and semi-annual

harmonics and a mean were least-squares fit to the monthly time series. The mean was then

subtracted from the least-squares fit. Seasonal cycles were computed between 2000–4000-dbar

as 80% of profiles considered reached at least 4000-dbar. DH was thus computed relative to

4000-dbar and the 20% of profiles that did not reach 4000-dbar were excluded. No profiles were

excluded from the θ and salinity seasonal cycles. As such, the number of profiles contributing to

the spatial-average each month ranged from 3–26 (average of 8.8 profiles) for θ and salinity, and

from 0–15 (average of 7.0, with 0 profiles only occurring for one month) for DH. Observed θ ,

salinity, and DH seasonal signals were larger than Deep Argo measurement accuracies (±0.002

for salinity, ±0.001◦C for temperature, ±4.5-dbar for pressure, and ±0.043 m2 s−2 for DH at

2000-dbar relative to 4000-dbar).

To examine the cause of deep-ocean seasonality, the θ seasonal cycle was decomposed

into heave (θ ′
heave, i.e. changes on pressure surfaces due to isopycnal displacement) and spice

(θ ′
spice, i.e. changes on isopycnal surfaces due to water mass property changes) components

(Bindoff and Mcdougall 1994; Desbruyères et al. 2022; Häkkinen et al. 2015):

θ
′ = θ

′|ρ︸︷︷︸
θ ′

spice

+
dθ

d p
p′|ρ︸ ︷︷ ︸

θ ′
heave

(3.4)

where p is pressure, and X ′|ρ means the seasonal cycle of X on an isopycnal. Following

Desbruyères et al. (2022), a σ3 (potential density anomaly referenced to 3000-dbar) vertical grid

was constructed encompassing the depth range 2000–4000-dbar. For the spice component, θ

was linearly interpolated onto the σ3 grid and θ ′
spice computed. For the heave component, dθ

d p

and p were linearly interpolated onto the σ3 grid and p′|ρ was multiplied by the dθ

d p seasonal

cycle (with mean retained) to obtain θ ′
heave. Both θ ′

spice and θ ′
heave were linearly interpolated

back to the original pressure grid. The coefficient of determination (R2) was used to evaluate the

contribution of each term to the total θ seasonal cycle.
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Seasonality was also computed using GLORYS interpolated to the locations of the Deep

Argo profiles. The procedure was much the same as for Deep Argo, but every location had

monthly θ , salinity, and DH over 1993–2020. Therefore, after spatial-averaging, time series

were detrended before seasonal cycles were computed. Additionally, as local wEk seasonal

cycles changed sign within the meridional range of the Kermadec Trench, GLORYS was used

to compute seasonal cycles of θ , salinity, and DH along the DWBC in northern (26–30◦S) and

southern (32–36◦S) trench regions.

3.5 Results

3.5.1 Deep Western Boundary Current Pathway

Deep Argo float trajectories illustrated the path of the DWBC through the SWPB in

unprecedented detail (Figure 3.5). Beginning at 40◦S, trajectories were northwest along the

northern flank of the Chatham Rise (see Figure 3.1 for locations of bathymetric features) until

reaching the Tonga-Kermadec Ridge, at which point they turned equatorward alongside the ridge.

A clear recirculation of flow was evident over the Kermadec Trench, with poleward trajectories

along the eastern side of the trench (Figure 3.5b). Continuing equatorward, trajectories exited the

Kermadec Trench through the Louisville Seamount Chain collision zone. Trajectory directions

were incoherent within the Osbourn Trough, suggesting the DWBC may break up into an

eddy field here. On the northern side of the trough, around the latitude of Niue, trajectories

re-coalesced into a coherent equatorward flow approximately following the 5000-m isobath

before exiting the SWPB through the Samoan Passage (Figure 3.5c).

Trajectory velocities within the two coherent regions of equatorward flow were stronger

in the Kermadec Trench than between Niue and the Samoan Passage, with an average velocity

(over all parking pressures) of 0.057±0.012 ms−1 (95% confidence interval computed using a

bootstrapping approach) compared to 0.031±0.005 ms−1. The poleward-flowing recirculation

over the Kermadec Trench (−0.021± 0.008 ms−1) was also weaker than the equatorward-
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Figure 3.5. (a) Deep Argo trajectory velocities (July 2016 to December 2022) in the deep
western boundary current of the Southwest Pacific Basin. Dashed boxes in (a) are presented in
the following panels with Deep Argo trajectory velocities and historical time-mean velocities
from WOCE mooring array (b) PCM9 (February 1991 to December 1992) in the Kermadec
Trench and (c) PCM11 (September 1992 to February 1994) in the Samoan Passage. Velocities are
grouped by depth (parking pressure for Deep Argo, instrument depth for mooring arrays). Note
the 5500–6000-dbar Deep Argo trajectories are small and only located near 22◦S. Bathymetry
contours are 5000-m (light blue) and 6000-m (dark blue), grey shading is shallower than 4000-m.

flowing DWBC. The average velocity in the Samoan Passage was 0.020±0.010 ms−1. Deep

Argo trajectories were the same order of magnitude and consistent in direction with time-mean

velocities from moored current meters at PCM9 in the Kermadec Trench over February 1991

to December 1992 (Figure 3.5b; Whitworth III et al. 1999) and PCM11 in the Samoan Passage

over September 1992 to February 1994 (Figure 3.5c; Rudnick 1997).

