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ABSTRACT

This study determines how rivers connect terrestrial and oceanic environments beyond the

immediate river mouth area through small-scale processes. Submesoscale processes, the role

of freshwater inputs, river-in�uenced coastal systems, coastal upwelling and the importance of

interdisciplinary studies are investigated. Key questions on the spatio-temporal structure of

river-induced submesoscale features, their interactions with a coastal current, their seasonal

and intra-seasonal variability and accompanying biological signals are addressed. The physical

and biological characteristics of these submesoscale features are also compared to an upwelling

system.

Submesoscale features, characterised by a low salinity layer originating from river discharges,

connect terrestrial and oceanic environments. Using a combination of data from multiple ocean

glider surveys and regional modelling, this study showed that low salinity submesoscale features

(LSMFs) can cause increased strati�cation on the order of 10−4 s−2 in a New Zealand shelf sea.

Modelled oceanographic conditions compared well to observations, especially in austral spring.

Stably strati�ed LSMFs can replace the previously well mixed layer in the water column up

to a distance of 100 km o�shore before getting entrained by the regional barotropic current

in Greater Cook Strait. LSMFs generated strong vertical and horizontal salinity di�erences of

∆S∼0.45 psu. These salinity di�erences de�ned density fronts and strati�cation in the upper

∼30 m. Temperature di�erences of up to ∆T∼1.4◦C associated with LSMFs were not large

enough to entirely cancel the density e�ect of salinity. The o�shore reach of LSMFs was partly

constrained by the variability of the coastal barotropic d'Urville Current. Its presence and

strong winds inhibited the advection of LSMFs o�shore in Greater Cook Strait, enhancing

mixing and deepening the mixed layer depth. In contrast, moderate winds and weak current

enabled the advection of LSMFs furthest o�shore in Greater Cook Strait, where the water

column became stably strati�ed.

A combination of glider and satellite observations revealed that seasonal and intra-seasonal

variability in temperature, chlorophyll and strati�cation existed in LSMFs, even though they

were persistent throughout all seasons with a characteristic salinity of ≤34.75 psu. Stronger

strati�cation was observed at the end of spring, in summer and at the beginning of autumn

both in ambient shelf conditions and within LSMFs. Subsurface chlorophyll maxima were found

to be mostly characteristic of summer and spring LSMFs, when temperature had stronger con-

tributions towards strati�cation. A crucial initiation threshold of 600 m3 s−1 in river discharge

was identi�ed as a requirement for LSMFs to be advected out of the coastal bays. When
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river �ow was lower than this threshold, other drivers such as wind or currents were required

to advect LSMFs o�shore. Cyclones and increased rainfall led to more frequent and fresher

LSMFs during seasons when they would theoretically be less frequent. The presence of extreme

weather events increased river discharge and small mountainous rivers were more responsive to

these extreme events.

A two-gliders austral spring bloom, process-focused experiment was conducted to sample

LSMFs and upwelling concurrently. LSMFs had strong salinity signals while upwelling had

strong temperature signals. While upwelling was associated with persistent temperature of

≤14◦C, LSMFs showed varying temperature due to solar irradiance and seasonal �uctuations.

Chlorophyll �uorescence was identi�ed to be threefold higher in river-induced LSMFs than in

the upwelling plume, shifting the paradigm of upwelling-associated primary production in shelf

seas. LSMFs signi�cantly altered the strati�cation which potentially caused rapid biological

responses. This impact of LSMFs on strati�cation was sustained for days after their occurrence,

even during their decay, because of the absence of external forces such as strong winds and

currents. This may have implications for growth and sinking of phytoplankton in the strati�ed

water column.

This research provided critical information for understanding how the health of Aotearoa

New Zealand's land and rivers a�ects the ocean. Understanding of the physical oceanography

of a continental shelf sea that encompasses oil and gas interests, aquaculture, various wild

�sheries, big mammals, transport (ferry) operations and energy infrastructure has been greatly

improved. Chlorophyll-a observations both in the surface and subsurface reported in this study

are relevant for biogeochemical models. The �ndings of this study are relevant for ongoing

and future coastal observation and modelling projects. Moreover, multiple other shelf seas

are regulated by interactions between barotropic and baroclinic processes globally, similar to

Greater Cook Strait.
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Chapter 1

Introduction

Land-sea interactions are at the forefront of geophysical challenges in a changing climate.

Today's sense of urgency about coastal oceanographic studies is precipitated by terrestrial

impacts on oceanic systems. The increased terrestrial organic matter input into coastal regions,

and the projected increase due to climate change is becoming evident.

Shelf seas refer to the ocean waters on the continental shelf and are typically de�ned as

shallow waters less than 250 m depth (Simpson and Sharples, 2012). They link deep water to

terrestrial and oceanic environments. Shelf sea systems have high ecological and socio-economic

importance, and are strongly in�uenced by processes from land, sea, and anthropogenic ac-

tivities. Many coastal systems, including the New Zealand coast, are becoming increasingly

vulnerable to natural disasters such as sea level rise, cyclones, �oods, tsunamis and earthquakes.

This study investigates how riverine waters connect terrestrial and oceanic environments

through small-scale processes. The impact of mesoscale processes, internal waves and turbulent-

scale classes of motion on biological dynamics is well documented. However, physical-biological

interaction at the submesoscale � a scale particularly relevant to phytoplankton productivity

(Mahadevan, 2016) � remains elusive due to a lack of observations at the right scales (Lévy et al.,

2012). The submesoscale processes this study focuses on play an important role in the shelf

system, setting the distribution of everything from tracers, pollutants to biologically essential

properties that underlie the health of rivers, �sheries and nearshore ecosystems. Submesoscale

processes have not received attention in New Zealand shelf seas prior to this research. The

submesoscale regime of a New Zealand shelf sea is investigated for the �rst time. Documentation

of these low-salinity submesoscale features is especially important due to their impacts on

1
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strati�cation of the water column which in turn have implications for mixing of nutrients and

phytoplankton in shelf seas.

1.1 Research Aim and Key Questions

The overarching aim of this work is to determine how rivers connect terrestrial and oceanic

environments beyond the immediate river mouth area through small-scale processes. Prior to

this study, no previous observational or modelling work had been done on the submesoscale

regime of any New Zealand shelf sea. River-induced low salinity submesoscale features (LSMFs)

in a New Zealand shelf sea are investigated in this work.

Accordingly, this thesis presents work that makes advances in answering the following

research questions:

1. What are river-induced LSMFs and why are they important? What is their spatio-

temporal structure and how do they interact with the regional coastal current? → Chapter 4

2. How does the physical variability of LSMFs vary seasonally and intra-seasonally? Is there

an accompanying biological signature? What are the impacts of extreme events on LSMFs? →
Chapter 5

3. What are the physical and biological characteristics of an LSMF versus an active up-

welling system in the same shelf sea? Can an LSMF be more productive than an upwelling

system? → Chapter 6

A multiplatform approach of glider observations, satellite observations and outputs from a

regional model was used to answer these questions. Underpinning this thesis are high-quality

datasets and products providing observations and modelled outputs from the surface and sub-

surface of a New Zealand shelf sea.
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1.2 Thesis Outline

This thesis is structured as follows:

Background literature is provided in Chapter 2 on submesoscale processes, the role of

freshwater inputs, river-in�uenced coastal systems, coastal upwelling and the importance of

interdisciplinary studies. In Chapter 3, the central New Zealand continental shelf, known

as Greater Cook Strait, is introduced as the regional setting. In the same chapter, relevant

information on the regional oceanography of the region from existing literature is provided.

Detailed methodology is distributed throughout the chapters but is introduced in Chapter 4.

In Chapter 5, observed and modelled LSMFs resulting from riverine output in Greater Cook

Strait are presented, with a focus on austral spring. The impact of strong vertical gradients in

salinity on the density gradient within these coherent features were investigated. The resulting

e�ects on mixed layer depth and strati�cation were also evaluated. Modelled outputs enabled

investigation of the role of the circulation in the region - speci�cally the d'Urville Current - in

allowing or constraining the advection of these features. The potential generation mechanisms

of these features were discussed. Lastly, the results of this chapter were used to suggest how

low-salinity submesoscale features and the resulting increased water column stability may

impact biological production in this shelf sea.

Findings in Chapter 5 generated questions around how seasonal di�erences and extreme

events impact these small scale features and their biophysical characteristic responses. In

Chapter 6, the seasonal and spring intra-seasonal variability in biophysical characteristics

and strati�cation of low salinity submesoscale features were investigated. All observed low

salinity submesoscale features spanning multiple seasons over the period 2015 to 2018 were

analysed. The role of weather conditions and drivers such as river discharge variability, warmer

temperatures, wind and extreme events on the occurrence and biophysical characteristics of

these features were evaluated. Chapter 6 is an observations-focused chapter. Nine glider surveys

and satellite observations of sea surface temperature and chlorophyll-a were used in Chapter 6.

In both Chapters 5 and 6, the role of LSMFs on strati�cation and biological response in

austral spring were apparent. Motivated by this �nding, two further glider surveys were con-

ducted for a process-focused austral spring bloom experiment in 2018. In addition to LSMFs,

an upwelling plume was also sampled during this experiment. The results of this experiment are



4 Introduction

presented in Chapter 7. The biophysical characteristics of LSMFs and active upwelling during

that period are evaluated and compared. In this chapter, the biological responses of the two

processes - low salinity submesoscale feature versus upwelling plume - in Greater Cook Strait

were compared. The paradigm of upwelling-associated primary production was challenged in a

shelf sea by investigating if a low salinity submesoscale feature can be more productive upwelled

water. Lastly, frontal instabilities that develop when the two processes interact and the fate

of the shelf system after the decay of the processes were described towards the end of Chapter 7.

Synthesis Chapter 8 presents the concluding remarks and wider impact of this thesis, sum-

marising how the main �ndings address the research questions outlined in section 1.1. The fate

of this continental shelf in the context of climate change is discussed in relation to our �ndings.

Additionally, opportunities for future work and some challenges for this kind of research are

provided.

1.3 Publications from this work

This thesis has been completed by writing the scienti�c chapters in the format required for

submission to peer-reviewed scienti�c journals. Science Chapter 5 has been published (Jhugroo

et al., 2020), while science Chapters 6 and 7 are currently in preparation for submission to peer-

reviewed scienti�c journals. The small amount of repetition between chapters, mostly within

the introductions and methods of Chapters 4, 5, 6 and 7, is considered necessary to remind

the reader of essential background information and methodology for each chapter. Table 1.1

outlines the papers, authors and current status of papers at the time of printing of this thesis.
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Table 1.1: Thesis chapters, paper titles, author names and current publication status for the
three journal articles produced for this thesis.
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K. Jhugroo,

J. M. O'Callaghan
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In preparation

6

Challenging the

paradigm of

upwelling associated

primary production

in a shelf sea

K. Jhugroo,

J. M. O'Callaghan,

& C. L. Stevens

In preparation





Chapter 2

A Review of continental shelf

submesoscale processes and their drivers

Ocean processes occur at a range of temporal and spatial scales over which they vary, overlap

and interact (Figure 2.1 and 2.2). Mesoscale and large scale motions with horizontal scale >100

km contain about 90% of the kinetic energy of the ocean (Zheng et al., 2020). Small-scale

processes particularly dominate in coastal, shelf and polar seas where they mediate important

exchanges of freshwater and pollutants between land, ocean, atmosphere and the cryosphere

(Gommenginger et al., 2019).

The oceanic mesoscale �ow �eld, characterised by a horizontal scale of 10�100 km, has

been studied extensively for its dynamics and contribution to the lateral transport of heat,

momentum and tracers via eddies (Thomas et al., 2008). Similarly, three-dimensional processes

at small length scales less than a kilometre (0.1�100 m) have been investigated for their con-

tribution to mixing and energy dissipation (Thomas et al., 2008). However, oceanic motions at

the submesoscale (1-10 km) that lie between meso- and small-scale three-dimensional motions,

are less understood. The submesoscale regime has only recently been brought to light in the

intervening two decades through 1) observational advances from satellite and autonomous

underwater vehicles measuring ocean properties at higher spatial resolution than previously

accomplished, 2) submesoscale-resolving models and regional models with nested grids and 3)

analytical studies (Mahadevan, 2019). However, to date, there is a lack of knowledge of physical

�ows and biogeochemical responses at the submesoscale due to their dynamic complexity, and

the practical di�culties in sampling at the appropriate time and space scales (Lévy et al., 2012).

7
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Figure 2.1: The space and time scales of ocean processes adapted from Chelton (2001). Brown
dashed square indicates scales that can be captured by satellite sensors. Brown dashed circle
indicates the scale that ocean gliders can capture and the scales this research will focus on:
mesoscale and submesoscale.
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Figure 2.2: Schematic of scales of modelled oceanic motion from MPAS-Ocean simulation
(Ringler et al., 2013), from left to right progressively zooming in to illustrate smaller scales
of motion. Figure available at: https: // e3sm. org/ modeling-ocean-mesoscale-eddies/ .

The submesoscale is not described appropriately by the quasi-geostrophic theory that applies

to mesoscales. It is not fully three-dimensional and non-hydrostatic, but is inevitably crucial

to bridging the mesoscale and smaller scales through processes and dynamics that are just

beginning to be understood (Thomas et al., 2008). The dynamics of buoyancy-driven �ows

in shelf seas are complex and in�uenced by several factors occurring at various spatial and

temporal scales. Some of these in�uential factors include freshwater discharge, winds, waves,

tides, ambient currents, strati�cation and bathymetry. In this thesis, we introduce the acronym

`LSMF' for low-salinity submesoscale features. LSMFs are buoyant features that may advect

o�shore as submesoscale river plumes or as plumes that detached from their source location

under the condition of instability. Modern technological advances have allowed recent progress

in characterising and understanding the dynamics of these LSMFs in a socially, economically,

oceanographically and ecologically relevant shelf sea in New Zealand.

2.1 Submesoscale processes: Their dynamics and

importance

Submesoscale processes are de�ned according to both spatial and dynamic scales, and are di-

vided into four subcategories namely: submesoscale waves, submesoscale vortexes, submesoscale

shelf processes, and submesoscale turbulence (Zheng et al., 2020). Submesoscale processes are

typically associated with spatial scales of O(1�10) km and temporal scales of O(days), and

are dynamically de�ned as having O(1) Rossby and Richardson numbers (Thomas and Fer-

rari, 2008). Importantly, it is the dynamics that distinguishes submesoscale processes because

https://e3sm.org/modeling-ocean-mesoscale-eddies/
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Figure 2.3: An aerial image of surface submesoscale phytoplankton patchiness, showing swirling
and �lamentary patterns of ocean chlorophyll in the Gulf of Aden. The image, acquired for
February 12, 2018 by the MODIS system on NASA's Aqua satellite, was adapted from Lévy
et al. (2018).

kilometre-scale variability can arise even from a balanced geostrophic �ow (Mahadevan, 2019).

A range of submesoscale processes that may be active in the ocean mixed layer include

baroclinic instability, symmetric instability, lateral shear instability, and frontogenesis (Thomas

and Lee, 2005; Boccaletti et al., 2007; Capet et al., 2008; Fox-Kemper et al., 2008; Taylor and

Ferrari, 2009; D'Asaro et al., 2011; Callies et al., 2015; Haney et al., 2015). Submesoscale pro-

cesses arise in the presence of lateral buoyancy gradients. The process of baroclinic instability

through the conversion of horizontal gradients into vertical strati�cation is shown schematically

by the overturning arrows on Figure 2.4. In the upper ocean, lateral buoyancy gradients can

be generated from various processes such as wind-induced upwelling that brings denser water

to the surface and riverine or meltwater input. Lateral buoyancy gradient combined with the

depth of the mixed layer contributes to baroclinic instability within the mixed layer (Figure
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2.4). Submesoscale frontogenesis intensi�es the lateral buoyancy gradients locally and narrow

bands of enhanced vorticity displaying O(1) RO and submesoscale dynamics occur at the frontal

boundaries (Mahadevan, 2019). Submesoscale instabilities grow by releasing potential energy

associated with the horizontal buoyancy gradient, and convert it into vertical strati�cation

(Fox-Kemper et al., 2008). Winds and surface buoyancy �uxes can intensify (or suppress)

submesoscale instabilities (Mahadevan, 2019).

Submesoscale processes make an important contribution to the vertical �ux of mass, buoy-

ancy, and tracers in the upper ocean. They �ux potential vorticity through the mixed layer,

enhance interaction between the pycnocline and surface, and play a crucial role in changing

the upper-ocean strati�cation and mixed-layer structure on a timescale of days (Thomas and

Ferrari, 2008). Various facets of the submesoscale regime have been studied previously including

density strati�cation in the surface layer (Boccaletti et al., 2007), its role in the turbulent

cascade of energy (Capet et al., 2008; Barkan et al., 2015; McWilliams, 2016), characterisation

of its coherent structures (Mahadevan and Tandon, 2006; Gula et al., 2014; McWilliams et al.,

2015; Dauhajre et al., 2017), and potential ecosystem controls (Mahadevan, 2016; Lévy et al.,

2012, 2018).