The Kermadec Trench DWBC and recirculation were also present in an eddy-resolving

ocean reanalysis. GLORYS time-mean velocities over 1993–2020 at 5275-m depth demonstrated

strong equatorward velocities on the western side of the trench and weaker poleward velocities on

the eastern side (Figure 3.6a), qualitatively similar to Deep Argo trajectory velocities over 2021–
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2022 (Figures 3.5b and 3.6b). However, GLORYS tended to overestimate speed in the southern

Kermadec Trench and underestimate speed in the northern Kermadec Trench (Figures 3.6b

and 3.6c). This discrepancy in speed moving along the trench could be due to semi-permanent

eddies or smaller recirculation features that were evident in the GLORYS time-mean DWBC

velocity field (e.g. between roughly 35.2–34.4◦S, 33.6–32.8◦S, and 31.1–30.5◦S). These features

may produce localised recirculations of flow such that total mass transport decreases moving

northward, which could present as a slowdown of the current. Indeed, the largest time-mean

GLORYS meridional velocities were found at the southern end of the Kermadec Trench. The

limited number of Deep Argo trajectories and the different time periods likely also contributed

to the discrepancy between Deep Argo and GLORYS velocities.
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Figure 3.6. (a) GLORYS time-mean velocity in the Kermadec Trench over 1993–2020 at
5275-m (plotted at 1/6◦ resolution). Red arrows are positive meridional velocities, pink arrows
are negative. (b) Comparison of Deep Argo trajectory velocity (black arrows) in the Kermadec
Trench between 4500–5500-dbar over 2021–2022 and GLORYS velocity (red arrows) at 5275-m
interpolated to the Deep Argo trajectory locations and time-averaged over 1993–2020 for the
month in which the corresponding Deep Argo trajectory was obtained. (c) Comparison of the
speed (magnitude only) of the Deep Argo trajectories and GLORYS velocities from (b) showing
the percent that GLORYS speed is of Deep Argo trajectory speed (red means GLORYS is faster,
black means Deep Argo is faster). Bathymetry contours are 4000-m (grey), 5000-m (light blue),
and 6000-m (dark blue), with grey shading shallower than 4000-m.
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3.5.2 Turbulent Mixing

Substantial changes in DWBC θ and salinity properties were observed between Deep

Argo profiles upstream (south) and downstream (north) of both the Louisville Seamount Chain

collision zone and the Samoan Passage (Figure 3.2). The highest mean salinities in the DWBC

(≥34.72) were eroded away as the DWBC exited the Kermadec Trench through the Louisville

Seamount Chain collision zone, with such high mean salinities not evident to the north (Figure

3.2b). The largest θ -salinity differences at the collision zone occurred between roughly 1.2–

1.7◦C (approximately 2700–3500-dbar), where upstream profiles were substantially saltier at a

given temperature than downstream profiles (Figure A3.2). This depth range is within the strong

northward flow of the DWBC (Figure 3.5b; Whitworth III et al. 1999). Property changes through

the Samoan Passage have been previously documented (e.g. Alford et al. 2013; Voet et al. 2015)

and are therefore not discussed here.

The observed θ -salinity changes at the Louisville Seamount Chain collision zone and

Samoan Passage imply substantial deep-ocean mixing, which could be due to vertical turbulent

diffusivity. In the Louisville Seamount Chain collision zone, the modelled (equation 3.2)

evolution of the mean upstream θ -salinity profile due to vertical turbulent diffusivity was

rather different from the mean profile observed downstream (Figure A3.2). This mismatch

between modelled and observed downstream profiles occurred for all spreading scales (λ ) and

was not dependent on the upper and lower model boundary depths. However, in the Samoan

Passage, the modelled evolution due to vertical turbulent diffusivity was exceptionally similar to

downstream observations (Figure A3.1). A spreading scale of λ = 398-m provided the best match

between the modelled and mean observed downstream θ -salinity profiles, which, for a distance

between mean upstream and downstream profile locations of 504.4-km and a mean Deep Argo

trajectory velocity within the Samoan Passage of 0.020 ms−1, resulted in a vertical turbulent

diffusivity of 6.2×10−3 m2 s−1 (95% confidence interval = 2.9×10−3 to 1.00×10−2 m2 s−1).

Consistent with the model, vertical turbulent diffusivity in the Samoan Passage (below 4000-
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dbar) from Deep Argo observations (equation 3.3) was estimated to be 1.57× 10−2 m2 s−1

(7.2×10−3 to 2.64×10−2 m2 s−1) based on conservation of θ and 6.1×10−3 m2 s−1 (2.1×10−3

to 2.32×10−2 m2 s−1) based on conservation of salinity (Figure 3.7).

10-3

10-2

10-1

5
z [m

2 /s
]

Numerical model
Conservation of S (obs.)
Conservation of 3 (obs.)

Voet et al. 2015
Roemmich et al. 1996

Figure 3.7. Estimates of vertical turbulent diffusivity (κz) through the Samoan Passage from
a numerical model applied to upstream Deep Argo observations (aquamarine), and computed
from conservation of salinity (orange) and potential temperature (purple) using Deep Argo
observations. Filled circles use all Deep Argo data, lines represent bootstrapped 95% confidence
intervals. Pink and light-green lines are the range of κz estimates through the Samoan Passage
from Voet et al. (2015) and Roemmich et al. (1996).

Deep Argo estimates of vertical turbulent diffusivity through the Samoan Passage (from

both the numerical model and from direct observations) were also consistent with prior estimates

in the Samoan Passage (Figure 3.7). Using a heat budget approach, Roemmich et al. (1996)

estimated diapycnal turbulent diffusivity below 0.7◦C to be between 5×10−3 to 5×10−2 m2 s−1.

Waters colder than 0.7◦C were not present north of the Samoan Passage (Figure 3.2a), consistent
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with these earlier observations, but below 4750-dbar (the depth closest to 0.7◦C in the average

profile south of the Samoan Passage) we estimated a vertical turbulent diffusivity of 5.09×

10−2 m2 s−1 (2.08× 10−2 to 1.358× 10−1 m2 s−1) based on conservation of θ (equation 3.3).

This estimate is at the upper bound of the estimate by Roemmich et al. (1996), but is not

unrealistically large for the Samoan Passage (Alford et al. 2013). Voet et al. (2015) used a

numerical model (equation 3.2) to estimate a vertical turbulent diffusivity of between 3×10−3

to 5×10−2 m2 s−1 averaged over a depth range comparable to our estimate. Voet et al. (2015)

also used Thorpe scales (Dillon 1982; Thorpe 1977) to estimate a diapycnal turbulent diffusivity

of 6×10−3 m2 s−1 below 0.8◦C. Implementation of Thorpe scales was not feasible in the present

study as Deep Argo profiles often had vertical resolutions of the same magnitude or coarser

than the Thorpe length scales found in the Samoan Passage by Voet et al. (2015). However, we

estimated vertical turbulent diffusivity below 4440-dbar (the depth closest to 0.8◦C in the average

profile south of the Samoan Passage) to be 8.4×10−3 m2 s−1 (3.8×10−3 to 1.41×10−2 m2 s−1)

based on conservation of θ and 4.4×10−3 m2 s−1 (1.3×10−3 to 2.35×10−2 m2 s−1) based on

conservation of salinity, consistent with the estimate by Voet et al. (2015).

3.5.3 Kermadec Trench Seasonality

Deep-ocean seasonal cycles of DH, salinity, and θ between 2000–4000-dbar were iden-

tified from the 2-year time series (2021–2022) of Deep Argo profiles spanning the length of

the Kermadec Trench DWBC (between 26–38◦S). DH (Figure 3.8a) was negative (i.e. steric

contraction) between January–July and positive (i.e. steric expansion) between July–January.

The largest signals (at 2000-dbar relative to 4000-dbar) of −0.147 m2 s−2 and 0.129 m2 s−2

occurred in April and November respectively. Salinity (Figure 3.8b) appeared to be influenced

by the vertical movement of the remnant NADW salinity maximum (at approximately 3500-dbar

in the annual average), causing both positive (i.e. saltier) and negative (i.e. fresher) signals to

be present each month. The saltiest signal of 0.013 occurred in March and the freshest signal

of −0.010 occurred in November, both around 2900-dbar. Broadly speaking, θ (Figure 3.8c)
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was negative (i.e. colder) in February–June and positive (i.e. warmer) in July–January, with

the coldest signal of −0.062◦C in April at approximately 3300-dbar and the warmest signal of

0.042◦C in December at approximately 3200-dbar. The onset of the cold signal shifted later with

decreasing pressure and there was also a cold signal evident around 2000-dbar in the midst of

the warm months. These two features may be the result of noise in the 2-year time series that

was constructed from scattered Deep Argo profiles.

Seasonal cycles observed by Deep Argo were consistent with expected changes due to

seasonal heaving of the deep-ocean. Upward motion of the water column would raise isotherms

(causing cooling on pressure surfaces) and shift the deep-ocean salinity maximum up (causing

salinification at shallower pressures and freshening at deeper pressures). Downward motion of

the water column would have the opposite effect (warming on pressure surfaces, freshening at

shallower pressures, salinification at deeper pressures). Decomposing the θ seasonal cycle into

heave and spice components (equation 3.4) confirmed the dominance of heave, with seasonal

changes due to heave extremely similar to the total seasonal cycle (R2 = 0.89; Figures 3.8c–e).

The residual (and therefore error) of the decomposition was small (RMSE = 0.003◦C; R2 = 0.99).

Applying this heave/spice decomposition to salinity produced the same conclusion.

Changes due to heave are often wind-driven (e.g. Bindoff and Mcdougall 1994; Köhl

2014; Sun et al. 2022), and it has been hypothesised that deep-ocean seasonality in the SWPB

interior is driven by Ekman pumping (Zilberman et al. 2020). However, the local Ekman

pumping seasonal cycle over the DWBC changes sign between the subtropics and midlatitudes

(not shown). This transition occurs between roughly 31–36◦S (within the southern half of

the Kermadec Trench). The Deep Argo profiles we used to determine the seasonal cycle in

the Kermadec Trench DWBC (Figure 3.8) spanned the entire length of the Kermadec Trench,

including this transition region, which complicated the evaluation of Ekman pumping as a

possible forcing mechanism. Using Deep Argo profiles to examine a smaller latitude range

within the Kermadec Trench DWBC that excluded the transition region was not feasible (but

should become possible with sustained Deep Argo observations). Incorporating Deep Argo
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Figure 3.8. Seasonal cycles between 2000–4000-dbar from Deep Argo profiles in the Kermadec
Trench DWBC (26–38◦S) for (a) dynamic height relative to 4000-dbar (DH), (b) salinity (S), (c)
potential temperature (θ ), and potential temperature decomposed into (d) heave (θheave) and (e)
spice (θspice) components. Black line is the 0 contour.
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profiles from the DWBC north of the Kermadec Trench would introduce profiles with different θ -

salinity characteristics that could additionally confound results. We therefore used the GLORYS

eddy-resolving ocean reanalysis to examine deep-ocean seasonality within the Kermadec Trench

DWBC for each of these distinct Ekman pumping regions.

To first validate GLORYS, seasonal cycles of DH, salinity, and θ (over the full 1993–

2020 time series) were computed from GLORYS profiles interpolated to the locations of the

Deep Argo profiles spanning the full length of the Kermadec Trench DWBC (i.e. the same Deep

Argo profiles used for Figure 3.8). GLORYS DH (Figure 3.9a) demonstrated steric contraction

between December–May and steric expansion between June–December, a difference of 1-month

compared to Deep Argo observations. The largest salinity signals in GLORYS (Figure 3.9b)

were observed around 2000-m, a feature not evident in the Deep Argo seasonal cycle. However,

at 2866-m (a similar depth-level to the largest Deep Argo salinity signals) the saltiest signal

occurred in March, at the same time as Deep Argo, and the freshest signal occurred in August,

3-months earlier than Deep Argo. GLORYS θ (Figure 3.9c) changed sign earlier at shallower

depths but, broadly speaking, was colder between December–May and warmer between May–

November, a phase difference of 1–2-months compared to Deep Argo. This earlier change in

sign at shallower depths was likely due to the different seasonal regimes in the northern and

southern Kermadec Trench, and largely disappeared when only the northern Kermadec Trench

DWBC was considered. Seasonal changes in deep-ocean θ were predominantly due to heave

(R2 = 0.92; Figures 3.9c–e), as was also found in Deep Argo observations. For all three variables,

GLORYS seasonal cycles (Figure 3.9) were weaker than those observed by Deep Argo (Figure

3.8). Differences between GLORYS and Deep Argo may be related to the short Deep Argo time

series, the uneven and changing distribution of Deep Argo profiles, the different Deep Argo and