Rapid biological responses are often triggered by submesoscale processes (Figure 2.3) via

turbulence and mixing in shallow coastal waters on a timescale of hours to days, yet are poorly

understood and parameterised (Moum et al., 2008). Submesoscale processes are particularly

relevant to phytoplankton productivity because the timescales over which they occur are

similar to those of phytoplankton growth (Mahadevan, 2016). Their dynamics are associated

with strong vorticity and strain rates (on a lateral scale of 0.1-10 km), and can support vertical

velocities as large as 100 m.day−1 (Mahadevan, 2016). As a result, they can play a crucial

role in the transport of nutrients to the euphotic zone (Mahadevan, 2016; Swart et al., 2015).

Submesoscale processes can therefore, in�uence upper ocean mixing and horizontal and vertical

exchange of nutrients, and impact ocean primary productivity.

2.2 Importance of freshwater inputs

Freshwater entering shelf seas in�uences physical and biogeochemical processes that take

place at the interface between terrestrial and oceanic environments. Understanding mixing

and dynamics of these �ows are key to predict how materials and substances are delivered to
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Figure 2.4: Schematic drawing of the mechanism by which cooling creates density-compensated
submesoscale fronts and cold sea surface temperature (SST) �laments. Figure from Jaeger and
Mahadevan (2018).

continental shelves and the deep ocean, and how they may impact marine ecosystems.

The input of buoyancy over shelf seas is predominantly caused by heating and cooling

through the ocean's surface. There are additional exchanges of buoyancy at the ocean surface

through other processes such as evaporation and precipitation which also modify the salinity

of upper ocean layers (Simpson and Sharples, 2012). In temperate latitudes, the contribution

of the latter processes is generally small compared to heat exchange. However, in these regions,

river discharge can have a strong contribution to buoyancy input and maintain strong hori-

zontal salinity gradients on the shelf (Figure 2.5 and 2.6). The input of freshwater modi�es

seawater density and makes it more buoyant by injecting potential energy and, hence driving
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circulations which convert the potential energy into kinetic energy (Simpson and Sharples,

2012).

2.2.1 Regions of freshwater in�uence (ROFI)

Shelf seas where freshwater input from rivers constitutes a buoyancy source which is compa-

rable in magnitude to that of surface heating and cooling further o�shore are referred to as

Regions of Freshwater In�uence (ROFI; Simpson and Souza (1995); Simpson (1997); Simpson

and Sharples (2012)). If there is no spatial restrictions by coastal topography and stirring is

weak, this buoyancy input drives a circulation parallel to the coast in which the Coriolis force

constrains a wedge of low density against the coastal boundary (Simpson, 1997). This �ow is

subject to baroclinic instability without frictional e�ects. However, in many ROFIs, tidal �ow

induces frictional e�ects which stabilises the density-driven �ow. In the absence of rotation

and stirring e�ects, the buoyancy input strati�es the water column competing with stirring

e�ects from tides and winds (Simpson, 1997). Therefore in ROFI systems, the structure of

the water column and the �ow is a result of a competition between the stratifying in�uence

from buoyancy input and the net stirring e�ect from wind, waves and tides (Simpson and

Sharples, 2012). Examples of ROFIs are Thermaikos Gulf (Hyder et al., 2002), Mississipi Bight

(Dzwonkowski et al., 2018), Seine region (Dauvin et al., 1998), Gulf of Lions (Re�ray et al.,

2004), Rhine region (Flores et al., 2017) and Firth of Thames (Stevens et al., 2019).

In this study, low-salinity submesoscale features (LSMFs) refer to buoyant features that

may propagate as submesoscale river-induced plumes or as detached low-salinity submesoscale

water bodies from their generation sites. The shelf sea in which LSMFs are investigated for this

study, is in�uenced by tidal straining, strong winds, coastal currents, residual tidal currents,

discharge from small mountainous rivers and diurnal cooling, similar to many ROFIs. For the

�rst time, persistent river-induced submesoscale features that do not have obvious tempera-

ture, backscatter, CDOM or strong sedimentation signals were identi�ed. Although they are

river-induced, LSMFs do not always propagate in the form of a river plume and a tracer-based

analysis was not conducted for this study. Moreover, whether the local input of freshwater

buoyancy from coastal source is comparable with, or exceeds, the seasonal input of buoyancy

as heat which occurs all over the shelf was not investigated. Nutrient loading of the riverine

waters, which is a common characteristic of river plumes and ROFIs, was also not quanti�ed

in this work. For these reasons, the reference to the traditionally known terms `river plume'

and `ROFI' were not used throughout chapters 5, 6, 7 and 8 of this thesis, even though the
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possibility of the a�liation should not dismissed.

2.2.2 Implications for lateral and vertical gradients

The contribution of the relative e�ect of temperature and salinity on density has been in-

vestigated for shelf seas (Timmermans and Winsor, 2013; Jaeger and Mahadevan, 2018) and

for open oceans (Rudnick and Martin, 2002; Tippins and Tomczak, 2003; Johnson et al.,

2012). For vertical contributions, a measure of strati�cation given by the buoyancy frequency

squared, N2 (also known as Brunt Väisälä frequency), is often used to show the degree of

stability in a water column (e.g. Roseli et al. (2015); Ramachandran et al. (2018)). On the

other hand, horizontal temperature and salinity contributions to density is often measured in

terms of density stability ratio, Rρ and the related Turner angle. The injection of substantial

freshwater to shelf seas can create a statically stable water column (Jaeger and Mahadevan,

2018), with strong strati�cation and weak vertical mixing. A well-mixed water column, on

the other hand, can become unstable due to double di�usive convection (Radko, 2013). Both

kinds of double di�usive instability (salt �ngering and double di�usive convection) play a

role in small-scale mixing of the world's oceans (Radko, 2013). In shelf seas, stronger drivers

such as wind and diurnal cooling are usually more prevalent mixing mechanisms compared to

double di�usion. Continuous, long-duration and high-resolution hydrographic sampling from

gliders have enabled the evaluation of variability in density structure down to the submesoscale

in shelf seas. Turner angle revealed that temperature and salinity gradients measured from

glider observations in the Chukchi Sea are non-compensating, with salinity changes dominating

density gradients (Timmermans and Winsor, 2013). In contrast, Turner angle calculation in

the East China Sea showed that double di�usion process is consistent with the variations of

temperature and salinity from CTD measurements (Shi and Wei, 2007).

In much of the world's upper oceans, temperature variations dominate the spatial gradients

and seasonal variations of density, whereas salinity plays a secondary role (Johnson et al.,

2012; Ramachandran et al., 2018). However, in regions that are strongly in�uenced by rain

and freshwater runo�, salinity variations can be the leading control on near-surface density

gradients (Timmermans and Winsor, 2013; MacKinnon et al., 2016; Ramachandran et al.,

2018). In these regions, the depth of the surface mixed layer is de�ned by the vertical salinity

gradient. Temperature can remain uniform or even change below the mixed layer (Jaeger and

Mahadevan, 2018). Strati�cation caused by submesoscale features due to salinity gradients can



Importance of small mountainous rivers in river-in�uenced coastal systems 15

in�uence vertical exchanges (Ramachandran et al., 2018).

In a salinity-strati�ed upper ocean, submesoscale instabilities of salinity fronts can cause

restrati�cation and shallowing of the surface mixed layer (Jaeger and Mahadevan, 2018).

Cooling is concentrated within shallow surface mixed layers, decreasing sea surface temper-

ature along salinity-strati�ed fronts, at scales of submesoscale restrati�cation (Figure 2.4).

Sea surface temperature and salinity become correlated (salty warm and fresh cold, compen-

sating their e�ects on density) at length scales ∼O(1) km (Jaeger and Mahadevan, 2018).

Strong strati�cation near the surface inhibits vertical transport and hence, can also limit

the subsurface �uxes of momentum, heat and tracers (Prasanna Kumar et al., 2003). The

latter study showed that the resulting dynamical isolation of such strongly strati�ed surface

layers from deeper nutrient-rich layers is a key factor explaining lower biological productivity in

the Bay of Bengal on the eastern side of India compared to the Arabian Sea on the western side.

2.3 Importance of small mountainous rivers in

river-in�uenced coastal systems

River plumes (Figures 2.5 and 2.6) play an important role in land-ocean interactions. They

have a relatively small surface area and volume as compared to the adjacent coastal sea.

However, they signi�cantly in�uence global �uxes of buoyancy, heat, terrigenous sediments,

nutrients, and anthropogenic pollutants, which are discharged to the coastal ocean with con-

tinental run-o� (Osadchiev and Sedakov, 2019). River plumes are characterized by strong

spatial inhomogeneity and high temporal variability caused by external forcing and mixing

processes (Osadchiev et al., 2020). Regional features (such as delta/estuary, enclosed bay/open

sea, coastline, bathymetry) also signi�cantly in�uence the morphology and behaviour of

river plumes. As a result, dynamics and variability of river plumes are key factors to under-

stand mechanisms of spreading, transformation, and redistribution of continental discharge

and riverine constituents in the coastal sea and their in�uence on the adjacent continental shelf.

General aspects of the structure and dynamics of river plumes as well as their regional

features have been addressed in previous studies. However, these studies mostly focused on

large river plumes, while small river plumes received relatively little attention. In recent

decades, there has been an increase in studies on freshwater out�ow from small mountainous

rivers due to their signi�cant in�uence on coastal processes (Coynel et al., 2005; Liu et al.,
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Figure 2.5: (A) Satellite true colour imagery of the sediment plume from the Columbia River
along the west coast of United States, acquired for April 22, 2011 from Rip Charts website www.
ripcharts. com . (B) Satellite true colour imagery from Golden Bay, New Zealand showing
sediment plume from the Aorere River acquired for May 12, 2016 (USGS/NASA Landsat). The
Columbia River plume is typical of large-scale, high discharge, mid-latitude plume. The Aorere
River is a small-mountainous river: it is short and steep, carries large sediment loads, is variable
in �ow, and can have very large �oods in proportion to its catchment area

2008; Wheatcroft et al., 2010; Goñi et al., 2013; Saldías et al., 2016, 2020). Small rivers play

an important role in global land-ocean �uxes of riverine water and suspended and dissolved

sediments (Milliman and Syvitski, 1992; Milliman et al., 1999, 2007). Small rivers form buoyant

plumes that have small spatial scales and, therefore, small residence time of freshened water,

in the range of hours and days, due to relatively low volume of river discharge and its intense

mixing with ambient sea (Osadchiev and Zavialov, 2019). Discharge from small mountainous

rivers can impact local phytoplankton and microbial communities (Iriarte et al., 2012; Levipan

et al., 2012) and represent an important source of terrestrial particulate organic carbon (Goñi

et al., 2013).

Understanding structure and variability of small river plumes at small spatial and temporal

scales is essential for quantifying the fate of freshwater discharge from small rivers to sea

and the related transport of suspended and dissolved river-borne constituents (Osadchiev

et al., 2020). However, high short-temporal variability of small plumes and their small vertical

sizes inhibit precise in situ measurements of their thermohaline and dynamical characteristics

(Osadchiev and Zavialov, 2019; Osadchiev et al., 2020). Satellite remote sensing also does not

provide the necessary spatial resolution and temporal coverage for small river plumes. As a

www.ripcharts.com
www.ripcharts.com
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Figure 2.6: Figure of Kodor and Bzyp river plumes formed in the north-eastern part of the Black
Sea, acquired from Osadchiev et al. (2020). (a) surface salinity distribution, (b) vertical salinity
pro�les, (c) aerial image, and (d) Sentinel-2 ocean color composite of the Kodor plume from
August 31, 2018. Colour dots indicate locations of vertical salinity measurements (1, blue�near
the river mouth; 2, yellow�near the plume border, and 3, brown�at the ambient saline sea).
Red arrows indicate location of central deltaic branch of the Kodor River, green arrows indicate
location of the Iskuria Cape. The red swirl in panel (a) indicates location of an eddy detected
during their study. The red wave line in panel (a) indicates location of an undulate plume border.
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result, many important aspects of structure, variability, and dynamics of small river plumes at

small spatial and temporal scales remain unstudied.

New Zealand is a high-standing oceanic island with small mountainous rivers (Carey et al.,

2002). High-standing oceanic islands have streams with headwaters lying at elevations of 1,000

m or more above mean sea level and generally correspond to the mountainous islands of Asia and

Oceania, particularly between Australia and Asia (Milliman and Syvitski, 1992). New Zealand

has more than 70 major river systems (30 in the North Island and 40 in the South Island).

New Zealand rivers have the characteristics of small mountainous rivers: they are short and

steep, and many carry large sediment loads. They are highly variable in �ow, and have very

large �oods in proportion to their catchment area owing to the country's latitude, climate and

mountainous relief (New Zealand Conservation Authority, 2011). With farming and forest in-

dustries growing in New Zealand, sediment discharge is likely to increase. Sediments discharged

by small mountainous rivers are more likely to escape to the deep sea during highstands of

sea level. This is because of a greater impact of episodic events (i.e., cyclones, �ash �oods and

earthquakes) on small drainage basins and because of the narrow shelves associated with active

margins (Milliman and Syvitski, 1992).

2.4 Coastal upwelling

Coastal upwelling is a physical process that brings cold, nutrient-rich deep or subsurface waters

to the surface, resulting in high primary productivity and rich ecosystems. Coastal upwelling

can be induced by various mechanisms, but it generally results from Ekman transport due to

alongshore wind stress (Ekman, 1905; Jung and Cho, 2020). Ekman transport is the movement

of seawater that occurs under certain wind conditions. Friction on the ocean surface drags the

surface water in the direction of the wind. The resulting mean �ow, known as Ekman trans-

port, in the upper 10-100 m is 90◦ to the left (right) of the wind in the Southern (Northern)

Hemisphere (Emerson and Hedges, 2008). Wind stress curl can also induce coastal upwelling

(Castelao and Barth, 2006). Coastal currents may enhance onshore Ekman pumping through

the bottom boundary layer (Roughan et al., 2003; Roughan and Middleton, 2004). Upwelling

occurs as a form of dynamic (isotherm) uplift that results from geostrophic equilibrium, which

is a balance between pressure gradient force and Coriolis force (Shen et al., 2011; Kamph and

Chapman, 2016; Jung and Cho, 2020). Typical time scales of upwelling range from a few days

to weeks. Upwelling itself is a mesoscale process and occurs in a narrow band adjacent to the

coast, although it is dependent on the large-scale circulation pattern of ocean and atmosphere
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Figure 2.7: (A-L) Monthly mean sea surface chlorophyll for Greater Cook Strait, derived from
MODIS satellite (Csat). Each panel shows the mean surface chlorophyll for that month over the
years 2008�2013. Contours of monthly mean surface temperature are overlayed as blue lines.
Figure adapted from Chiswell et al. (2016).
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(Carr and Kearns, 2003). The width of upwelling is scaled by the internal Rossby radius, which

for the New Zealand region is 20�30 km.

The Kahurangi Shoals of New Zealand are an example of an upwelling favourable coast that

host cool water plumes resulting in enhanced primary production (Chiswell and O'Callaghan,

2021). Similar to the other four major coastal upwelling systems in the world ocean, upwelling

o� Kahurangi Shoals also occurs year round. Strong surface temperature signatures and levels

of chlorophyll in the Kahurangi upwelling system have been observed, particularly in summer

(Chiswell et al., 2016). However, Chiswell et al. (2016) noted that in austral spring, elevated

levels of chlorophyll were observed on the southern side of the upwelling plume (Figure 2.7E,F;

The 14◦C isotherm on Figure 2.7F is the upwelled plume). This upwelling system is distinctive

because the upwelled plume is carried by the wind-modulated barotropic d'Urville Current

into Greater Cook Strait (Stanton, 1971), a shelf sea where there is no coastline on its right

to support the upwellling. The Kahurangi upwelling system is wind-driven in the weather

band, and the upwelled water mixes and slumps after being advected into Greater Cook Strait

(Chiswell et al., 2016). The latter study highlighted the need for further analysis on the physics

and biogeochemistry of this New Zealand shelf sea to better understand the contribution of

upwelling to the shelf system, including the Golden and Tasman Bays (Figure 3.1).

2.5 Importance of synchronous biological and physical

research

Interdisciplinary work, spanning both biology and physics, has enhanced our understanding

of marine ecology (Kiørboe, 2008). Developments in methodology and increased interest in

physical-biological interactions have rapidly advanced cross-disciplinary studies across spatial

and temporal scales (Figure 2.8). Increased resolution of instrumentation has allowed for sam-

pling on smaller scales than previously possible, while the creation of ocean observing systems

and improvement of remote sensing technologies have advanced views of plankton and physical

processes at large scales (Prairie et al., 2012). The importance of behaviour and physics in

shaping both phytoplankton patchiness and the surrounding �uid environment, challenging

the paradigm of plankton as passive tracers have been emphasised in previous studies (Fuchs

et al., 2004; Katija, 2012).
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Figure 2.8: Range of biological and physical scales of ocean processes, as studied from various
techniques: �eld (blue), laboratory (black), and theoretical (red). Figure adapted from Prairie
et al. (2012). In this study, glider observations, satellite observations and a regional model are
used to focus on the biophysics of processes at the submesoscale and mesoscale.
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Recent progress has improved our understanding of physical mechanisms in structuring

phytoplankton distributions at the meso- and submesoscale. Prairie et al. (2012) reviewed sev-

eral meso- and submesoscale phenomena: planktonic interactions with coastal �ow, plankton

accumulations at fronts and eddies, and behaviourally driven large-scale stirring by plankton.