GLORYS time periods, GLORYS misrepresenting the true seasonal cycle, and/or GLORYS

underestimating variability in the deep-ocean. Nevertheless, GLORYS provided a reasonable

representation of the observed seasonal cycle phase (Figure 3.9a) and forcing mechanism (heave)

in the Kermadec Trench DWBC. Hence, GLORYS was used to further explore deep-ocean
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Figure 3.9. Seasonal cycles between 2000–4000-m computed from GLORYS (1993–2020)
interpolated to the locations of Deep Argo profiles in the Kermadec Trench DWBC (26–38◦S)
for (a) dynamic height relative to 3992-m (DH), (b) salinity (S), (c) potential temperature (θ ),
and potential temperature decomposed into (d) heave (θheave) and (e) spice (θspice) components.
Black line is the 0 contour. Grey dashed line in (a) is the 0 contour for the 2021–2022 Deep
Argo DH seasonal cycle in the Kermadec Trench DWBC (see Figure 3.8, but note the different
colour scale).
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seasonality in the northern (26–30◦S) and southern (32–36◦S) Kermadec Trench regions that

each experienced different Ekman pumping seasonal cycles.

ERA5 Ekman pumping and GLORYS DH, salinity, and θ seasonal cycles were computed

over 1993–2020 for the DWBC in northern (Ekman pumping and DH shown in Figure 3.10;

θ and salinity not shown) and southern (not shown) Kermadec Trench regions. The southern

Kermadec Trench demonstrated no clear seasonal cycles, as expected given the transitional

nature of the Ekman pumping seasonal cycle in this region, and was therefore not investigated

further. In the northern Kermadec Trench, the Ekman pumping seasonal cycle (Figure 3.10a)

was positive (i.e. upward) in December–April and negative (i.e. downward) in May–November.

DH seasonal changes (steric contraction in December–May, steric expansion in June–November;

Figure 3.10b) were largely consistent with expected changes if Ekman pumping was driving

seasonal heaving of the deep-ocean. To confirm this relationship between local Ekman pumping

and deep-ocean DH, a coherence analysis (utilising 6-year segments with a Hanning window

applied and 50% overlap) was conducted between the monthly time series of detrended Ekman

pumping and DH anomalies over 1993–2020 (Figure A3.3). The EOF first-mode principal

component was used as a single representative DH time series (accounting for 98% of variance

in the 1993–2020 monthly time series of detrended DH anomalies between 2000–4000-m). For

simplicity in interpreting phase, the sign of the principal component was reversed. A statistically

significant coherence of 0.83 (exceeding the 95% significance threshold) was found at the annual

frequency (Figure 3.10c). Coherence was not statistically significant at most other frequencies.

The phase (Figure 3.10d) at the annual frequency (-25±21◦) indicated that Ekman pumping

anomalies led DH anomalies by less than a month. A similar relationship was evident at almost

every GLORYS depth level between the surface and 4000-m (Figure A3.4), with coherence

between detrended Ekman pumping and DH monthly anomalies over 1993–2020 statistically

significant at the annual period for all depths. Phase at the annual period was constant with depth

(within uncertainties), except in the near-surface, and indicated that Ekman pumping anomalies

led DH anomalies by less than a month.
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Figure 3.10. Seasonal cycles in the northern Kermadec Trench DWBC (26–30◦S) for (a) Ekman
pumping (wEk) computed from ERA5 and (b) dynamic height relative to 3992-m (DH) computed
from GLORYS (same colour scale as Figure 3.9a). (c) Coherence and (d) phase between 1993–
2020 monthly anomalies of wEk and the DH first-mode principal component. Red line is the 95%
significance threshold. A negative phase means wEk leads DH.

3.6 Discussion

The DWBC pathway identified from Deep Argo float trajectories between 5–40◦S over

the time period 2016–2022 broadly agrees with, and thus validates, the general pathway previ-

ously identified using historical hydrographic observations (Reid 1986, 1997). However, float

trajectories resolved the DWBC pathway in much finer detail than was possible using historical

observations. The apparent eddying behaviour within the Osbourn Trough does not seem to

have been previously identified or characterised, although earlier maps show rather tortuous
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deep flow pathways at a similar latitude (Reid 1986, 1997). A hydrographic section along 22◦S

(intersecting the Osbourn Trough) in 1969 suggested DWBC flow was concentrated alongside

the Tonga-Kermadec Ridge and between 168–165◦W (i.e. east of the Deep Argo trajectories in

the Osbourn Trough; Warren and Voorhis 1970). The majority of northward transport across this

hydrographic section occurred in the eastern region, although average velocities at 4200-m were

weak (0.010–0.017 ms−1; Warren and Voorhis 1970). These earlier velocities were similar to the

average Deep Argo trajectory velocity above 5500-dbar in the Osbourn Trough (0.007±0.013

ms−1, the large uncertainty reflects the large velocity variability). In the low-latitude South

Atlantic, the southward-flowing DWBC breaks up into a series of deep anticyclonic eddies around

8◦S, with these eddies responsible for all of the DWBC transport across 11◦S (Dengler et al.

2004; Schott et al. 2005). We wonder if the situation is similar here, with eddies contributing to

DWBC transport across the Osbourn Trough. If so, it may be that the eastern region of DWBC

flow measured by Warren and Voorhis (1970) was the northward velocity of an eddy or series of

eddies. An examination of DWBC (and eddy) transport is beyond the scope of this study, with the

Deep Argo pilot array not yet robust enough to undertake such work, but we note that 1993–2020

time-mean GLORYS velocities at 5275-m depth also demonstrated what appeared to be an

eddy field within the Osbourn Trough. The breakdown of the southward-flowing South Atlantic

DWBC into a series of eddies is caused by upstream instabilities (Dengler et al. 2004), likely

barotropic instabilities (Brum et al. 2023). If a similar mechanism is operating in the SWPB, the

abrupt change in bathymetry at the Louisville Seamount Chain collision zone could be a possible

source of instabilities. Alternatively, the breakdown of coherent DWBC flow may be induced

by the deeper and more uniform depth of the Osbourn Trough (typically 5500–6000-m deep)

removing topographic steering constraints.

Deep Argo trajectories also confirmed the occurrence of a cyclonic circulation, consisting

of equatorward-flowing DWBC and poleward-flowing recirculation, over the entire Kermadec

Trench. The recirculation had previously been inferred based on limited hydrographic and

mooring observations (Johnson 1998). In the early 1990s, three current meters on two moorings
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at 32.5◦S measured poleward velocities within the Kermadec Trench below 3000-dbar (−0.020

ms−1 at 3970-m, −0.015 ms−1 at 5800-m, −0.010 ms−1 at 5915-m; Whitworth III et al. 1999).

Deep Argo trajectory velocities along the eastern side of the Kermadec Trench measured a

poleward recirculation with similar magnitude (−0.021±0.008 ms−1). The similarity between

these independent data sets from different time periods and with different spatial coverage

indicates that the tight cyclonic circulation over the Kermadec Trench is a robust feature. Johnson

(1998) postulated that cyclonic circulations are common to all deep-ocean trenches with closed

f
H contours. A global Deep Argo array could potentially enable determination of whether these

cyclonic circulations are indeed a ubiquitous feature of deep-ocean trenches, although such an

array has been recommended to use a 1000-dbar parking pressure consistent with Core Argo

(Zilberman et al. 2023c) and may therefore not provide deep-ocean trajectories.

Estimates of vertical turbulent diffusivity in the Samoan Passage from a numerical

model (6.2×10−3 m2 s−1) and from conservation of θ (1.57×10−2 m2 s−1) and salinity (6.1×

10−3 m2 s−1) using direct observations were consistent with prior estimates of vertical turbulent

diffusivity in the Samoan Passage (3×10−3 to 5×10−2 m2 s−1; Roemmich et al. 1996; Voet

et al. 2015). Deep Argo was therefore able to accurately estimate vertical turbulent diffusivity

through the Samoan Passage, a known site of enhanced deep-ocean mixing (Alford et al. 2013;

Roemmich et al. 1996; Voet et al. 2015). We expect that Deep Argo observations and this

model could be similarly used to evaluate vertical turbulent diffusivity at other sites of enhanced

deep-ocean mixing.

Large changes in θ and salinity properties were also observed at the Louisville Seamount

Chain collision zone, with the NADW salinity maximum not present north of the collision

zone. The Louisville Seamount Chain collision zone had not previously been identified as a site

of enhanced deep-ocean mixing, and erosion of the remnant NADW salinity maximum at the

collision zone would seem to answer the question posed by Whitworth III et al. (1999) of how this

salinity maximum disappears between 32.5◦S and the Samoan Passage. However, the modelled

evolution of θ and salinity profiles due to vertical turbulent diffusivity within the collision zone
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was not consistent with the mean profiles observed downstream of the collision zone. As such,

the observed change in water mass properties cannot be solely due to vertical turbulent diffusivity.

Additional processes, such as horizontal turbulent diffusivity (along isopycnals), must also be

important. It is difficult to confidently determine these processes as only two of the Deep Argo

floats used in this study had passed through the collision zone.

A global Deep Argo array could reveal other regions of enhanced deep-ocean mixing

and thus contribute to improving the representation and distribution of deep-ocean turbulence in

climate models. Indeed, Johnson et al. (2022) used Deep Argo descent rates to show that, below

1000-m, internal wave activity tended to be higher around regions of rougher topography than

over the abyssal plains. It is therefore recommended that the vertical resolution of Deep Argo

measurements be increased to allow deep-ocean turbulence to be estimated via vertical strain (e.g.

Johnson et al. 2022). Efforts are also being made to include microstructure turbulence sensors on

Argo floats, including Deep Argo, though this work is yet to be implemented (Roemmich et al.

2019a).

Seasonal cycles of θ , salinity, and DH between 2000–4000-dbar were observed by

Deep Argo floats in the DWBC along the Kermadec Trench. These seasonal cycles were

predominantly due to seasonal heaving of the deep-ocean. Upward heaving raised isotherms

(causing cooling on pressure surfaces) and shifted the deep-ocean salinity maximum shallower

(causing salinification at shallower pressures and freshening at deeper pressures), with the net

result being steric contraction. Downward heaving had the opposite effect. For the DWBC in

the northern Kermadec Trench (26–30◦S), local Ekman pumping anomalies at the surface and

GLORYS DH anomalies in the deep-ocean exhibited a statistically significant coherence and were

essentially in-phase at the annual period, with downward Ekman pumping anomalies coincident

with deep-ocean steric expansion and upward Ekman pumping anomalies coincident with deep-

ocean steric contraction. Furthermore, the seasonal steric expansion and contraction, significant

coherence, and in-phase relationship were evident throughout the water column (below the

seasonal surface mixed layer and above 4000-m), as would be expected if local Ekman pumping
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was driving seasonal heaving. Local Ekman pumping at the surface therefore appears to be

the dominant forcing mechanism of the deep-ocean seasonal cycle in the northern Kermadec

Trench. However, this relationship may not hold everywhere along the DWBC. For example, the

subtropical (15–32◦S) deep-ocean seasonal cycle in the interior of the SWPB (Zilberman et al.

2020) lags local Ekman pumping at the western boundary by 3-months. Continued Deep Argo

measurements at the western boundary of the SWPB will enable determination of the deep-ocean

seasonal cycle elsewhere along this DWBC.

Other forcing mechanisms seem less likely to be driving the deep-ocean seasonal cycle

in the northern Kermadec Trench. Seasonal changes in the production or characteristics of

deep-ocean water masses would have to propagate from their high-latitude source regions, and

thus changes should be evident in both the southern and northern Kermadec Trench. However,

no southern Kermadec Trench deep-ocean seasonal signal was found at the 32.5◦S mooring

array (Whitworth III et al. 1999), albeit from only a 22-month record, or in the longer 1993–

2020 GLORYS output analysed here. Moore and Wilkin (1998) also discounted deep-water

formation processes as a dominant source of variability in this DWBC on seasonal or shorter

time scales. Rather, changes at the source regions where these deep-waters are formed tend to

drive variability on decadal or longer time scales (Bindoff and Mcdougall 1994; Masuda et al.