Several physical mechanisms contribute to spatial heterogeneity in the ocean (Owen and

Longhurst, 1981). For example, spatial heterogeneity can be sourced from fronts that manifest

as sharp gradients in hydrographic properties such as temperature, salinity, and nutrients

concentrations (Belkin et al., 2009). Some of the mechanisms that cause this heterogeneity

include thermal boundaries, wind-driven upwelling, tides, internal waves, Langmuir circulation,

river plumes, mesoscale eddies, and topography. In this study, we focus on the biophysics of

processes at the submesoscale and mesoscale, i.e buoyancy-driven submesoscale features and

coastal upwelling.



Chapter 3

Regional setting: Greater Cook Strait

continental shelf

Greater Cook Strait is the continental shelf sea region between the North and South Islands of

New Zealand (Figure 3.1). It connects the Tasman Sea to the Paci�c Ocean through the narrow

Cook Strait. Cook Strait is a bottleneck for the strongest wind speeds in the world, as well as

an amphidromic point. On the western side, Greater Cook Strait is wide and large (170 km

wide) comprising of Golden Bay, Tasman Bay and the South Taranaki Bight. On the eastern

side, the region comprises the Cook Strait Narrows (23 km wide). Understanding the physical

oceanography of the Greater Cook Strait region is particularly relevant as it encompasses oil

and gas interests, aquaculture, various wild �sheries, big mammals, transport (ferry) operations

and energy infrastructure.

3.1 Regional oceanography

Greater Cook Strait is a shelf sea that is in�uenced by strong wind-driven and tidal currents

(Stevens et al., 2019). Consequently, the shelf is dominated by the response to a wind-forced

�ux (Cahill et al., 1991) through a large tidally-dominated, fast-�owing and weakly strati�ed

strait (Stevens, 2014, 2018). Greater Cook Strait is also strongly in�uenced by freshwater in�ux

from several rivers (Sutton and Had�eld, 1997; Cornelisen et al., 2011), through�ow due to

surface elevation di�erences at the east and west open boundaries of Greater Cook Strait and

baroclinic currents due to density variations (Walters et al., 2010).

A comprehensive review of ocean dynamics around New Zealand was completed by Chiswell

et al. (2015a) and more recently, the physical oceanography of New Zealand shelf seas was

23
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Figure 3.1: Map of (A) True colour of image of New Zealand obtained by NASA's Aqua MODIS
satellite for April 29, 2011; available on NASA's earth observatory. Greater Cook Strait region
highlighted as grey box. (B) Same as (A) but zoomed on Greater Cook Strait. (C) Map of
Greater Cook Strait showing general circulation of the region (WC: Westland Current and DUC:
d'Urville Current), locations of GB: Golden Bay, TB: Tasman Bay, KUC: Kahurangi upwelling
cell (striped region), FS: Farewell Spit, CSN: Cook Strait Narrows, SI: Stephen Island and
glider tracks of nine glider surveys (line colour indicating the seasonal a�liation of each glider
survey). Numbers 1 to 4 indicate locations of river mouths of Arorere River, Takaka River,
Motueka River and Waimea/Wairoa River, respectively.
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reviewed by Stevens et al. (2019). The d'Urville Current is the main current in Greater Cook

Strait (Chiswell et al., 2015a; Stevens et al., 2019). The d'Urville Current is primarily fed

by the northward �owing Westland Current (WC; Figure 3.3) and �uctuates in strength and

in frequency. This is due to weather-band variations (5-20 day periods) in wind stress from

south-westerly and westerly winds (Stanton, 1976; Shirtcli�e et al., 1990) and associated coastal-

trapped waves (Cahill et al., 1991). With north-westerly winds, the Westland Current may

reverse and �ow southwards down the West Coast. Consequently, the strength and direction of

the d'Urville Current in GCS may change with wind direction and subtidal �ows (Harris, 1990).

O�shore Ekman transport generated by south-westerly winds also creates semi-permanent

upwelling of deep saline water along the west coast (Heath and Gilmour, 1987; Harris, 1990;

Shirtcli�e et al., 1990; Chiswell et al., 2015a; Chiswell and O'Callaghan, 2021). Deep, cold, saline

water is entrained into the Westland Current, forming the northward �owing Kahurangi plume

and advected into Cook Strait by the d'Urville Current (Heath and Gilmour, 1987; Harris,

1990; Shirtcli�e et al., 1990). The dynamics of this Ekman-generated upwelling system has

been documented by Chiswell et al. (2016) and Chiswell and O'Callaghan (2021) using satellite

observations of surface temperature and chlorophyll-a. Greater Cook Strait also experiences

near-surface water freshening from nearby rivers and precipitation (Harris, 1990). Golden and

Tasman Bays both have contributions from two main rivers: the Aorere and Takaka rivers and

the Motueka and Waimea/Wairoa rivers, respectively.

3.2 Tasman and Golden Bays

Coastal bays are commonly considered as the link between ocean and land through cross-shelf

exchange and circulation dynamics inside the bays (Brink, 2016; Liu et al., 2018). The oceanic

and terrestrial realms set the bay boundary conditions, and the bay is free to respond to or

exert change on these. The inshore boundary is usually dominated by substantial freshwater

input from rivers, residual tidal �ow and wind patterns (Simpson and Sharples, 2012). The

o�shore boundary will generally have more warm oceanic characteristics, such as saltier water

masses, deeper currents, tidal �ow.

Tasman and Golden Bays are a distinct part of Greater Cook Strait. They are characterised

by a region of shallow depth (about 45 m) inside a line drawn from Farewell Spit to Stephen

Island (Figure 3.1C). These two bays also have the largest tidal range and a mild wind regime

(being out of the mainstream of westerlies and southeasterlies which dominate the rest of
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Figure 3.2: Drifter tracks from four drifters released as part of the Cook Strait experiment by
and from Chiswell et al. (2019). Grey vectors are mean surface velocity from a regional model
simulation. Coloured track shows sea surface temperature from temperature sensors on three of
the drifters. The remaining drifter's track is shown in black. Filled black squares labelled A, B,
C and D show deployment locations of each drifter.

the continental shelf). The prevailing westerlies change into northerlies in the bays by topo-

graphical control. Such winds would tend to con�ne the surface waters within the limits of the

bays. Recently Chiswell et al. (2019) con�rmed that the mean velocity in Golden and Tasman

Bays is weak and the circulation is dominated by wind and tidal �ows (Figure 3.2). Previous

studies focusing on the circulation in Golden and Tasman Bays, and Greater Cook Strait and

its implication on river plume behaviour (Heath, 1976b; Tuckey et al., 2006; Chiswell et al.,

2019), have suggested that residual �ows move northwards. They all found that anticyclonic

�ows occur in the south of both Tasman and Golden Bays, and there is a cyclonic �ow in the

north of Golden Bay. The mean near-surface velocity is generally out of each bay (Figure 3.2),

with a stronger out�ow along Farewell Spit in Golden Bay and near Stephen Island in Tasman

Bay.

Surface temperatures have been reported to be higher than o�shore waters in summer but

lower in winter, with little thermal strati�cation (Harris, 1990). However, salinities are less
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than those o�shore at all times of the year due freshening from nearby rivers and precipitation

(Harris, 1990), with strong salinity strati�cation (Heath, 1976a). The run-o� into the bays

was reported as 256 m3 s−1 for an annual average, 90 m3 s−1 for austral summer (January)

and 361 m3 s−1 for austral winter (July) by Heath (1976a). Residence time in the shallow

bays was calculated as being two months, enhancing river discharges e�ects (Heath, 1976a).

Winter temperatures of rivers discharging into Golden Bay are colder than in the sea. The

rivers draining into the bays have sources in high mountains. However, the main river Motueka,

tends to fall less rapidly and is consequently a little warmer after spending more time at lower

altitudes. The water in Motueka river was recorded as slightly warmer than SST in summer, but

colder in winter by up to 2-3◦C (Mosley, 1982; Ridgway, 1977). The residence time is mainly

controlled by the mean circulation, reinforced by tides and �uctuating wind currents.

3.3 Salinity in Greater Cook Strait

Most of the literature available on observational variability of salinity in the western approaches

to Greater Cook Strait are from more than 20 years ago (Harris, 1990). These observations

were mostly ship-based measurements from research cruises. West Coast rivers cause freshening

of near-surface waters, and intermittent upwelling raises more saline water from below. At

the Paci�c end, more saline waters of the East Cape Current (ECC; Figure 3.3) interact with

the fresher Canterbury Current (also sporadically in�uenced by South Island rivers). Brodie

(1960) named the relatively cool, fresh, northwards-directed �ow along the Wairarapa coast as

the Canterbury Current, because he considered it continuous with the �ow o� the Canterbury

Coast. However, Chiswell (2000) suggested that the water within this current is modi�ed

subtropical waters with sources likely to be the Southland and d'Urville currents (SC and dUC;

Figure 3.3), and proposed the current be renamed the Wairarapa Coastal Current (WCC;

Figure 3.3).

The subsurface salinities between the Tasman Sea entrance and Stephens Island are condi-

tioned by water entering from the west, i.e. the more saline d'Urville Current (Harris, 1990).

Most of the Greater Cook Strait region is characterised by water of salinity >35.1 psu (Bowman

et al., 1983). The salinities between Stephens Island and Paci�c entrance are conditioned by

the contributions from the more saline East Cape Current, the less saline Canterbury Current

(<34.7 psu), and the water from the west. Greater tendency for strati�cation in the western

half than in the eastern half (using Stephens Island as midpoint) was evident (Bowman, 1981).

Each end of the Strait has a potential source of subtropical water, however the salinities in the
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Figure 3.3: Schematic surface circulation around New Zealand based on drifter and hydrographic
data adapted from Chiswell et al. (2015a). Ocean currents are East Australia Current (EAC),
East Australia Current extension (EACx), East Auckland Current (EAUC), East Cape Cur-
rent (ECC), d'Urville Current (dUC), Wairarapa Coastal Current (WCC), Westland Current
(WC), Southland Current (SC) and Antarctic Circumpolar Current (ACC). Eddies are Lord
Howe Eddy (LHE), Norfolk Eddy (NfkE), North Cape Eddy (NCE), East Cape Eddy (ECE),
Wairarapa Eddy (WE) and Rekohu Eddy (RE). See Ocean Currents and Fronts section. Re-
gions of �ow are shown as coloured streams. Colours re�ect the temperature of the �ows with
red being warmest, and dark blue being coldest. The STF in the Tasman Sea is density compen-
sated with little �ow, as indicated by the shading. Water Masses are Subtropical Water (STW),
Tasman Sea Central Water (TSCW), Subantarctic Water (SAW) and Antarctic Surface Water
(AASW). Ocean fronts are Tasman Front (TF), Subtropical Front (STF), Subantarctic Front
(SAF) and Polar Front (PF).
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East Cape Current can be higher than those in the outer Westland Current. Conversely, sources

of low-salinity water exist to the east and west of the Strait; both the inshore Westland Current

and the Canterbury Current receive substantial quantities of river run-o� (Harris, 1990).





Chapter 4

Methodology

A multiplatform approach of glider observations, remote sensing observations and outputs

from a regional model was used to investigate the spatio-temporal structure and dynamics of

submesoscale features in a New Zealand shelf sea for the �rst time. Underpinning this thesis

are high-quality datasets and products providing observations and modelled outputs from

the surface and subsurface of a New Zealand shelf sea. In particular: over the period 2015

to 2018, 1) an observational record of more than 38,686 high spatial and temporal resolution

hydrographic pro�les sampled in a New Zealand shelf sea, 2) high resolution satellite obser-

vations of sea surface temperature and sea surface chlorophyll-a, 3) Remote Sensing Systems

Cross-Calibrated Multi-Platform ocean vector winds, and for the period 2009 to 2012, 4) high

resolution outputs from a Regional Ocean Modelling System. While we describe the datasets

and introduce the methodology here, relevant detailed methods are distributed accordingly in

each chapter.

4.1 The revolution of autonomous ocean glider sampling

Ocean gliders have revolutionised high-resolution ocean observation by enabling sampling in

all dimensions - horizontal, vertical and time. Gliders sampling bene�ts are: 1) They do not

disturb the surface structure of the ocean and 2) horizontal and temporal spacing between

pro�les is typically less than one kilometer and 30 minutes. Autonomous underwater gliders

have been demonstrated to be a valuable tool for process-oriented applications (Ruiz et al.,

2012; Todd et al., 2013; Liblik et al., 2016; Meyer, 2016; Rudnick, 2016; Pascual et al., 2017).

As an additional innovative observational method, gliders can be piloted to follow spatially

31
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Figure 4.1: New Zealand ocean gliders Betty and Manaia.

transient ocean features and observe their evolution in space and time.

This study used Teledyne Webb Research Slocum G2 gliders. The instrument is a buoyancy

driven, low-powered Autonomous Underwater Vehicle (AUV). It uses its center of buoyancy and

gravity, together with its wings to convert vertical motion to horizontal motion. The commands

which initiate the mission can be either received locally from a vessel or remotely via satellite.

Scienti�c observations are collected when on a mission through the glider's scienti�c sensors in

an autonomous and continuous way at a high spatial and temporal resolution, allowing small

scale variability to be solved.

Ocean gliders are equipped with Seabird CTD sensor, Aanderaa Oxygen Optode and

Wet Labs Environmental Characterization Optics (ECO) puck, that measured chlorophyll-a

�uorescence, backscatter (at 470, 532, 660 and 700 nm) and chromophoric dissolved organic

matter (CDOM). Temperature, conductivity, and pressure data were sampled at 0.5 Hz, and

subsequently processed to remove spikes. The accuracy within calibration range of temperature

and conductivity were ±0.002◦C and ±0.0003 S m−1 respectively. Further calibrations besides

the manufacturer's calibration were not carried out, although the glider CTD was calibrated

occasionally with Seabird CTDs once in a while in the laboratory. Manufacturer calibration

was believed to be enough since temperature and salinity have little variation over a four-week

period. Slocum gliders have a pumped CTD. The pump allows for a constant �ow inside
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the conductivity cell. There are two main sources of data imperfections observed in salinity

pro�les: (i) di�erent sensor time-responses of the thermistor, conductivity sensor and pressure

sensor, and (ii) thermal lag e�ect (Gourcu�, 2014). In the presence of di�erences in sensor

time-responses, salinity is computed from pressure, conductivity and temperature measurement

that don't match up with one another. The thermal lag e�ect is due to conductivity cell inertia:

the conductivity used to compute salinity is measured inside a conductivity cell, which has

the capacity of storing heat (Gourcu�, 2014). Thus, the temperature used to compute salinity

does not accurately re�ect the temperature of the ocean, especially when the glider is �ying

through strong temperature gradients. The thermal lag issue was shown to be much reduced

when the glider CTD was pumped, so that the �ushed water sample is supposedly the same as

the water sampled by the thermistor (Janzen and Creed, 2011). However, in practice, the issue

is still present in data from pumped CTDs, although more easily correctable as the �ow in the

conductivity cell is known and constant.

Glider data processing was completed using the SOCIB glider toolbox (https:

//github.com/socib/glider_toolbox; Troupin et al. (2015)). Glider data processing in-

cludes salinity lag correction for the thermal lag error for the un-pumped CTD unit, which is

standard on Slocum gliders (Garau et al., 2011; Pascual, 2010). Data were averaged in vertical

bins of 1 m. A single glider survey in Greater Cook Strait typically lasted four weeks, during

which it sampled the water column in a sawtooth diving pattern (Figure 4.2) between 0 to 200

m and covered over 500 km (horizontally). Vertical velocities of the vehicle were slower than

0.3 m s−1 and 38,686 pro�les were obtained from glider surveys between November 2015 and

November 2018. On average, each dive cycle comprised six pro�les which took two hours and

covered a horizontal distance of 2.5 km. This translated to a temporal resolution of ∼20 mins

and a spatial resolution of ∼0.4 km between each water column pro�le. The autonomous and

continuous sampling at high spatial (horizontal and vertical) and temporal resolution allow

small scale processes to be resolved (Rudnick, 2015).

Nine glider surveys were completed from 2015 to 2018 (Figure 3.1B and Table 4.1);

O'Callaghan and Elliott (2020). The average glider track spanned 40◦75S, 174◦49E to 39◦91S,

171◦90E. In each survey, the glider transverses from east to west and back to its deployment

location. For surveys 3, 4, 6, 9 and 11, the glider was deployed closer to the Cook Strait

Narrows. As the glider would spend multiple days trying to overcome strong currents due to

strong tidal �uctuations near the Narrows, deployments for surveys 12, 15, 18 and 19 were

initiated from Tasman Bay to maximise observations across the Greater Cook Strait shelf sea.

https://github.com/socib/glider_toolbox
https://github.com/socib/glider_toolbox
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Figure 4.2: Schematic indicating sawtooth diving pattern of ocean glider. Image credit: Testor
et al. (2017)

Table 4.1: Glider survey index, seasonal a�liation, number of pro�les sampled, start and end
dates for each glider survey completed in Greater Cook Strait.