2010). For example, a reduction in formation of the densest bottom waters over recent decades

has caused a downward heave of deep-ocean isotherms (Johnson 2022; Purkey and Johnson

2012; Purkey et al. 2019). Propagating features, such as topographic Rossby waves, are another

possible forcing mechanism. However, topographic Rossby waves at the western boundary of

the SWPB would also travel through the southern Kermadec Trench where no seasonal signal

was evident. Instead, topographic Rossby waves are believed to be the dominant source of

intra-annual variability in this DWBC at 32.5◦S (Moore and Wilkin 1998; Whitworth III et al.

1999), and in other Southern Hemisphere DWBCs (Fukamachi et al. 2010; Valla et al. 2019).

If we assume there is a consistent Ekman pumping-driven seasonal heaving across

the SWPB at the latitude of the northern Kermadec Trench, then a simple potential vorticity
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or Sverdrup balance argument suggests corresponding seasonal changes in DWBC transport.

Vertically integrating the Sverdrup relation through the water column gives the equation for

Sverdrup transport:

βV = f wEk (3.5)

where β is the Rossby parameter (∂ f
∂y ) and V is vertically-integrated meridional transport (e.g.

Cushman-Roisin and Beckers 2011). This equation suggests that anomalously positive Ekman

pumping enhances poleward transport in the interior. To balance this enhanced poleward interior

flow, there must be enhanced equatorward transport at the western boundary. The situation

reverses for anomalously negative Ekman pumping (i.e. reduced equatorward transport at the

western boundary). Indeed, GLORYS meridional velocities at approximately 3220-m (within

the depth range of the observed deep-ocean heaving) demonstrated a velocity seasonal cycle

in the northern Kermadec Trench (Figure A3.5). DWBC velocities over almost the entire

western flank of the northern Kermadec Trench region were significantly stronger in March

(northward velocity seasonal maximum) than August (northward velocity seasonal minimum), as

the Sverdrup relation argument suggests. However, recirculation velocities on the eastern side of

the trench were also stronger in March than August, although only statistically significant over a

substantially smaller area. It therefore remains to be seen whether seasonal changes are evident

in net DWBC transport. Additionally, this brief examination comes with the caveat that temporal

variability in GLORYS deep-ocean velocity has not yet been validated against observations in

the Kermadec Trench.

Observing a transport seasonal cycle may be difficult without a long-term time series.

The substantial transport variability in this DWBC on shorter time scales (Whitworth III et al.

1999) is likely larger than the seasonal transport signal, similar to that observed in other DWBCs

(e.g. Lee et al. 1996; Meinen et al. 2017; Schott et al. 2005). For an Ekman pumping seasonal

amplitude of 6.4×10−7 ms−1 (the maximum Ekman pumping seasonal signal for the northern

Kermadec Trench) and horizontal distance of 6000-km (a rough approximation of the SWPB
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width at 28◦S), the interior Sverdrup transport (equation 3.5) is −13 Sv. If half of this transport

occurs below 2000-m (barotropic flow in a 4000-m deep basin), the resulting DWBC transport

seasonal signal of 6.5 Sv is clearly overwhelmed by the 1991–1992 DWBC transport standard

deviation (11.9 Sv) and range (68.2 Sv) observed below 2000-m at 32.5◦S (Whitworth III et al.

1999).

To the best of our knowledge, this work represents the first time an eddy-resolving ocean

reanalysis has been compared against Deep Argo observations in the SWPB. Generally speaking,

GLORYS qualitatively reproduced the observed DWBC and recirculation over the Kermadec

Trench, although with a bias in velocity magnitude that changed with latitude. GLORYS had

previously been found to broadly reproduce deep-ocean velocity in the Philippine Trench (Song

et al. 2023) and in the Antarctic Circumpolar Current (Artana et al. 2021). When comparing

θ -salinity properties, GLORYS underestimated the deep-ocean salinity maximum and the very

coarse vertical resolution of GLORYS in the deep-ocean meant that none of the discrete depth

levels were within the core of the observed salinity maximum. GLORYS also had saltier and

colder bottom waters than observed by Deep Argo, although this difference could reflect the

different time periods. Using Deep Argo profiles in the SWPB, Johnson et al. (2019) observed a

mean warming rate below 5000-dbar of 3×10−3◦C/year. Dividing the difference in GLORYS

and Deep Argo θ averaged below 5000-m by this warming rate gives a time scale (12.7-years)

that is similar to the time difference between the mean GLORYS and Deep Argo dates (14.8-

years). Seasonal cycles observed by Deep Argo were broadly reproduced by GLORYS, with

changes predominantly due to heaving in both, but the magnitude of the seasonal signal was

much weaker in the reanalysis. Even with these discrepancies, the similarities between Deep

Argo observations and GLORYS output in the Kermadec Trench are remarkable given the limited

amount of data presently assimilated below 2000-m. Assimilation of Deep Argo observations

into future ocean reanalyses will improve the representation of the deep-ocean, potentially

halving deep-ocean temperature and salinity errors (Gasparin et al. 2020). However, until this

assimilation occurs, Deep Argo observations provide a means of validating the representation of
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the deep-ocean in ocean reanalyses and models.

In summary, we have presented new insights into the DWBC of the SWPB using an

unprecedented number of deep-ocean observations alongside output from an eddy-resolving

ocean reanalysis. The spatial coverage provided by Deep Argo floats has clarified the pathway

of this DWBC, including recirculation over the Kermadec Trench and seemingly as an eddy

field within the Osbourn Trough. Using changes in θ and salinity along the length of the

DWBC we were able to resolve vertical turbulent mixing in the Samoan Passage, and revealed

the Louisville Seamount Chain collision zone as a previously unidentified region of enhanced

deep-ocean mixing where multiple mixing processes appear to be important. Seasonal heaving

of isopycnals was evident in the DWBC and, in the northern Kermadec Trench, was found to be

driven by local winds. However, this work only examined one Southern Hemisphere DWBC.

We hypothesise that enhanced deep-ocean mixing at bathymetric choke-points and wind-driven

seasonal heaving will also be present in other DWBCs. Even so, limited DWBC observations

mean these characteristics may not be identifiable until a global deep-ocean observing system,

such as a mature Deep Argo array, is achieved.