Survey

Index
Season

No. of

pro�les
Start date End date

Duration

[Days]

3 spring - summer 2494 29.11.2015 19.12.2015 21

4 summer - autumn 3259 04.02.2016 02.03.2016 28

6 spring 2877 15.09.2016 08.10.2016 24

9 autumn 3419 04.05.2017 28.05.2017 25

11 winter - spring 3597 22.08.2017 20.09.2017 30

12 spring 4804 30.10.2017 29.11.2017 31

15 summer - autumn 5813 04.02.2018 05.03.2018 33

18 spring 6059 18.10.2018 28.11.2018 42

19 spring 6364 18.10.2018 28.11.2018 42
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Figure 4.3: Map of Greater Cook Strait showing glider tracks of surveys 18 and 19 during the
experiment (line colour indicating location of the glider on corresponding dates) and locations
of GB: Golden Bay, TB: Tasman Bay, CSN: Cook Strait Narrows. Small dashed square is the
con�ned survey box.

Glider survey 19 was the only one when the glider did not follow the established transect as in

other surveys. For the purpose of an experiment required for further development of this work

(Chapter 7), the glider was deployed in Tasman Bay, and piloted north of the coastal bays

where it sampled within a constrained survey box.

4.1.1 Two-gliders spring experiment in Greater Cook Strait

Gliders not only sample at the right scales, but also allow us to adapt in-situ sampling to

science questions and synoptic conditions. For Chapter 7, two glider surveys (SI 18 and 19)

were conducted for a process-focused spring bloom experiment in austral spring 2018 (Figure

4.3). This comprised a concurrent two-gliders experiment to track and sample a low salinity
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submesoscale feature and capture an active upwelling plume in Greater Cook Strait. This

type of processed-focused high resolution sampling experiment was conducted for the �rst

time in New Zealand waters. Deploying, planning and piloting ocean gliders concurrently in

the same region was also a pioneering approach in New Zealand waters. Both gliders were

deployed on October 18, 2018 and recovered on November 28, 2018 about three hours and few

kilometres apart from one another. The experiment lasted 42 days and total of 12,423 pro�les

were obtained from both gliders during the experiment.

Glider Betty was used as a `virtual mooring' (SI 19) in a con�ned survey box spanning

40◦40S, 173◦25E to 40◦12S, 173◦80E (Figure 4.3). This box was a priori identi�ed as a sub-

mesoscale `hotspot' from Chapter 5 (Jhugroo et al., 2020). The `virtual mooring' mode of

sampling provided an observational record with 5430 pro�les of the vertical structure of the

water column in a con�ned shelf region.

Glider Manaia initially sampled the established transect line (SI 18) from previous glider

surveys. During the 2018 experiment, the glider transversed from east to west and back. Upon

completion of the established transect line in the �rst two weeks of the experiment, glider

Manaia was piloted into the survey box to concurrently sample the same water mass as glider

Betty. Glider Manaia sampled 6059 pro�les in total, out of which 3860 pro�les were in the

survey box. Both gliders were deployed and recovered from Tasman Bay. Glider Betty and

Manaia's tracks for the entire survey are shown in Figure 4.3 and results from this experiment

are presented in Chapter 7.

4.2 Regional modelling

Outputs from a Regional Ocean Modelling System (ROMS) for the period April 2, 2009 to

September 2, 2012 (12-hourly averages) were used to contextualise regional scale interactions

with low salinity submesoscale features in Chapter 5. ROMS is a free-surface hydrodynamic

ocean model that uses the hydrostatic and Boussinesq approximations on an Arakawa C-grid,

with a terrain-following vertical coordinate (https://www.myroms.org/). ROMS has widely

been used in a range of coastal applications. The modelled domain covered Greater Cook Strait

at a uniform horizontal resolution of 1-km with 20 layers in the vertical dimension. The grid

space was rotated 40◦ clockwise from true northwards/eastwards to align with Greater Cook

https://www.myroms.org/
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Strait for improved computational e�ciency and optimised boundary conditions.

Surface momentum �uxes used are from a Weather Research and Forecasting New Zealand

(WRF-NZ) hindcast, with a Cook Strait subdomain at 4-km resolution. Surface stresses were

calculated from 3-hourly winds from the MetOcean Solutions Ltd Hau Moana hindcast (Moana

Project Team, 2017). Surface heat and freshwater �uxes were calculated from 6-hourly av-

eraged data from a global atmospheric analysis system, National Centers for Environmental

Prediction (NCEP) Reanalysis (Kalnay et al., 1996). A heat �ux correction term was applied

to SST to nudge the modelled SST towards observed sea surface temperature (SST) derived

from 1
4
◦ daily North Oceanic and Atmospheric Administration (NOAA) optimum interpolation

SST dataset (Reynolds et al., 2007). The heat �ux correction prevents the modelled SST from

drifting too far from reality due to any biases in the surface �uxes but has a negligible e�ect

on the day-to-day variability.

The NZ River Environment Classi�cation (NZ-REC, Biggs et al. (1990); Snelder et al.

(2004)) was used to identify the 17 largest rivers that discharge into Greater Cook Strait. In-

terpolated annual-mean values of riverine freshwater input was used for each river to force the

ROMS shelf model. A third-order upstream horizontal advection scheme for tracers (temper-

ature and salinity) was used for this model. The lateral boundary conditions used are from a

5-km shelf seas hindcast NZ-ROMS (M. Had�eld, pers. comm. 2019). The model was also forced

at the boundaries by the amplitude and phase of 13 tidal constituents derived from the NIWA

EEZ (Exclusive Economic Zone) tidal model (Walters et al., 2001). The ROMS tidal forcing

scheme uses the amplitude and phase of the tidal constituents to calculate the tidal sea surface

height and depth-averaged velocity at each time step and adds them to the lateral boundary

data. A similar ROMS model was compared with ADCP measurements from two sites in the

Cook Strait Narrows (between August 2010 and July 2012) and found to agree well statistically

(Had�eld and Stevens, 2020). Simulations are therefore expected to reproduce realistic current

dynamics.

4.3 Remotely-sensed observations

High-resolution satellite images of ocean colour and sea surface temperature can reveal an

abundance of ocean fronts, vortices and �laments at scales below 10 km but measurements at

these scales are rare (Gommenginger et al., 2019). New and improved remotely sensed products

have been developed and have directly improved the quality of operational products (Le Traon
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et al., 2015; Groom et al., 2019). Remote sensing o�ers many advantages over conventional

approaches such as synoptic coverage, repeated observations, and area averaging (Ahmad,

2019). Advantages include but are not limited to: 1) ability to collect information over large

spatial areas and over long-terms, 2) observe ocean surface and oceanographic processes on

a systematic basis and monitor changes over time, 3) integrated into models and used in

multiplatform studies.

Satellite observations also have disadvantages. Satellite observations are impacted during

cloudy periods. They also do not provide information about the vertical structure of oceano-

graphic features (i.e., strati�cation and feature thickness) and/or the vertical distribution of

associated optical properties due to their limitation to surface measurements (Maul, 2012).

Subsurface in situ observations are therefore an essential component in studying such features.

In situ sampling allows the collection of information at the submesoscale and di�erent depths.

However, sustained sampling based on recurrent observational surveys spanning months and

seasons is limited to lower frequency sampling. Therefore, combining multiple platforms yields

better understanding and monitoring of upper ocean dynamics.

4.3.1 Sea surface temperature (SST) and Sea surface chlorophyll

(SSC) in Chapter 6

The SST product used in Chapter 6 is a single-sensor multi-satellite level 3S SST foundation

product for a 144-hour period (day and night time composite), derived using observations from

Advanced Very High-Resolution Radiometer (AVHRR) instruments on all available NOAA

polar-orbiting satellite. It is provided as a 0.02◦ x 0.02◦ (2 km) cylindrical equidistant pro-

jected map over the region 144-hour average of all the highest available quality SSTs that

overlap with that cell, weighted by the area of overlap. Remotely sensed SST values are skin

temperature of the water body. This SST product has been readily available on the Australian

Ocean Data Network (AODN) portal under the Integrated Marine Observing System (IMOS)

(https://portal.aodn.org.au/search) since 2014 and is an ongoing project. The 6-days

composite minimises cloud cover patches in an e�cient way in areas of interest. Further infor-

mation on the product and its processing is available at https://catalogue-imos.aodn.org.

au/geonetwork/srv/eng/metadata.show?uuid=34110d06-707b-4f73-970e-9b38e9fcb7da.

SST timeseries was computed by choosing the mean value along a track that cuts through

Greater Cook Strait spanning 173◦0E to 173◦6E.

https://portal.aodn.org.au/search
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=34110d06-707b-4f73-970e-9b38e9fcb7da
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=34110d06-707b-4f73-970e-9b38e9fcb7da
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The sea surface chlorophyll (SSC) data used in Chapter 6 is a level 3M 9x9-km 8-days

composite product (available at https://oceancolor.gsfc.nasa.gov/). Similar to SST, A

SSC was extracted along a track that cuts through Greater Cook Strait comparable to an

averaged glider mission track. Median values over a track that cuts through Greater Cook

Strait spanning 173◦0E to 173◦6E was used for SSC timeseries.

4.3.2 Sea surface temperature (SST) and Sea surface chlorophyll

(SSC) in Chapter 7

Satellite sea surface temperature (SST) and chl-a data for Chapter 7 were obtained from

MODIS-Aqua (or Moderate Resolution Imaging Spectroradiometer): IMOS 2018, IMOS-SRS-

MODIS-01 day-Ocean Colour-SST and IMOS-SRS-MODIS-01 day-Chlorophyll-a concentration

(OC3 model), https://portal.aodn.org.au/, accessed on March 13, 2020. Level 2, daily,

0.01 deg grid resolution data within the period of gliders deployment (October 18, 2018 to

November 28, 2018) as well as on November 6 and 10, 2017 (for SI 12 upwelling case anal-

ysis) were extracted for Greater Cook Strait region (171.75 to 176◦E and -42 to -38.75◦S)

from the Australia-New Zealand mosaic. The data uses the OC3 retrieval algorithm method

for estimating chl-a recommended by the NASA Ocean Biology Processing Group and im-

plemented in the SeaDAS processing software l2gen. The OC3 algorithm is described at

http://oceancolor.gsfc.nasa.gov/cms/atbd/chlor_a (and links therein).

The MODIS sensor observes sunlight re�ected from within the ocean surface skin layer

at multiple wavelengths. These multi-spectral measurements are used to infer chl-a, most

typically due to phytoplankton, present in the water. MODIS SST was chosen over other SST

products because it is measured at the same time as the water leaving radiances used to derive

the optical properties (chl-a in this study). The SST product is therefore contemporaneous,

and has a matching cloud mask. This makes the product suitable for applications that seek

to combine both SST and optical properties. The SST product matches the chl-a product in

temporal and spatial extent.

Sea surface temperature (SST) and chlorophyll (SSC) from glider SI 19 and satellite products

were compared for the period glider Betty spent in the survey box (as shown on Figure 4.3).

Glider Betty (SI 19) sampled the same region repeatedly as it stayed in a con�ned survey

box for 37 days out of 42 during the spring experiment. On days for which satellite data was

available, mean daily SST and SSC were extracted over an averaged location of the glider on the

https://oceancolor.gsfc.nasa.gov/
https://portal.aodn.org.au/
http://oceancolor.gsfc.nasa.gov/cms/atbd/chlor_a
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corresponding dates. These SST and SSC values were then linearly interpolated to reconstruct

a continuous timeseries of daily values.

4.4 Wind product - CCMP

Remote Sensing Systems Cross-Calibrated Multi-Platform (CCMP) 6-hourly ocean vec-

tor wind analysis product on 0.25 deg grid, version 2.0 for the period October 18,

2018 to November 28, 2018 were used in this study. The data is available online at

www.remss.com/measurements/ccmp, and was accessed on June 8, 2020. The V2 CCMP

processing combines Version-7 RSS radiometer wind speeds, QuikSCAT and ASCAT scat-

terometer wind vectors, moored buoy wind data and ERA-Interim model wind �elds using a

Variational Analysis Method.

CCMP winds in western Greater Cook Strait region were compared to regional wind

measurements from the Farewell Spit station and were strongly correlated with R2=0.7 in

October-November 2018. CCMP product was therefore deemed appropriate for this study.

Wind analysis for this study was extracted over the geographical region spanning 40◦80S,

173◦00E to 40◦00S, 174◦00E.

4.5 Non-photochemical chlorophyll �uorescence

quenching

Herein, we use chlorophyll concentration was used as a proxy of phytoplankton biomass un-

der non-limiting environmental conditions. The ratio between chlorophyll concentration and

phytoplanktonic biomass can vary signi�cantly according to light, nutrients, and temperature

(Behrenfeld and Boss, 2006).

Chlorophyll �uorescence values from observations exhibit strong light-dependent depres-

sions each day resulting from physiological down-regulation, i.e. non-photochemical quenching

processes (Thomalla et al., 2017, 2018). Non-photochemical quenching is a mechanism employed

by eukaryotes (algae and plants) to protect themselves from adverse e�ects of light intensity

(Simpson and Sharples, 2012). It involves the quenching of singlet excited state chlorophylls

via enhanced internal conversion to the ground state (non-radiative decay), thus harmlessly

www.remss.com/measurements/ccmp
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dissipating excess energy as heat through molecular vibrations (Simpson and Sharples, 2012).

Non-photochemical quenching occurs in almost all photosynthetic eukaryotes and helps to

regulate and protect photosynthesis in environments where light energy absorption exceeds the

capacity for light utilisation in photosynthesis.

The use of optical instrumentation is a useful tool in linking physics to productivity. It is

therefore essential to evaluate quenching correction methods of in-situ chlorophyll �uorescence

to reliably understand how physical processes drive the biological processes. Quenching cor-

rection allows for small-scale variability in biomass with depth and reduces the possibility of

overestimating surface chlorophyll values in the event of a subsurface chlorophyll maxima that

is not biomass driven (Thomalla et al., 2017).

4.5.1 Quenching correction methods

Numerous studies have investigated into the non-photochemical quenching phenomenon and

came up with various correction methods (Behrenfeld and Boss, 2003; Sackmann et al., 2008;

Xing et al., 2012; Biermann et al., 2015; Swart et al., 2015; Hemsley et al., 2015; Thomalla et al.,

2018). However, the methods require certain assumptions to be made that do not hold true

across all regions and seasons. Ultimately, for this study, the optimised method by Thomalla

et al. (2018)'s was adapted in coastal waters for the �rst time.

4.5.1.1 Udy et al. (2005)

Their method corrects for quenching by applying a natural log based algorithm based on ob-

served chlorophyll and light present at that depth, following the equation: y = 0.923e0.0023x,

where x is the light intensity at a speci�c depth. This method was applied in the Great Barrier

Reef, Australia and assumes that the water column is well mixed. The correction method also

generally underestimated �uorescence values in surface waters compared to deeper waters.

4.5.1.2 Sackmann et al. (2008) and Swart et al. (2015)

Sackmann et al. (2008)'s method corrects non-photochemical quenching e�ects by �nding the

maximum chlorophyll �uorescence to backscatter ratio (Fl:Bbp700) per pro�le and multiplied this

ratio by the Bbp700 from the depth of maximum Fl:Bbp700 to the surface to calculate a backscat-

tering corrected �uorescence for the quenched surface waters. Their study for the North-eastern

Paci�c coastal waters assumes constant chlorophyll to carbon ratio throughout the surface wa-

ters and no cellular changes in chlorophyll packaging with depth as a photo-adaptive strategy
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to low light levels. This correction method was also applied by Swart et al. (2015) in the

Sub-Antarctic Zone.

4.5.1.3 Xing et al. (2012)

Xing et al. (2012)'s method identi�es the highest value of chlorophyll �uorescence within the

mixed layer and extrapolates that value up to the surface. Their study on the Southern Ocean

assumes that in the density-derived mixed layer, chlorophyll �uorescence is homogeneous, which

is not really the case as mixing and settling patterns between phytoplankton functional types

are dynamic. Their method also assumes that no quenching occurs below the depth of maximum

�uorescence within the mixed layer.

4.5.1.4 Biermann et al. (2015)

Biermann et al. (2015)'s correction method identi�ed the maximum �uorescence within the

euphotic zone (calculated as the 1% light depth), and extended this value to the surface to

correct for quenched �uorescence yield. Their method applied for a study in the Southern

Ocean assumed that �uorescence within the euphotic depth is uniform.

4.5.1.5 Hemsley et al. (2015)

Hemsley et al. (2015) obtained a linear regression between glider pro�les of �uorescence and

Bbp700 at night to a depth of 60 m to correct day pro�les for quenching. The slope of this

regression was applied to day pro�les of the euphotic zone. Their method applied in the North

Atlantic assumes that Fl:Bbp700 ratio is constant with depth and time. Moreover, they did not

apply the correction to day pro�les when a subsurface �uorescence maxima was present in

the night pro�les. The method would therefore be inappropriate for time series exhibiting a

subsurface �uorescence maxima with signi�cant surface quenching.

4.5.1.6 Thomalla et al. (2018) and this study

In this study, we have re-adapted Thomalla et al. (2018)'s method in a New Zealand shelf

sea. The quenching correction method herein iterates Gregor et al. (2019) which is based

on Thomalla et al. (2018)'s optimised method using optical backscattering on autonomous

platforms. Their method produced corrected surface chl-a during the day that closely matched

pro�les from the previous (or following) night, decreasing the di�erence to less than 10%.

Moreover, their method is applicable to regions with deep chlorophyll maximum or subsurface

chlorophyll maximum such as in Greater Cook Strait where the other existing methods for
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Figure 4.4: Figure acquired from Thomalla et al. (2018). (a) Pro�le of the di�erence between
mean night �uorescence and uncorrected day �uorescence. Blue dot: maximum di�erence in
the surface, orange dots: �ve smallest absolute di�erences, red dots: points where the di�erence
intercepts zero, and dashed green lines: gradients between maximum and minimum di�erences.
The quenching depth (gray horizontal line) is identi�ed as the point with the steepest gradient
between minimum and maximum di�erence. (b) Depth pro�le of a mean night-time �uorescence
to backscattering ratio (Fl:Bbp700) ratio and (c) Midnight �uorescence, uncorrected midday �u-
orescence and corrected midday �uorescence from a single glider pro�le in January 2016.

correcting quenching do not perform well.

Thomalla et al. (2018)'s method involved separating day and night pro�les according to

local sunrise and sunset. The night pro�les were averaged to create a single mean pro�le of

Fl and Bbp700 for each night. The depth to which daytime Fl pro�les were being quenched

(quenching depth) was determined as the shallowest minimum of the di�erence between mean

night and day Fl within the euphotic zone (1% light depth). The preceding night's pro�le

was used to correct the following day's quenched daytime pro�les. The quenching depth was

calculated as the point that marked the steepest gradient from the maximum di�erence in the

surface (5 m) to the �ve smallest absolute di�erences and points where the di�erence intercepts

zero (Figure 4.4a). A third night pro�le was created as the mean ratio between Fl and Bbp700

(Figure 4.4b). This pro�le was multiplied by the day Bbp700 pro�le from the quenching depth

to the surface to correct for quenching (Figure 4.4c). An inter-comparison test of corrected and

uncorrected Fl values was performed on day pro�les, where if the correction produced a lower

Fl value than the original value, then the correction was omitted for that depth. This optimised
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Figure 4.5: Transects for glider timeseries from January 17, 2016 to February 1, 2016 of (a)
uncorrected �uorescence and (b) corrected �uorescence acquired from Thomalla et al. (2018).
Black line: mixed layer depth where ∆ρ10m=0.03 kg m

−3. Grey line: quenching depth where day
and night �uorescence pro�les deviate.

correction method was applied in the Southern Ocean and North Atlantic by Thomalla et al.

(2018), and assumes that the depth distribution of Fl:Bbp700 between day and night is the same

and that no quenching occurs at night (Figure 4.5).

4.6 Identi�cation of observed low-salinity submesoscale

features (LSMFs) from glider surveys

A salinity threshold of ≤34.75 psu in at least 10 consecutive pro�les of each LSMF (at depth

10 m) was used to identify an observed LSMF. Distance between pro�les as sampled by gliders
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are not constant. The chosen threshold was 0.45 psu below the 35.2 psu observed throughout

most of Greater Cook Strait and was distinct from the ambient salinity. Three exceptions;

LSMFs 4, 23 and 24 were identi�ed using a threshold of 34.85 psu. LSMF 4 from glider survey

6 is the repeat sampling of LSMF 3 six days later. While gliders capture the processes, they

might be sampling the edges or fronts of the LSMF, rather than the centroid of the dynamical

feature. Furthermore, it is di�cult to interpret at which stage of its evolution an LSMF was

sampled � it might have undergone some mixing by the time of sampling.

Horizontal scales of the LSMFs was estimated by the distance covered by the glider between

the �rst and last pro�les with salinity ≤34.75 psu. A similar approach was applied to evaluate

the duration of sampling of LSMFs by combining times of the �rst and last pro�les with salinity

≤34.75 psu.

4.7 Classifying observations into seasons

Three glider surveys were conducted in austral summer, one in austral autumn, one in late

austral winter and four in austral spring over the period 2015-2018. Austral seasons comprised

of observations from December to February in summer (DJF), March to May in autumn

(MAM), June to August in winter (JJA) and September to November in spring (SON). For

glider surveys that spanned over two seasons, each pro�le from the survey was considered

individually based on its seasonal a�liation.

A total of 10,067 pro�les were sampled in summer, 4873 in autumn, 921 in winter and

22,825 in spring in Greater Cook Strait. In total, there are 24 observed LSMFs from all glider

missions in Greater Cook Strait; seven in summer, six in autumn, one in winter and 10 in

spring. Total number of pro�les sampled during LSMFs for each season were 1081 in summer,

1419 in autumn, 156 in winter and 2698 in spring.

4.8 Determining the mixed layer depth and mixing power

from wind

Mixed layer depths (MLD) of the region were computed from temperature and salinity pro�les

for modelled results and glider observations. MLD was de�ned as the depth at which density
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becomes 0.125 kg.m−3 denser than the surface value (0 m for modelled results and mean of top

5 m for glider observations). This de�nition generally coincides with the seasonal thermocline

(Chiswell, 2011) and was introduced by Chiswell et al. (2013) while investigating the climatol-

ogy of chlorophyll a in the southwest Paci�c Ocean.

Wind stress components τx and τy were calculated as follows:

τ = cdρa|u|u (4.1)

where ρa = 1.225 kg m−3 is the density of air, cd = 0.00125 a dimensionless drag coe�cient, u

the wind speed and |u| its magnitude.

Mixing power from wind was calculated as in equation 4.2 (Simpson and Sharples, 2012)

to determine when wind becomes the dominant mixing mechanism. The power per unit area

generated by the wind stress on the sea surface is:

∂Φw

∂t
= τu∗ (4.2)

where the left hand side is net change in power over elapsed time, τ is the surface wind stress

and u∗ is the wind shear velocity at the ocean surface and equals:

u∗ =

√
τ

ρ
(4.3)

4.9 Vertical and lateral gradients

Density strati�cation (or degree of stability) was characterised by buoyancy frequency squared:

N2 =
−g

ρ0

∂ρ

∂z
≈

(
gα

∂T

∂z
− gβ

∂S

∂z

)
(4.4)

where α = − 1

ρ0

∂ρ

∂T
is the thermal expansion coe�cient and β =

1

ρ0

∂ρ

∂S
is the haline contraction

coe�cient calculated at the measured T and S respectively, g = 9.81 m s−2 is the acceleration

due to gravity, ρ0 = 1027 kg m−3 is the reference density and ρ is the potential density.

Turner angle, Tu was calculated to quantify the relative importance of temperature and

salinity gradients for density gradients. Tu also identi�es where water column stability is

undermined by double di�usion. Tu is calculated from density ratio, Rρ, as follows:



Vertical and lateral gradients 47

Figure 4.6: Schematic diagram of relationship between density ratio R = α∆T/β∆S and Turner
angle Tu and how it can be used to explain local stability of an inviscid water column. |R|>1 in
red and |R| <1 in blue.

Rρ =
α∆T

β∆S

Tu = tan−1(Rρ)

(4.5)

The horizontal di�erences ∆T and ∆S were taken across the spatial interval between

consecutive glider pro�les for observations (variable metric distance) and between consecutive

grid points for modelled results (1 km). The density ratio was calculated by di�erencing the

binned data, and since the horizontal di�erencing was 0.1-1 km for glider observations and 1

km for modelled results, the resolved wavelengths were 0.2-2 km and 2 km respectively. |Tu| <
π
4
indicates that salinity gradients are more important than temperature gradients in setting

the density gradient. |Tu| > π
4
indicate the opposite, i.e. temperature gradients dominate the

density gradient.
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Analysis for this study was performed with Tu following the studies of Rudnick and Martin

(2002) and Jaeger and Mahadevan (2018) who highlighted the advantages of using Tu over Rρ.

Unlike Rρ, Tu is con�ned to a �nite range (-π/2 ≤ Tu ≤ π/2). Another advantage of using

Tu is that temperature and salinity dominated regions occupy domains of equal size on the Tu

axis. The distribution of density ratio in the water column was examined using the normalised

probability density function of Tu based on the approach used by Rudnick and Martin (2002).

If -π/4 < Tu < π/4, the water column is statically stable. If Tu < -π/2 or Tu > π/2, the

column is statically unstable to Rayleigh�Taylor instability. If -π/2 < Tu < -π/4, the column

is unstable to di�usive convection. If π/4 < Tu < π/2, the column is unstable to salt �ngering.

4.9.1 Submesoscale sensitivity analysis

Along-track lateral buoyancy gradient (M2) was calculated as the di�erence between mixed

layer buoyancy (b) on consecutive glider pro�les. The mixed layer buoyancy is calculated as

follows:

b = g

(
1− ρ

ρ0

)
(4.6)

where g is acceleration due to gravity, ρ0 is reference density as de�ned for N 2 and ρ is the

mixed layer density. Balanced Richardson number (Rib) was then calculated as follows:

Rib =
N2f 2

M4
(4.7)

where f is the coriolis parameter, N 2 is vertical strati�cation and M2 is the horizontal buoy-

ancy gradient. Rib was used as a criterion to indicate that submesoscale processes may occur,

following the approach by Thomas et al. (2013); Biddle and Swart (2020). Rib is a measure

of horizontal buoyancy gradient against the vertical strati�cation. As Rib approaches unity, or

is smaller than 1 (when horizontal buoyancy gradients are larger than vertical buoyancy gra-

dients), it indicates that submesoscale processes may occur (Thomas et al., 2013; Biddle and

Swart, 2020), resulting in mixed layer baroclinic instabilities and fronts.



Chapter 5

Spatial structure of low salinity

submesoscale features and their

interactions with a coastal current

Key points

� River-induced low salinity submesoscale features occur throughout the year at spatial

scales of O(1�10) km and temporal scales of O(days).

� Low salinity submesoscale features stabilise upper layer strati�cation, inhibiting mixing.

� The advection and lifetime of low salinity submesoscale features are modulated by the

strength of a coastal barotropic current.

49
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Chapter summary

This chapter, published as Jhugroo, K., O'Callaghan, J., Stevens, C. L., Macdonald, H. S.,

Elliott, F. and Had�eld, M. G. (2020), identi�ed the existence of low salinity submesoscale fea-

tures in a geographical hotspot in a New Zealand shelf sea. Their structure (spatial and temporal

scales, vertical structure) and submesoscale sensitivity were investigated using a combination of

glider observations and regional modelling. In contrast to previous submesoscale processes stud-

ies, salinity was used as a property to characterise these river-induced submesoscale features.

The presence of these low salinity submesoscale features stabilised the water column, feeding

back on the larger scale strati�cation of this shelf sea. The regional model showed that the ad-

vection and lifetime of these low salinity submesoscale features are modulated by the strength of

a coastal barotropic current, the d'Urville Current. The generation mechanisms (river discharge

variability, wind and tidal e�ects) of these features were discussed. The low salinity features were

found to occur in every season, which raised questions on how seasonal di�erences might a�ect

these features. This motivated prognostic investigation of seasonal and intra-seasonal variability

of the low salinity submesoscale features in question, in chapter 6.

5.1 Introduction

Interactions between buoyancy-driven �ows and coastal currents govern nearshore circulation

along many coasts around the world. They are complex and in�uenced by several factors such

as freshwater discharge, winds, waves and tides that occur at various spatial and temporal

scales. A buoyant layer insulates surface coastal water from deeper waters and ampli�es the

e�ciency of wind forcing near the surface. At the same time, the lateral density gradient or

pressure gradient formed between the buoyant plume and ambient seawater geostrophically

alters the intensity of wind-driven currents. The fate and characteristics of buoyant plumes,

as well as the currents, are therefore controlled by the interaction between the plume and

wind-driven circulation.

It is evident that surface freshening and warming can hinder ventilation of the ocean by

causing increased strati�cation (Somavilla et al., 2017). Pycnoclines induced from density in-

crease between the surface waters and deeper waters create e�ective barriers to vertical mixing,

limiting the vertical transport of energy and nutrients. This makes strati�cation relevant for

climate processes and biogeochemical cycles. In much of the world's upper oceans, temperature

variations dominate the spatial gradients and seasonal variations of density, whereas salinity
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plays a secondary role (Johnson et al., 2012; Ramachandran et al., 2018). However, in regions

that are strongly in�uenced by rain and freshwater run-o�, salinity variations can be the

leading control on near-surface density gradients (Timmermans and Winsor, 2013; MacKinnon

et al., 2016; Ramachandran et al., 2018). In these regions, the depth of the surface mixed

layer is controlled by the vertical salinity gradient, while temperature can remain uniform

or even change below the mixed layer (Jaeger and Mahadevan, 2018). Strati�cation caused

by small scale features that have strong salinity gradients can in�uence vertical exchanges

(Ramachandran et al., 2018). Strong strati�cation near the surface inhibits vertical �uxes of

momentum, heat and tracers (Prasanna Kumar et al., 2003). The latter study showed that the

resulting dynamical isolation of such strongly strati�ed surface layers from deeper nutrient-rich

layers is a key factor explaining lower biological productivity in the Bay of Bengal on the

eastern side of India compared to the Arabian Sea on the western side. The fate of freshwater

injected into shelf seas can therefore have implications on ocean productivity.

The relative e�ect of temperature and salinity on density has been investigated for shelf seas

(Timmermans and Winsor, 2013; Jaeger and Mahadevan, 2018) and for open oceans (Rudnick

and Martin, 2002; Tippins and Tomczak, 2003; Johnson et al., 2012). Injection of substantial

freshwater to shelf seas can change conditions suitable for a well-mixed unstable water column

to statically stable, with strong strati�cation and less vertical mixing. In shelf seas, stronger

drivers such as wind and diurnal cooling are usually more prevalent mixing mechanisms com-

pared to double di�usion. However for the East China Sea, conductivity, temperature, and

depth (CTD) measurements showed that double di�usion can be consistent with variations of

temperature and salinity (Shi and Wei, 2007). In contrast, in the Chukchi Sea, temperature

and salinity gradients measured from glider observations are non-compensating, with salinity

changes dominating density gradients (Timmermans and Winsor, 2013).

Oceanic regions where river inputs, precipitation, ice-freezing and melting are major con-

tributors to the near-surface density �eld, are likely to be `hot-spots' of submesoscale activity

year-around (Luo et al., 2016). Submesoscale processes are therefore ubiquitous features in

coastal waters. There are a number of processes that may inhibit the formation of instabilities

in such coastal systems, such as frictional processes that dissipate motion (Hetland, 2017).

Rivers play a key role in determining temperature-salinity (T-S) distributions and in governing

cross-shelf transport processes (Barkan et al., 2017). By comparing the Mississippi�Atchafalaya

River system to other river systems, Hetland (2017) suggested that the evolution of a river

plume is critical in determining if instabilities will occur or not. A river plume can become
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baroclinically unstable and advect o�shore as a result of detachment of eddies that form in the

plume's frontal zone (Chen et al., 2008).

Submesoscale processes in�uence upper ocean mixing and horizontal and vertical exchange

of nutrients, which in turn impact ocean primary productivity. Various facets of the sub-

mesoscale regime have been studied previously including density strati�cation in the surface

layer (Boccaletti et al., 2007), its role in the turbulent cascade of energy (Capet et al., 2008;

Barkan et al., 2015; McWilliams, 2016), characterisation of its coherent structures (Mahadevan

and Tandon, 2006; Gula et al., 2014; McWilliams et al., 2015; Dauhajre et al., 2017), and

potential ecosystem controls (Mahadevan, 2016; Lévy et al., 2012, 2018). Submesoscale pro-

cesses, typically associated with spatial scales of O(1�10) km and temporal scales of O(days),

are dynamically de�ned as having O(1) Rossby and Richardson numbers (Thomas and Fer-

rari, 2008). A range of submesoscale processes that may be active in the ocean mixed layer

include baroclinic instability, symmetric instability, lateral shear instability, and frontogen-

esis (Thomas and Lee, 2005; Boccaletti et al., 2007; Capet et al., 2008; Fox-Kemper et al.,

2008; Taylor and Ferrari, 2009; D'Asaro et al., 2011; Callies et al., 2015; Haney et al., 2015).

In general, most submesoscale instabilities act to slump fronts, reduce mixed-layer depth, in-

crease strati�cation and decrease vertical mixing (Thomas and Ferrari, 2008; Lévy et al., 2018).