3.7 Open Research

Argo data is collected and made available by the International Argo Program and the

national programs that contribute to it (Argo 2024). The Scripps Argo Trajectory-Based Veloc-

ity Product is available from the UC San Diego Library at https://doi.org/10.6075/J0NK3F7V

(Zilberman et al. 2023b). GLORYS data is available from the EU Copernicus Marine Service at

https://doi.org/10.48670/moi-00021 (CMEMS 2018). ERA5 data is available from the Coperni-

cus Climate Change Service at https://doi.org/10.24381/cds.f17050d7 (Hersbach et al. 2023).

WOCE current meter data was downloaded from NOAA National Centers for Environmental

Information (https://www.nodc.noaa.gov/archive/arc0001/0000649/1.1/data/0-data/disk2/cmdac/

explist.htm). Bathymetry data was from the ETOPO1 dataset which is made available by NOAA
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National Centers for Environmental Information at https://doi.org/10.7289/V5C8276M (NOAA

2009). Colourmaps are from BrewerMap (https://github.com/DrosteEffect/BrewerMap). This

work utilised the Gibbs-SeaWater Oceanographic Toolbox (McDougall and Barker 2011). The

Deep Argo profiles and trajectories used in this study have been made permanently and publicly

available at https://doi.org/10.5281/zenodo.10791519 (Chandler 2024a). Monthly time series and

seasonal cycles of potential temperature, salinity, and dynamic height from the spatially-averaged

Deep Argo profiles within the Kermadec Trench DWBC have also been made permanently and

publicly available at https://doi.org/10.5281/zenodo.10791519 (Chandler 2024a).
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3.A Supplementary Figures for Chapter 3
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Figure A3.1. (a) Locations of Deep Argo profiles immediately upstream (green) and downstream
(orange) of the Samoan Passage. Bathymetry contours are 5000-m (light blue) and 6000-m (dark
blue), grey shading is shallower than 4000-m. Profiles within the passage are not shown. (b)
Potential temperature (θ ) - salinity curves for profiles upstream (mean profile in green, individual
profiles in light green) and downstream (mean profile in orange, individual profiles in light
orange) of the Samoan Passage, with σ4 (potential density anomaly referenced to 4000-dbar;
kgm−3) contours in grey. Purple curves are the solutions of the numerical model applied to
the mean upstream profile for spreading scales λ = 100-m, 200-m, 300-m, 400-m, and 500-m
(right-to-left).
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Figure A3.2. (a) Locations of Deep Argo profiles immediately upstream (green) and downstream
(orange) of the Louisville Seamount Chain collision zone. Bathymetry contours are 5000-m
(light blue) and 6000-m (dark blue), grey shading is shallower than 4000-m. Profiles within the
collision zone are not shown. (b) Potential temperature (θ ) - salinity curves for profiles upstream
(mean profile in green, individual profiles in light green) and downstream (mean profile in orange,
individual profiles in light orange) of the Louisville Seamount Chain collision zone, with σ3
(potential density anomaly referenced to 3000-dbar; kgm−3) contours in grey. Purple curves are
the solutions of the numerical model applied to the mean upstream profile for spreading scales λ

= 100-m, 200-m, 300-m, 400-m, and 500-m (right-to-left).
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Figure A3.3. Detrended 1993–2020 monthly anomalies of (a) Ekman pumping (wEk) from
ERA5 and (b) the first principal component of dynamic height between 2000–4000-m (DH)
from GLORYS, both in the northern Kermadec Trench DWBC (26–30◦S).
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Figure A3.4. (a) Seasonal cycle of GLORYS dynamic height relative to 3992-m (DH) in
the northern Kermadec Trench DWBC (26–30◦S). (b) Coherence and (c) phase at the annual
period between 1993–2020 monthly anomalies of detrended local Ekman pumping (from ERA5)
and detrended DH (from GLORYS) in the northern Kermadec Trench DWBC. Dots indicate
GLORYS discrete depth levels. The red line in (b) is the 95% significance threshold. Shading
in (c) is the 95% confidence interval. A negative phase means that Ekman pumping leads DH.
The change in phase near the surface likely reflects the influence of surface heating in summer
(causing steric expansion) and cooling in winter (causing steric contraction). The coherence
analysis utilised 6-year segments with a Hanning window applied and 50% overlap.
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Figure A3.5. (a) Seasonal cycle of GLORYS northward meridional velocity at 3221-m depth in
the northern Kermadec Trench DWBC (26–30◦S) over 1993–2020. Positive is northward. (b)
Mean difference in GLORYS meridional velocity between March and August at 3221-m depth
in the Kermadec Trench and surrounding area (August subtracted from March). Black contour
identifies where the difference is statistically significant from 0 ms−1 (p<0.05 using a two-tailed
t-test with each year considered independent). The 6000-m bathymetry contour is in light grey,
bathymetry shallower than 4000-m is shaded.
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Chapter 4

Conclusions

The work in this dissertation has enhanced our knowledge of western boundary current

(WBC) variability in both the upper-ocean (shallower than 2000-m) and deep-ocean (deeper than

2000-m) through the use of globally available ocean observations including High-Resolution

eXpendable BathyThermographs (HR-XBTs), Argo floats, and satellites.

In Chapter 1 (Chandler et al. 2022a), I examined transport trends and variability in the

subtropical WBCs of the Pacific and Indian Oceans. Estimates of cross-transect geostrophic

velocity between the surface and 1975-m deep were constructed by combining complementary

ocean observations along HR-XBT transects intersecting the Agulhas Current, East Australian

Current (EAC), and Kuroshio. The resulting 16-year time series are longer than most other

subsurface observations in these WBCs. As such, I was able to detect a weakening trend in

Kuroshio transport. This decline in Kuroshio transport is believed to be driven by a weakening of

the wind stress curl over the subtropical North Pacific Ocean which has caused both a decrease

in speed and a narrowing of the current. There were no significant changes in Agulhas Current

transport or EAC transport. Additionally, all three WBCs demonstrated similar and significant

transport seasonal cycles, with stronger transport in the summer (weaker in the winter). This

stronger WBC transport in summer was due to an increase in current speed and may be driven

by local winds.