In this study, we introduce the acronym `LSMF' for low-salinity submesoscale features which

are buoyant features that propagate as submesoscale river plumes, or as plumes detached from

their source under the condition of instability. We investigate the structure and stability of

LSMFs originating from river discharges in a New Zealand shelf sea. The overarching aim

is to understand the impact of strong salinity gradients on strati�cation and investigate the

balance between wind driven stirring and baroclinic instability. The following questions will

be addressed: What is the spatial structure of LSMFs? How do LSMFs impact local ambient

strati�cation? What are the implications of LSMFs for mixing and subsequent primary pro-

duction? What oceanographic conditions favour and constrain the advection of river-induced

LSMFs? Section 5.2 will detail the �eld setting and section 5.3 will introduce the multi-platform

approach applied in this study. In sections 5.4, 5.5 and 5.6, we will describe the characteristics

of spring LSMFs. In these sections we also distinguish and discuss three oceanographic regimes

of LSMF o�shore propagation. We close o� section 5.6 by connecting our �ndings to other

shelf sea systems.
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Figure 5.1: Map of (A) True colour of Greater Cook Strait region cropped from image of New
Zealand obtained by NASA's Aqua MODIS satellite for April 29, 2011; available on NASA's
earth observatory. Map of New Zealand in top left corner, with Greater Cook Strait region
highlighted as grey box. (B) Map of Greater Cook Strait showing general circulation of the
region (WC: Westland Current and DUC: d'Urville Current), locations of GB: Golden Bay, TB:
Tasman Bay, KUC: Kahurangi upwelling cell (striped region), FS: Farewell Spit, SI: Stephen
Island and glider tracks (line colour indicating the seasonal a�liation of each glider survey).
Hotspots of low salinity submesoscale features (North of Farewell Spit and middle of Greater
Cook Strait) are plotted in blue circles. Numbers 1 to 4 indicate locations of river mouths of
Arorere River, Takaka River, Motueka River and Waimea/Wairoa River, respectively.

5.2 Regional Setting: Central New Zealand continental

shelf

Greater Cook Strait is the shelf sea region between the North and South Islands of New

Zealand (Figure 5.1). The western side is wide and large, comprising of Golden Bay, Tasman

Bay and the South Taranaki Bight making up the Greater Cook Strait (170 km wide), leading

through the Narrows on the eastern side (23 km wide) (Figure 5.1B). This New Zealand shelf

sea is in�uenced by strong wind-driven and tidal currents (Walters et al., 2010). Consequently,

the shelf is dominated by the response to a wind-forced �ux (Cahill et al., 1991; Walters et al.,

2010) through a large tidally-dominated, fast-�owing and weakly strati�ed strait (Stevens,

2014, 2018). Greater Cook Strait is also strongly in�uenced by freshwater in�ux from numerous

small to medium rivers (Sutton and Had�eld, 1997; Cornelisen et al., 2011), through�ow due

to surface elevation di�erences at the east and west open boundaries of the shelf and baroclinic
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currents due to density variations (Walters et al., 2010). This makes this New Zealand shelf

sea an ideal set up for the investigation of the role of LSMFs on water column strati�cation,

and barotropic and baroclinic interactions in shelf seas.

The d'Urville Current dominates subtidal transport in Greater Cook Strait (Chiswell et al.,

2015a; Stevens et al., 2019). The current is primarily fed by the northward �owing Westland

Current, and �uctuates in strength and frequency. This is due to weather-band variations in

wind stress from south-westerly and westerly winds (Shirtcli�e et al., 1990; Stanton, 1976),

and associated coastal-trapped waves (Cahill et al., 1991). With north-westerly winds, the

Westland Current may reverse and �ow southwards down the West Coast. Consequently, the

strength and direction of the d'Urville Current in Greater Cook Strait may change with wind

direction and subtidal �ows (Harris, 1990).

O�shore Ekman transport generated by south-westerly winds also creates semi-permanent

upwelling of deep saline water along the west coast (Heath and Gilmour, 1987; Harris, 1990;

Shirtcli�e et al., 1990; Chiswell et al., 2016). Deep cold saline water is entrained into the West-

land Current, forming the northward �owing Kahurangi plume and advected into Cook Strait

by the d'Urville Current (Heath and Gilmour, 1987; Harris, 1990; Shirtcli�e et al., 1990). The

dynamics of this Ekman-generated upwelling system has been documented by Chiswell et al.

(2016) using satellite observations of surface temperature and chlorophyll-a. This shelf region

also experiences near-surface water freshening from nearby rivers and precipitation (Harris,

1990). In Golden and Tasman Bays speci�cally, density is controlled by freshwater inputs and

temperature gradients, caused by river discharges. Each bay has contributions from two main

rivers: the Aorere and Takaka rivers into Golden Bay and the Motueka and Waimea/Wairoa

rivers into Tasman Bay (Figure 5.1B). Recently Chiswell et al. (2019) con�rmed that the mean

velocity in Golden and Tasman Bays is weak and the circulation is dominated by wind and

tidal �ows. Mean near-surface velocity is generally out of each bay and is compensated for by

inward circulation at depth.

5.3 Methods

5.3.1 Glider Surveys in Greater Cook Strait

Continuous, long-duration and high resolution hydrographic sampling from gliders have enabled

the evaluation of variability in density structure of submesoscale features in a New Zealand
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Table 5.1: Glider survey index, seasonal a�liation, number of pro�les sampled, start and end
dates of each glider survey completed in Greater Cook Strait.

Survey Season No. of Duration Start date End date

index pro�les [Days]

3 Summer 2494 21 29.11.2015 19.12.2015

4 Summer 3259 28 04.02.2016 02.03.2016

6 Spring 2877 24 15.09.2016 08.10.2016

9 Autumn 3419 25 04.05.2017 28.05.2017

11 late winter 3597 30 22.08.2017 20.09.2017

12 Spring 4804 31 30.10.2017 29.11.2017

15 Summer 5813 33 04.02.2018 05.03.2018

shelf sea. Glider sampling allows for: 1) minimal disturbance of upper strati�cation and 2)

horizontal and temporal spacing between pro�les to be typically less than one kilometer and

30 minutes depending on the pro�le depth.

Seven glider surveys were completed from 2015 to 2018 (Figure 5.1B); O'Callaghan and

Elliott (2020). The average glider track spanned 40◦75S, 174◦49E to 39◦91S, 171◦90E. In each

survey, the glider transverses from east to west and back to its deployment location. For surveys

3, 4, 6, 9 and 11, the glider was deployed closer to the Cook Strait Narrows. As the glider

would spend multiple days trying to overcome strong currents due to strong tidal �uctuations

near the Narrows, deployments for surveys 12 and 15 were from Tasman Bay to maximise

observations across the Greater Cook Strait shelf sea.

Bathymetry of Greater Cook Strait varies considerably across the shelf (40 to 130 m).

Water depth shoals to less than 40 m in Golden and Tasman Bays and is greater than 150 m

to the west beyond Farewell Spit. A single glider survey in Greater Cook Strait typically lasted

four weeks, during which it sampled the water column in a sawtooth diving pattern between 0

to 200 m and covered over 500 km (horizontally). Vertical velocities of the vehicle were slower

than 0.3 m s−1 and 26,263 pro�les were obtained from glider surveys between November 2015
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and March 2018 (Table 5.1). On average, each dive cycle comprised six pro�les which took two

hours and covered a horizontal distance of 2.5 km. This translated to a temporal resolution

of ∼20 mins and a spatial resolution of ∼0.4 km between each water column pro�le. The

autonomous and continuous sampling at high spatial (horizontal and vertical) and temporal

resolution allow small scale processes to be resolved (Rudnick, 2015).

This study used Teledyne Webb Research Slocum G2 gliders equipped with Seabird CTD

sensor, Aanderaa Oxygen Optode and Wet Labs Environmental Characterization Optics (ECO)

puck, that measured chlorophyll-a �uorescence, backscatter (at 470, 532, 660 and 700 nm)

and chromophoric dissolved organic matter (CDOM). Temperature, conductivity, and pressure

data were sampled at 0.5 Hz, and subsequently processed to remove spikes. The accuracy

within calibration range of temperature and conductivity were ±0.002◦C and ±0.0003 S m−1

respectively. Glider data processing was completed using the SOCIB glider toolbox (https:

//github.com/socib/glider_toolbox; Troupin et al. (2015)). Glider data processing includes

salinity lag correction for the thermal lag error for the un-pumped CTD unit, which is standard

on Slocum gliders (Garau et al., 2011; Pascual, 2010). Data were averaged in vertical bins of 1

m.

https://github.com/socib/glider_toolbox
https://github.com/socib/glider_toolbox
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Table 5.2: Mean LSMF depth, survey index, LSMF number, full water column depth, duration of sampling and distance
sampled in each LSMF for each of the 22 observed LSMFs classi�ed based on their geographical location. Percentage of the
water column that each LSMF occupied is also included. Observed LSMFs are numbered in chronological order.

Geographical
location

Survey
Index

LSMF
Number

Number of
pro�les

Mean LSMF
depth [m]

Mean full
water column
depth [m]

Ratio of LSMF
to full water
column depth

[%]

Duration of
sampling
[hours]

Distance
sampled
[km]

Farewell
Spit

4 1 74 8.6 73.9 12 8-9 10.5
4 2 138 15.4 100.3 15 27-28 38.4
9 6 112 22.2 96.0 23 21-22 17.0
11 8 75 14.7 113.1 13 14-15 18.0
15 16 150 9.9 74.8 13 18-19 16.2
15 17 46 7.3 85.9 8 6-7 3.0
15 18 110 28.3 88.3 32 7-8 21.5

Greater
Cook
Strait

6 3 146 31.6 87.8 36 24-25 22.6
6 4 274 12.2 83.0 15 47-48 49.9
9 5 430 22.4 78.6 28 53-54 41.2
11 9 75 17.6 84.5 21 9-10 13.0
12 11 271 11.8 77.6 15 31-32 31.5
12 12 251 28.1 88.8 32 15-16 24.4
15 15 237 6.9 77.6 9 31-32 23.7

Near
Stephens
Island

11 7 155 32.3 134.7 24 33-34 47.7

Golden and
Tasman Bays

12 10 129 21.9 59.2 37 13-14 12.8
12 13 715 24.6 59.1 42 61-62 59.2
15 14 320 20.2 52.4 39 30-31 28.3
15 19 14 2.5 50.3 5 1-2 1.4
15 20 88 3.5 53.0 7 7-8 9.1
15 21 116 6.6 52.7 13 9-10 11.2
15 22 653 17.5 51.8 34 53-54 62.7
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5.3.2 Identi�cation of observed low-salinity submesoscale features

(LSMFs) from glider observations

A salinity threshold of ≤34.75 psu in at least 10 consecutive pro�les of each LSMF (at depth

10 m) was used to identify an observed LSMF. The chosen threshold was 0.45 psu below the

35.2 psu observed throughout most of Greater Cook Strait and was distinct from the ambient

salinity. One exception was LSMF 4 from glider survey 6 which is the repeat sampling of LSMF

3 six days later (Table 5.2). A threshold of ≤34.85 psu was used to identify LSMF 4 as mixing

of LSMF 3 occurred over this six-day period.

Horizontal scales of the LSMFs was estimated by the distance covered by the glider between

the �rst and last pro�les with salinity ≤34.75 psu. A similar approach was applied to evaluate

the duration of sampling of LSMFs by combining times of the �rst and last pro�les with

salinity ≤34.75 psu. The last depth layer with salinity ≤34.75 psu would de�ne the depth of

the observed LSMF (vertical scale) for each pro�le. The mean LSMF depth of each feature was

then calculated from all associated pro�les. Ratio of LSMF depth to full water column depth

was used to quantify what ratio of the water column the LSMFs occupy, since bathymetry

within the study region varies considerably across the shelf. Full water column depth referred

to the sum of maximum depth attained by the glider and its target altitude depth (of 8 m) for

each pro�le. The distance covered by the glider vertically, horizontally and duration of sampling

within each LSMF are summarised on Table 5.2.

5.3.3 Regional modelling

Outputs from a Regional Ocean Modelling System (ROMS) for the period April 2, 2009 to

September 2, 2012 (12-hourly averages) were used to contextualise regional scale interactions

with LSMFs. ROMS is a free-surface hydrodynamic ocean model that uses the hydrostatic and

Boussinesq approximations on an Arakawa C-grid, with a terrain-following vertical coordinate

(https://www.myroms.org/). ROMS has widely been used in a range of coastal applications.

The modelled domain covered Greater Cook Strait at a uniform horizontal resolution of 1-km

with 20 layers in the vertical dimension. The grid space was rotated 40◦ clockwise from true

northwards/eastwards to align with Greater Cook Strait for improved computational e�ciency

and optimised boundary conditions.

Surface momentum �uxes used are from a Weather Research and Forecasting New Zealand

(WRF-NZ) hindcast, with a Cook Strait subdomain at 4-km resolution. Surface stresses were

https://www.myroms.org/
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calculated from 3-hourly winds from the MetOcean Solutions Ltd Hau Moana hindcast (Moana

Project Team, 2017). Surface heat and freshwater �uxes were calculated from 6-hourly av-

eraged data from a global atmospheric analysis system, National Centers for Environmental

Prediction (NCEP) Reanalysis (Kalnay et al., 1996). A heat �ux correction term was applied

to SST to nudge the modelled SST towards observed sea surface temperature (SST) derived

from 1
4
◦ daily North Oceanic and Atmospheric Administration (NOAA) optimum interpolation

SST dataset (Reynolds et al., 2007). The heat �ux correction prevents the modelled SST from

drifting too far from reality due to any biases in the surface �uxes but has a negligible e�ect

on the day-to-day variability.

The NZ River Environment Classi�cation (NZ-REC, Biggs et al. (1990); Snelder et al.

(2004)) was used to identify the 17 biggest rivers that discharge into Greater Cook Strait. In-

terpolated annual-mean values of riverine freshwater input was used for each river to force the

ROMS shelf model. A third-order upstream horizontal advection scheme for tracers (temper-

ature and salinity) was used for this model. The lateral boundary conditions used are from a

5-km shelf seas hindcast NZ-ROMS (M. Had�eld, pers. comm. 2019). The model was also forced

at the boundaries by the amplitude and phase of 13 tidal constituents derived from the NIWA

EEZ (Exclusive Economic Zone) tidal model (Walters et al., 2001). The ROMS tidal forcing

scheme uses the amplitude and phase of the tidal constituents to calculate the tidal sea surface

height and depth-averaged velocity at each time step and adds them to the lateral boundary

data. A similar ROMS model was compared with ADCP measurements from two sites in the

Cook Strait Narrows (between August 2010 and July 2012) and found to agree well statistically

(Had�eld and Stevens, 2020). Simulations are therefore expected to reproduce realistic current

dynamics.

5.3.3.1 Variability of d'Urville Current

Transport of the d'Urville Current and wind stress in Greater Cook Strait were calculated across

the width of the d'Urville Current over a transect line. Negative transport occurs when the

d'Urville Current reverses and �ow is north-westwards towards Tasman Sea. Positive transport

is when �ow of the d'Urville Current is south-eastwards towards the Cook Strait Narrows.

Strength and transport of the d'Urville Current is usually stronger towards the Narrows, than

towards Tasman Sea. Depth-averaged velocities were used for the estimation of transport for the

d'Urville Current north of Golden and Tasman Bays as the d'Urville Current is barotropic on

the western side of the Narrows. Estimation of transport, or volume �ux is also a well-de�ned,

conceptually simple quantity that a�ects the transport of material (water masses, nutrients,
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Figure 5.2: T-S diagram overlaid on isopycnals for modelled results (extracted along an aver-
aged glider track in the modelled domain) and glider observations concatenated according to
their seasonal a�liation. Salinity threshold value of 34.75 psu used to detect observed LSMFs
overlayed (black dashed line).

contaminants) through the region. Cross-spectral coherence was then used to investigate if

there is a signi�cant coherence between wind stress and the d'Urville Current transport using

a Hanning window and 95% con�dence limits. U-momentum component of surface wind stress

was used for this analysis as it is along the direction of advection of the d'Urville Current into

Greater Cook Strait.
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Table 5.3: Three cases chosen from Modelled results for analysis during presence and absence
of modelled LSMFs.

Date Presence of d'Urville Current Wind Stress in Greater Cook Strait

Modelled LSMF, spring 2009 Nov 4, 2009 Yes Moderate

No modelled LSMF, spring 2010 Oct 17, 2010 Yes Strong

Modelled LSMF, spring 2011 Aug 28, 2011 No Moderate

5.3.4 Classifying glider observations and modelled results into

seasons

Three glider surveys were conducted in austral summer, one in austral autumn, one in late

austral winter and two in austral spring (Table 5.1). T-S plots for each season from these glider

surveys are shown on Figure 5.2. Modelled data points were selected by season and extracted

along a track that cuts through Greater Cook Strait comparable to an averaged glider mission

track (Figure 5.2). Austral seasons comprised of modelled results from December to February

in summer, March to May in autumn, June to August in winter and September to November

in spring. Modelled results comprised of three summers, four autumns, four winters and three

springs spanning 2009 to 2012. For glider surveys that spanned over two seasons, the seasonal

a�liation was chosen depending on which season the glider spent most days sampling (Table

5.1). One exception was glider survey 11 which started in late August and ended in mid-

September, which was categorised as a winter survey due to late seasonal rainfall in winter

2017.

5.3.5 Modelled LSMFs

The modelled results reproduced persistent LSMFs throughout all seasons. For this analysis,

three distinct oceanographic cases were chosen: modelled LSMF in spring 2009, modelled LSMF

in spring 2011 and absence of LSMF in spring 2010 (Table 5.3). Analysis of the temporal and

spatial scales were carried out for the two LSMF cases. The LSMF on August 28, 2011 which

was in late winter and beginning of spring, will be referred to as a spring LSMF hereafter.

Salinity gradients throughout the entire simulation period were generally lower in the modelled

results compared to observations (Figure 5.2). Thus, a lower salinity threshold of ≤34.6 psu

was used to identify LSMFs from the modelled results. The scenario with no LSMF in Greater

Cook Strait was included in the study for a dynamical comparison.
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Wavelet coherence was used to quantify coherence between wind stress and LSMFs near

Farewell Spit. V-momentum component of surface wind stress was used for this analysis as

it is along the direction of advection of LSMFs out of Golden Bay. The wavelet transform

analysis was performed following the method described by Grinsted et al. (2004) and the

wavelet transform coherence software is available at http://www.pol.ac.uk/home/research/

waveletcoherence/. We also followed their choice of Morlet wavelet which is appropriate when

using wavelets for feature extraction purposes, because it is reasonably localised in both time

and frequency.

5.3.6 Strati�cation and density stability ratio

Density strati�cation (or degree of stability) was characterised by buoyancy frequency squared

N2 =
−g

ρ0

∂ρ

∂z
, where g = 9.81 m s−2 is the acceleration due to gravity, ρ0 = 1027 kg m−3 is the

reference density and ρ is the potential density. Turner angle, Tu was calculated to quantify

the relative importance of temperature and salinity gradients for density gradients. Tu also

identi�es where water column stability is undermined by double di�usion. Tu is calculated

from density ratio as follows:

Rρ =
α∆T

β∆S

Tu = tan−1(Rρ)

(5.1)

where α = − 1

ρ0

∂ρ

∂T
is the thermal expansion coe�cient and β =

1

ρ0

∂ρ

∂S
is the haline contraction

coe�cient calculated at the measured T and S respectively. The horizontal di�erences ∆T and

∆S are taken across the spatial interval between consecutive glider pro�les for observations

(variable metric distance) and between consecutive grid points for modelled results (1 km).

The density ratio was calculated by di�erencing the binned data, and since the horizontal

di�erencing was 0.1-1 km for glider observations and 1 km for modelled results, the resolved

wavelengths were 0.2-2 km and 2 km respectively. |Tu| < π
4
indicates that salinity gradients are

more important than temperature gradients in setting the density gradient. |Tu| > π
4
indicate

the opposite, i.e. temperature gradients dominate the density gradient.

Analysis for this study was performed with Tu following the studies of Rudnick and Martin

(2002) and Jaeger and Mahadevan (2018) who highlighted the advantages of using Tu over Rρ.

Unlike Rρ, Tu is con�ned to a �nite range (-π/2 ≤ Tu ≤ π/2). Another advantage of using Tu

http://www.pol.ac.uk/home/research/waveletcoherence/
http://www.pol.ac.uk/home/research/waveletcoherence/
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is that temperature and salinity dominated regions occupy domains of equal size on the Tu

axis. The distribution of density ratio in the water column was examined using the normalised

probability density function of Tu based on the approach used by Rudnick and Martin (2002).

5.3.7 Submesoscale sensitivity of LSMFs

Along-tracks lateral buoyancy gradient (M2) was calculated as the di�erence between mixed

layer buoyancy (b) on consecutive pro�les for observed LSMFs.M2 was also calculated for mod-

elled LSMFs, but the di�erence between mixed layer buoyancy was calculated on consecutive

grid points (horizontal spacing = 1 km). The mixed layer buoyancy is calculated as follows:

b = g

(
1− ρ

ρ0

)
(5.2)

where g is acceleration due to gravity, ρ0 is reference density as de�ned in section 5.3.6 and ρ

is the mixed layer density. Balanced Richardson number (Rib) was then calculated as follows:

Rib =
N2f 2

M4
(5.3)

where f is the coriolis parameter, N 2 is vertical strati�cation and M2 is the horizontal buoy-

ancy gradient. Rib was used as a criterion to indicate that submesoscale processes may occur,

following the approach by Thomas et al. (2013); Biddle and Swart (2020). Rib is a measure

of horizontal buoyancy gradient against the vertical strati�cation. As Rib approaches unity, or

is smaller than 1 (when horizontal buoyancy gradients are larger than vertical buoyancy gra-

dients), it indicates that submesoscale processes may occur (Thomas et al., 2013; Biddle and

Swart, 2020), resulting in mixed layer baroclinic instabilities and fronts.

5.3.8 Determining the Mixed layer depth and mixing power from

wind

Mixed layer depths (MLD) of the region were computed from temperature and salinity pro�les

for modelled results and glider observations. MLD was de�ned as the depth at which density

becomes 0.125 kg m−3 denser than the surface value (0 m for modelled results and mean of top

5 m for glider observations). This de�nition generally coincides with the seasonal thermocline

(Chiswell, 2011) and was introduced by Chiswell et al. (2013) while investigating the climatology

of chlorophyll-a in the southwest Paci�c Ocean. Mixing power from wind was calculated as in

(5.4) to determine when wind becomes the dominant mixing mechanism.
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The power per unit area generated by the wind stress on the sea surface is:

∂Φw

∂t
= τu∗ (5.4)

where τ is the surface wind stress and u∗ is the wind shear velocity at the ocean surface and

equals:

u∗ =

√
τ

ρ
(5.5)

5.4 Ocean glider results

5.4.1 Detection and characteristics of observed LSMFs

Observations from seven glider surveys completed from 2015 to 2018 have shown 22 persistent

LSMFs (Figure 5.3). Seven LSMFs were observed north of Farewell Spit, seven in Greater Cook

Strait, one near Stephens Island and seven in Golden and Tasman Bays (Table 5.2). LSMFs

were observed in all seasons (Figure 5.3). Glider survey in spring-summer 2015 was the only

one during which no LSMFs were observed (Figure 5.3A,B). LSMFs were observed within the

top 50 m of the water column pro�les, indicating that they are features that are not restricted

to the surface. The highest range in temperature and salinity were observed in summer 2018

when salinity values of <34.4 psu and temperatures of >20◦C were recorded. More LSMFs

were observed during the glider survey in summer 2018 in Golden and Tasman Bays (Figure

5.3M,N). Note that a glider could be sampling the edge, the width or circling around the LSMF

depending on currents and tides.

A typical LSMF in Greater Cook Strait (LSMF 12, Table 5.2) had a width less than 25

km, vertical extent shallower than 30 m, occupying ∼30% of the entire water column, and

was sampled for T<20 hours. Vertical di�erences in salinity and temperature of ∆S = 0.64

psu and ∆T = 2.32◦C were observed for LSMF 12 (Figure 5.3K,L). Maximum di�erences were

observed during summer 2018 (Figure 5.3M,N) with ∆Smax = 1.52 psu (LSMF 15) and ∆Tmax

= 6.95◦C (LSMF 16). These extremes and the more frequent LSMFs are explained by atypical

summer rainfall from two ex-tropical Cyclones Fehi and Gita during February 2018 which

caused �ooding and increased discharges from the Motueka River into Tasman Bay.
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Figure 5.3: Salinity and temperature transects for seven glider surveys in Greater Cook Strait.
SI: Glider Survey Index consistent with Table 5.1 and 5.2. In each glider survey, the glider goes
from east to west and back; black arrow in each transect indicates westernmost turn-around point
of glider for each survey. LSMFs observed in Greater Cook Strait, north of Farewell Spit and
near Stephen Island (15 out of 22 LSMFs) are highlighted by black dashed lines and numbered in
red for each transect. Geographical locations of LSMFs are highlighted in blue circles on Figure
5.1B. The LSMF numbering is consistent with Table 5.2. Note: Colorscales for temperature
transects were adjusted to resolve temperature gradients in each survey due to high seasonal
variability.
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Figure 5.4: (A,B) Buoyancy frequency and (C,D) lateral buoyancy gradients for glider Survey
Indexes 6 and 12. Start and end of LSMFs as sampled by glider for the two surveys denoted
by (A,B) grey dashed lines and (C,D) grey arrows. Grey solid line indicates the depth to which
density was interpolated horizontally across pro�les with missing shallow values, due to the
glider diving pattern.

5.4.2 Vertical and horizontal gradients of LSMFs during spring

In spring, increased strati�cation was observed at the base of LSMFs (Figure 5.4A,B), with

generally stronger strati�cation in spring 2017 (Figure 5.4B) compared to spring 2016 (Figure

5.4A). Temperature gradients were weaker in spring 2016 than in spring 2017. In the following

subsections, the stability of the water column before, within and after two observed LSMFs

with (Figure 5.3E,F) and without (Figure 5.3K,L) a temperature signal were investigated.

5.4.2.1 Observed LSMF, spring 2016: no temperature signal

The response of the water column stability to decreased salinity, without a temperature signal

was evaluated for an observed LSMF in spring 2016 (LSMF 3 on Table 5.2 and Figure 5.3E

and D). Before the glider approached the LSMF, strati�cation in the water column was very
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Figure 5.5: Vertical strati�cation N2 (s−2, in black), with contributions from temperature (red)
and salinity (blue) before, during and after sampling observed LSMF in 2016 (top panel) and
observed LSMF in spring 2017 (bottom panel). The angled brackets represent averaging over a
certain number of pro�les sampled before, during and after observed LSMF in 2016 (over 150
pro�les) and observed LSMF in 2017 (over 250 pro�les). Mean LSMF depth for each LSMF
in black dashed lines. Histograms of probability density function of Turner angle, Tu for all
data points (A,E,F) before, (B,G) during and (C,D,H) after the two LSMFs. Note the di�erent
scale for N2 for the two surveys. DC: Di�usive convection, SS: Statically stable and SF: Salt
�ngering.
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weak with N 2 ≈ 0 s−2 (Figure 5.5A); the water column was well-mixed. Tu distribution was

bimodal at this stage, with its positive peak in the range π/4 to π/2, implying that temperature

gradients were more important for water column stability.

As the glider crossed the LSMF (Figure 5.5B,C), increased vertical strati�cation was ob-

served in the subsurface layer and across the pycnocline, with a stronger haline contribution

than thermal. Strati�cation increased sharply below the mixed layer, with the main pycnocline

lying between 25 and 35 m within the LSMF. During, and one day after a glider crossed the

LSMF, Tu distribution was predominantly in the range -π/4 to π/4, with the highest peak

lying in the range 0 to π/4. This showed that salinity gradients became more important than

temperature gradients in setting the density gradient during these stages. Density di�erences

in the vertical increased from ∆ρ = 0.3 kg m−3 to ∆ρ = 0.5 kg m−3.

As the glider moved beyond the LSMF by 26 km, vertical strati�cation was weaker (Figure

5.5D). Although salinity gradients started decreasing at this stage with less data points in the

range -π/4 to π/4 compared to the two previous stages (Figure 5.5B,C), salinity dominated

vertical density gradients.

5.4.2.2 Observed LSMF, spring 2017: with temperature signal

The LSMF observed in spring 2017 had a collocated horizontal increase in temperature of ∆T

= 1.4◦C (observed LSMF on Figure 5.3K and L). This collocated signal was also observed with

satellite SST (not shown). Strati�cation in the water column before the LSMF was strong in

the upper 18 m, and had contributions from both thermal and saline variations (Figure 5.5E).

Tu distribution was bimodal at this stage, with its positive peak in the range π/4 to π/2 and

negative peak in the range -π/2 to -π/4. This implies that temperature gradients were more

important in setting the density gradient.

As the glider approached the LSMF (Figure 5.5F), strati�cation in the water column had

both saline and thermal contributions as in the previous stage. Stronger strati�cation occurred

near the mean depth of the LSMF, and the upper 18 m was well mixed with N 2 ≈ 0 s−2.

However, even though there was an increase in the saline contribution term towards N 2,

Tu distribution showed that temperature gradients were still more important than salinity

gradients at this stage. Tu distribution was bimodal, with its positive peak in the range π/4 to

π/2 and negative peak in the range -π/2 to -π/4.
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As the glider crossed the LSMF (Figure 5.5G), strong strati�cation persisted with both

saline and thermal contributions. Strong strati�cation at this stage occured below the base

of the LSMF, and the upper 22 m was well mixed with N 2 ≈ 0 s−2. The mixed layer depth

was slightly deeper at this stage. Tu distribution showed that salinity gradients became more

important than temperature gradients, with its highest peak in the range -π/4 to 0. However,

the other two high peaks (with slightly fewer data points in each averaging bin) indicated that

temperature gradients still had a strong contribution in setting the density gradient. Density

di�erences in the vertical increased from ∆ρ = 0.5 kg m−3 to ∆ρ = 1.1 kg m−3, in the presence

of both temperature and salinity gradients.

For the next 24 hours, there was a decrease in strati�cation due to a decrease in both salinity

and temperature gradients as the glider continued its track past the LSMF (Figure 5.5H). Even

though salinity gradients had a strong contribution in setting the density gradient (highest peak

in the range -π/4 to 0), other peaks show that temperature gradients also have a contribution

towards the density gradient.

5.4.2.3 Observed horizontal gradients and submesoscale sensitivity

Mixed layer baroclinic instabilities and fronts evolve at the mixed layer Rossby radius of defor-

mation, L=NH/f with typical length scales of L∼1�10km, where N is the buoyancy frequency

in the mixed layer, and H is the mixed layer depth. Mixed layer rossby radius of deformation of

L ≈ 0.1-1.6 km was evaluated for the two glider surveys 6 (spring 2016) and 12 (spring 2017)

during which LSMF case studies were investigated.

Observed lateral buoyancy gradients (M2) in the range O(−9) to O(−6) s−2 were evaluated for

both glider surveys (Figure 5.4C,D). At the observed LSMF fronts, lateral buoyancy gradients

were ∼2x10−6 s−2 and ∼3x10−6 s−2 were in spring 2016 and spring 2017 respectively (Figure

5.4C,D). Thompson et al. (2016) and Du Plessis et al. (2019) have reported that gradients in

this order can be observed in regions of strong horizontal gradients. Rib was <1 for at least

10 consecutive pro�les at the front of observed LSMF in spring 2016 and for at least �ve

consecutive pro�les at the LSMF front in spring 2017. These strong lateral gradients can result

in vertical shear in the horizontal velocity that can overcome the stabilising e�ect of vertical

density gradients. Arising submesoscale instabilities can also deviate the geostrophic balance

and support vertical velocities as large as 100 m day−1 at fronts (Mahadevan, 2016).
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Figure 5.6: Detided modelled transport of the d'Urville Current in Sverdrups (Sv, black line),
surface U-momentum wind stress (grey line) and occurrence of LSMFs (red triangles) in Greater
Cook Strait for (A) spring 2009, (B) spring 2010 and (C) spring 2011. Transport and wind stress
were averaged over the width of the d'Urville Current along transect indicated on Figure 5.8(A).
Date of the two case study LSMFs and absence of LSMF analysed in this study overlayed as
black dashed lines for (A) LSMF on November 4, 2009, (B) Absence of LSMF on October 17,
2010 and (C) LSMF on August 28, 2011. The presence of LSMFs is indicated by triangles, with
LSMF duration proportional to the corresponding triangle size.

5.5 Complementing observations with modelled results

5.5.1 Comparing glider observations and modelled results

Modelled results reproduced LSMFs in Greater Cook Strait that persisted throughout all

seasons and at similar spatial scales as observed by gliders. In total, 151 LSMFs were detected

in the modelled period April 2, 2009 to September 2, 2012. LSMFs had lifetimes between 12

hours and 11 days, with periods of up to three weeks with no LSMFs (triangles, Figure 5.6).

The latter was consistent with glider observations (Glider survey index 3). 12 hours is the lower

detection limit of LSMF lifetime from model outputs because of the model resolution. Modelled

results also reproduced 15 events of two concurrent LSMFs (forced by di�erent rivers at the

same time). LSMF events originating from Golden and Tasman Bays into Greater Cook Strait

and their lifetimes were determined using a salinity di�erence of ∼0.4 psu. As river freshwater
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Figure 5.7: Cross-spectrum showing coherence squared between surface U-momentum wind stress
and modelled transport of the d'Urville Current for the entire timeseries (April 2009 to Septem-
ber 2012). The 95% con�dence limits denoted by dashed line. Period and coherence squared
values labelled for each peak.

in�ux was applied as interpolated annual-mean values in the model, investigation of impacts of

seasonal variations in river discharge on LSMFs was beyond the scope of this study. However,

irregular occurrence of LSMFs in the model (Figure 5.6) reveals that river discharge variability

may not be the dominant generation mechanism. Other potential generation mechanisms

include tides and wind. These are later discussed.