In Chapter 2 (in prep), I examined subsurface marine heatwaves (MHWs) along a HR-
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XBT transect intersecting the Kuroshio and Kuroshio Extension east of Japan. By combining

complementary HR-XBT and satellite observations, I was able to construct a 30-year time series

of synthetic temperature anomalies between the surface and 800-m deep. A significant Kuroshio

warming trend, driven by heaving of isotherms, was detected throughout the water column and

determined to be driving an increase in both surface and subsurface Kuroshio MHW days per year.

Subsurface MHWs were also discovered to occur significantly more often during El Niño periods.

This increased occurrence during El Niño was due to a strengthening of the Kuroshio Extension

and its Southern Recirculation Gyre, and was evident under both Central Pacific and Eastern

Pacific El Niño conditions. In contrast, MHW occurrence at the surface was not influenced by

the El Niño-Southern Oscillation (ENSO). This difference in MHW occurrence between the

surface and subsurface emphasises the need for subsurface observations to be included in MHW

studies.

Lastly, in Chapter 3 (Chandler et al. 2024), I examined spatial and temporal variability

in the deep western boundary current (DWBC) of the Southwest Pacific Basin using Deep

Argo observations. Deep Argo trajectory velocities confirmed the existence of a tight cyclonic

recirculation over the Kermadec Trench. While, in the northern Kermadec Trench, Deep Argo

profiles and an ocean reanalysis revealed seasonal heaving within the DWBC that was likely

driven by local Ekman pumping at the surface. A Sverdrup balance argument suggests that

this wind-driven heaving could influence seasonal DWBC transport. The deep-ocean salinity

maximum was eroded as the DWBC exited the Kermadec Trench to the north through the

Louisville Seamount Chain collision zone, thereby illuminating the collision zone as a previously

unidentified site of enhanced deep-ocean mixing. Mixing within the collision zone could not

be due solely to vertical turbulent diffusivity. Nevertheless, Deep Argo observations were able

to accurately estimate vertical turbulent diffusivity through the Samoan Passage, a known site

of enhanced deep-ocean mixing, suggesting that Deep Argo could be used to evaluate vertical

turbulent diffusivity at other sites of enhanced deep-ocean mixing.
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4.1 Future Research Questions

The research in this dissertation covered four different WBCs (the EAC, Agulhas Current,

Kuroshio, and Southwest Pacific Basin DWBC). However, because globally available observa-

tions were used, the methods implemented here could be applied in other WBCs. Furthermore,

transect IX21 in the Indian Ocean intersects the East Madagascar Current (east of Madagascar)

and transect PX30 in the Pacific Ocean intersects the Vauban Current (east of New Caledonia).

The existing time series (Chandler et al. 2022a,b) could therefore be used to study these smaller

WBCs.

The work in this dissertation has also spawned a number of additional research questions,

three of which are highlighted below:

• In Chapter 1, I noted that the timing of the Kuroshio seasonal transport minimum differed

between transect PX40 and further upstream around the East China Sea (e.g. Lee et al.

2001; Wei et al. 2015; Zhu et al. 2017). I hypothesised that this difference could be due

to the Izu Ridge blocking westward-propagating barotropic Rossby waves. However, the

Ryukyu Island Chain further to the west would also block westward-propagating features

from reaching the East China Sea. It is therefore unclear which of these features, if either,

is causing the different Kuroshio transport seasonal cycles in the two regions. A modelling

approach, similar to that applied in the Agulhas Current by Hutchinson et al. (2018), could

prove useful in addressing this question.

• In Chapter 3, I revealed that deep-ocean mixing at the Louisville Seamount Chain collision

zone could not be due solely to vertical turbulent diffusivity. Additional processes, such as

horizontal diffusivity (mixing along isopycnals), must therefore be important. However,

I did not explore these processes further and the magnitude of this horizontal diffusivity

remains unknown. Core Argo data has been used to estimate horizontal diffusivity in

the upper-ocean (e.g. Cole et al. 2015; Roach et al. 2018; Sévellec et al. 2022) and it
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seems plausible that, with enough observations, Deep Argo data could similarly be used to

estimate horizontal diffusivity through the Louisville Seamount Chain collision zone.

• Also in Chapter 3, I identified that deep-ocean seasonal heaving in the northern Kermadec

Trench was driven by local Ekman pumping at the surface. However, at the time of

analysis, Deep Argo observations could not be used to explore this relationship elsewhere

along the DWBC. Nevertheless, a cursory examination of output from an ocean reanalysis

(GLORYS; Lellouche et al. 2021) suggests that deep-ocean dynamic height seasonal

cycles are indeed present elsewhere along the DWBC. Curiously, between roughly the

Louisville Seamount Chain collision zone and the Samoan Passage, these deep-ocean

seasonal cycles may not be in-phase with local Ekman pumping. Is the timing of the

deep-ocean seasonal cycle in the reanalysis, which was not validated outside the Kermadec

Trench in this dissertation, incorrect here? Or are other forcing mechanisms, such as

Rossby waves propagating westward from the basin interior, important at other locations

along the DWBC?

4.2 Summary

In summary, the research presented in this dissertation has contributed to advancing

our knowledge of WBC variability and its impacts. In the upper-ocean, the temperature and

velocity time series are longer than most other subsurface measurements of the subtropical

WBCs. Multiple cycles of important signals such as the seasonal cycle and ENSO cycle can

therefore be resolved and thus the significance of long-term trends assessed. In the deep-ocean,

Deep Argo observations along a DWBC revealed the existence of wind-driven seasonal heaving

and unearthed a previously unidentified site of enhanced deep-ocean mixing. These results thus

provide blueprints for exploring whether wind-driven seasonal heaving exists in other DWBCs (as

one may expect), and for evaluating vertical turbulent diffusivity in the deep-ocean. Additionally,

both the long-term WBC time series in the upper-ocean and new DWBC observations in the
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deep-ocean can, and should, be used to validate model (and reanalysis) output. It is therefore

clear that sustaining the global ocean observing system is critical for understanding the oceanic

arteries and veins of our climate system – western boundary currents.
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Peubey, C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee, D.,
Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger,
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