Water mass composition compared well between modelled results and observation in spring

(Figure 5.2). Modelled ranges of salinity and temperature, ∆Smod = 0.98 psu (µ = 34.80 psu,

σ = 0.12 psu) and ∆Tmod = 8.34◦C (µ = 12.78◦C, σ = 0.70◦C) compare well to observed

ranges of ∆Sobs = 0.73 psu (µ = 35.03 psu, σ = 0.13 psu) and ∆Tobs = 8.00◦C (µ = 13.74◦C,

σ = 1.00◦C). In autumn and winter, the observed temperature ranges of ∆Tobs ∼2◦C were

narrower than simulated ranges of ∆Tmod ∼9◦C and ∼7◦C respectively. In summer, although

observed and modelled temperature range and mean are similar, ∆T ∼10◦C, the observed

salinity range, ∆S, was wider than modelled range by ∼0.6 psu. This is because observations

in summer comprised two cyclones, which skewed the observed salinity range in summer.

During summer and spring, observations and modelled results compared well, with interan-

nual variability captured from glider surveys resolved in numerical simulations (Figure 5.2A,D).

However the actual di�erences between modelled results and observations may be higher than
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shown in Figure 5.2 because the 12-hour modelled averages smooth out subdaily variability.

Moreover, modelled results used in Figure 5.2 spanned over periods of three months while

glider data covered 20-35 days per mission. Observation years were di�erent from modelled

years (2015-2018 for observations and 2009-2012 for modelled results respectively).

Ranges of both temperature and salinity were more realistic in the modelled results in spring

compared to other seasons. For this reason, LSMFs from spring were chosen for comparison of

modelled results and observations. While gliders provided evidence of the presence and scale of

LSMFs in Greater Cook Strait for the �rst time, modelled results evaluation enabled a broader

spatial perspective and characterisation of LSMFs.

5.5.2 Variability of d'Urville Current

Transport variability of the d'Urville Current for 2009 to 2012 was analysed across a north-

south axis in Greater Cook Strait (Figure 5.8A). Modelled results have shown that the d'Urville

Current is a semi-permanent barotropic current in Greater Cook Strait, occupying the full

water column in the shallow Greater Cook Strait shelf area in most occurences. It is highly

variable in time and intensity, with frequent reversals (Figure 5.6).

Although maximum range of d'Urville Current transport north of Golden and Tasman

Bays was found to be -2 Sv to 2 Sv (1 Sv = 106 m3 s−1), a mean eastward �ow of 0.39 Sv

for the d'Urville Current was reproduced for Greater Cook Strait. Stevens (2014) resolved an

estimated average volume �ux of 0.25 Sv at the Cook Strait Narrows from acoustic Doppler

current pro�lers, which he noted was smaller than previous estimates. Figure 5.6 shows that

the d'Urville Current is highly variable in time, with positive or negative transport indicating

presence of d'Urville Current in Greater Cook Strait. The d'Urville Current transport range

of the modelled results used in this study is consistent with Had�eld and Stevens (2020) who

reported the mean volume �ux through Cook Strait as 0.42 ± 0.08 Sv from three hindcasts of

currents in Cook Strait from a baroclinic, tide-resolving ocean model.

Along-d'Urville Current surface wind stress and modelled current transport were moderately

correlated. Coherence squared of typically about 0.4 was evaluated between the two time series

(Figure 5.7). The coherence well exceeds the 95% con�dence limits for most periods greater

than one day (Figure 5.7). Cross spectrum analysis between surface U-momentum wind stress

and detided modelled transport of the d'Urville Current showed an in-phase relationship for

periods of 2-8 days (not shown). Assessing the drivers of the d'Urville Current is beyond the
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scope of this study. This requires a complex modelling approach and has been investigated

by Had�eld and Stevens (2020) who found that at least 87% of the variability in the subtidal

transport through Cook Strait can be explained by wind (Had�eld and Stevens, 2020).

5.5.3 Modelled LSMFs and di�erent modes of d'Urville Current

A linear regression model between d'Urville Current transport and LSMF duration was used

to investigate the link between current transport and all simulated LSMF occurences. The

model showed that with stronger transport, LSMFs have shorter lifetimes. An R2=0.295 and

p-value=0.05 were obtained from the model, implying that 30% of LSMFs duration/occurrences

could be explained by variability in currently strength. The regression analysis was therefore

considered statistically signi�cant.

Two LSMFs from spring 2009 and spring 2011 were identi�ed from the modelled results

(section 5.3.5) for analysis in the following sections. The criteria for selecting these two LSMFs

were duration and o�shore extent, strength of the d'Urville Current, wind strength, and LSMF

geometry that compared well with observations. LSMFs can be sourced from rivers entering

Greater Cook Strait in the form of plumes through Golden and Tasman Bays (Figure 5.8A

and G). Modelled results revealed that detachment is a common characteristic of the plume

under the condition of instability. At times, LSMFs also originated from other sources such as

from the west of Farewell Spit and from the eastern side of Greater Cook Strait near Stephens

Island. This study focused on LSMFs originating from Golden and Tasman Bays due to the

higher prevalence of LSMF from these two bays.

Propagation of modelled LSMFs o�shore was measured as the distance from midpoint

between Aorere and Takaka River mouths on the coastline (Rivers 1 and 2 on Figure 5.1B) and

the maximum location of the 34.6 psu contour o�shore in a straight line from that midpoint.

A straight line north-eastwards from that midpoint to the North Island coastline is 170 km.

Based on LSMF case studies from modelled results shown in Figure 5.8A and G, the modelled

LSMFs surface salinity fronts propagated ∼75 km in 4.5 days and ∼100 km in 6 days which

gives an average advection speed of 0.2 m s−1.

Modelled LSMF in November 2009 had begun advecting o�shore two days earlier in the

presence of a relatively weak d'Urville Current (0.1 Sv) and in the absence of strong south-

westerly winds (wind stress <0.1 N m−2) in Greater Cook Strait (Figure 5.6A). On November

4, 2009, the modelled results reproduced a wind stress of <0.2 N m−2 and a strengthened



74 Spatial structure of LSMFs and their interactions with a coastal current

Figure 5.8: Map of modelled domain and modelled results of (A,D,G) surface salinity, (B,E,H)
depth averaged speed and (C,F,I) magnitude of wind stress on November 4, 2009 (top panel),
October 17, 2010 (middle panel) and August 28, 2011 (bottom panel) at 18:00. White dashed
line (A) is the transect de�ned for the calculation of d'Urville Current transport in Greater Cook
Strait. 34.6 psu contour was overlayed in black dashed line in each subplot. Yellow lines in (A)
and (G) are transects chosen to analyse the vertical structure during each the two modelled
LSMFs and in (D) during the absence of a modelled LSMF. Note di�erent colorscales used for
wind stress.
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d'Urville Current of transport 0.7 Sv in Greater Cook Strait (Figure 5.6A). The modelled

LSMF reached a maximum extension of 75 km o�shore on that date (Figure 5.8A,B,C) before

getting entrained by the d'Urville Current. The salinity di�erence between the LSMF and the

d'Urville Current was ∆S ≈ 0.5 psu.

On October 17, 2010 18:00, a much stronger d'Urville Current of 1.4 Sv and strong south-

westerly winds (wind stress >0.7 N m−2) was reproduced by the model in Greater Cook Strait

(Figure 5.6B). Salinity di�erences were weaker than during LSMF identi�ed in November

2009, with ∆S <0.2 psu between the bays and the d'Urville Current (Figure 5.8D,E,F). No

LSMF was reproduced by the model on this date. Salinity fronts from riverine waters reached

a maximum extension of 36 km o�shore on that date (Figure 5.8D,E,F).

During the modelled LSMF in spring 2011 on August 28, the d'Urville Current was relatively

weak (0.2 Sv) and winds were moderate (wind stress <0.2 N m−2) (Figure 5.6C). Similar

conditions had persisted for days prior and after August 28, 2011 in Greater Cook Strait

(Figure 5.6C). The modelled LSMF reached a maximum extension of 100 km o�shore in this

case (Figure 5.8G,H,I).

5.5.4 Investigating the role of wind in enhancing LSMFs advection

Mixing power from wind ranged between O(−6) and O(−2) W m−2 (Figure 5.9A) as calculated

from equation (5.4). Values of mixing power were in the order O(−2) in the presence of strong

d'Urville current and winds and was in the order O(−4) in the presence of weaker conditions.

Coherence between LSMF surface wind stress and surface salinity near the oceanic bound-

ary of Golden Bay show a mix of non-extensive signi�cant anti-phase and in-phase relationships

between the two series (Figure 5.9(B,C,D)). This demonstrates that wind does not always have

an in�uence on salinity.

High coherence between wind stress and surface salinity was evident during early November

2009 when an LSMF was present (Figure 5.9B). This implies that winds induce the advection

of low salinity water during that period as the two time series are in anti-phase over a period

of 1-5 days. Signi�cant coherence patterns were found occurring at similar periods on other

dates such as in mid-August 2009, beginning of September 2009 (Figure 5.9B), beginning of

November 2010 (Figure 5.9C) and mid-September 2011 (Figure 5.9D). In contrast, there was a

low coherence during the modelled LSMF occurring at the end of August 2011 (Figure 5.9D).
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Figure 5.9: (A) Mixing power from wind for springs 2009 (purple), 2010 (blue) and 2011 (grey),
calculated across yellow transects indicated on Figure 5.8. (A) Stars indicate wind mixing power
on dates of analysed modelled case studies in each spring. Time series Wavelet transform co-
herence squared of surface V-momentum wind stress and surface salinity near the opening of
Golden Bay for springs (B) 2009, (C) 2010 and (D) 2011. The cone of in�uence (Torrence
and Compo, 1998) where discontinuities at end points occurred because of padding with zeros
and may cause distortion of the results are indicated by the lighter shade. Thick black contour
indicates 95% con�dence level, using red noise as background spectrum. The arrows indicate
the relative phase relationship, with in-phase pointing right, anti-phase pointing left, and wind
stress leading salinity down by 90◦ pointing straight down. The time axes for each spring are
consistent with those in Figure 5.6.
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Similar patterns was found for few other LSMFs, for example at the end of August 2009 (Figure

5.9B) and end of September 2010 (Figure 5.9C). Weak or no signi�cant coherence with an

anti-phase relationship was found on days when there is no LSMF over periods of 1-5 days,

for example during the last week of September 2009 (Figure 5.9B), mid-October 2010 (Figure

5.9C) and beginning of October 2011 (Figure 5.9D).

High coherence was also found in spring 2009 over a longer period of 10-25 days, with

an in-phase relationship (Figure 5.9B). This could be the d'Urville Current driven by the V-

component of wind stress along the north-west coast of the South Island, bringing saltier water

in the bays. At times, wind stress leads high salinity water by 90 at periods of 4-8 days, for

example during mid October 2009 (Figure 5.9B) and beginning of December 2010 (Figure 5.9C).

This could potentially be wind stress leading the d'Urville Current or wind-driven upwelling

leading high salinity water by a phase of 90◦ in the region.

5.5.5 Vertical structure, strati�cation and horizontal gradients

during modelled LSMFs

Water column stability from modelled results was evaluated for the two modelled LSMFs

(Figure 5.10C and I) and during the absence of a modelled LSMF (Figure 5.10D and E). The

model can reproduce LSMFs that do not have a collocated temperature signal with low salinity,

however both modelled LSMFs evaluated in this study had a collocated temperature signal.

Modelled LSMF on November 4, 2009 had a vertical extent of 20-25 m, a width of ∼20
km and was characterised by an increase in temperature (∆T = 0.9◦C) (Figure 5.10A,B).

Maximum strati�cation in the water column occurred in the subsurface near the base of the

LSMF, with both saline and thermal contributions (Figure 5.10C). Tu distribution showed

that salinity gradients were more important than temperature gradients, with its highest peak

in the range -π/4 to 0. The second highest peak in the range -π/2 to -π/4 indicated that

temperature gradients still had a contribution in setting the density gradient. Mean MLD was

15.9 m (Figure 5.10C) and the mixing power from wind was 2.85x10−3 W m−2 (Figure 5.9A)

across the width of the LSMF on this date. In the absence of an LSMF on October 17, 2010,

the water column was homogenous in �ows and density (Figure 5.10D,E,F). Highest peak of

Tu distribution was in the range -π/2 to -π/4. Mean MLD was 63.9 m (Figure 5.10F) and the

mixing power from wind was 1.10x10−2 W m−2 (Figure 5.9A).
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Figure 5.10: Vertical structure of modelled (A,D,G) salinity, (B,E,H) temperature and (C,F,I)
buoyancy frequency N2 (s−2, in black), with contributions from temperature (red) and salinity
(blue) on November 4, 2009 (top panel), October 17, 2010 (middle panel) and August 28, 2011
(bottom panel) across transect indicated in Figure 5.8. Black dots and black dashed line indicate
(A,B,D,E,G and H) MLD across entire transect, (C and I) mean MLD across width of modelled
LSMFs and (F) mean MLD across the entire transect. Buoyancy frequency plotted for 1 pro�le
(white dashed line). (C and I) Histograms of probability density function of Turner angle, Tu
for all data points across width of modelled LSMFs in spring 2009 and spring 2011, and (F)
across the entire transect during the absence of a modelled LSMF. DC: Di�usive convection,
SS: Statically stable and SF: Salt �ngering.
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Modelled LSMF on August 28, 2011 had a vertical extent of 30-35 m and a width of ∼10
km. The modelled LSMF in spring 2011 was characterised by a decrease in temperature (∆T

= 0.5◦C) (Figure 5.10F,G). Maximum strati�cation occurred in the subsurface (at 10-15 m)

with both saline and thermal contributions (Figure 5.10I). Tu distribution was predominantly

between 0 and π/4, indicating that salinity gradients regulated density gradients in this case.

Mean MLD was 17.5 m (Figure 5.10I) and the mixing power from wind was 7.15x10−4 W m−2

(Figure 5.9A) across width of LSMF. The unrealistic vertical geometry of this modelled LSMF

highlights one of the limitations of the model. The simulated sloping isopycnals as lower bound

of the LSMF are inconsistent with the observed �at isopycnals at the base of LSMFs.

5.5.5.1 Modelled horizontal gradients and submesoscale sensitivity

Mixed layer rossby radius of deformation of L ≈ 0.1-10 km was obtained across a simulated

average glider track con�rming that submesoscale processes can develop in the model. However,

a much smaller L range observed from glider surveys highlights the applicability of autonomous

platforms to sample at scales smaller than L better than currently available models. It empha-

sizes the importance of sampling and modelling at high spatial resolutions of <1 km to resolve

the full surface variance in density, particularly in relatively shallow mixed layer environments

(leading to smaller length scales) where riverine layers prevail.

Modelled lateral buoyancy gradients along a simulated glider track were generally in the

range O(−10) to O(−7) s−2. Fronts of the chosen modelled LSMF investigated in this study

showed lateral buoyancy gradients of ∼7x10−7 s−2 and ∼6x10−7 s−2 in spring 2009 and spring

2011 respectively. These modelled lateral buoyancy gradient values at the fronts are one order of

magnitude weaker than observed gradients. Furthermore, in contrast to observations, Rib were

>1 at both modelled LSMF fronts (in the order of 101 to 102). We attribute this di�erence to

a mismatch between the model's �xed horizontal resolution of 1-km and the distance between

glider pro�les ranging from 0.1 to 1 km. This analysis demonstrates the model's inability to rep-

resent realistic vertical and horizontal gradients associated with LSMFs. The modelled density

gradients are too weak (by one order of magnitude) which implies that non-linear dynamical

processes associated with strong fronts and strati�cation are misrepresented. For this reason,

we refrained from the investigation of temporal evolution of LSMF structure from the model.
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Table 5.4: Summary table

Absence of LSMF Presence of LSMF

Regional current strength Strong Weak

Wind stress and mixing power Strong Weak

MLD Deepened Shoaled

Salinity gradient Decreased Increased

Water column response Unstable (Tu >π/4), weak strati�cation Stable (Tu <π/4), strong strati�cation

5.6 Discussion

Occurrence of LSMFs that persist through all seasons were identi�ed for the �rst time in Greater

Cook Strait. We revealed that the strength of the coastal current moderates the advection of

LSMFs, which in turn impact the larger scale strati�cation over the shelf. An observational

record from seven glider surveys over a 3-year period resolved seasonal to subtidal time scales of

these ephemeral LSMFs. We used salinity signals for the detection of submesoscale features and

highlight the importance of salinity �elds in controlling upper ocean strati�cation in shelf seas.

Our high resolution glider observations were complemented with modelling at submesoscale-

permitting resolution (horizontal spacing = 1 km) to understand the processes and mechanisms

driving submesoscale variability in a shelf sea.

5.6.1 E�ects of LSMFs on water column stability

Greater Cook Strait was found to have highly variable strati�cation which can change from

strongly stably strati�ed to vertically well-mixed and unstable, depending on the presence or

absence of LSMFs (Figure 5.11 and Table 5.4). When LSMFs are present, the water column

stabilises. When the regional current and winds are strong, enhanced vertical mixing destablises

the water column (Figure 5.11).

The presence of strong barotropic current and winds generate a stronger mixing power

by two orders of magnitude in Greater Cook Strait (Figure 5.4C,D). These conditions inhibit

advection of LSMFs. As wind driven stirring cannot stabilise the upper ocean, an unstable

ocean regime is established in the shelf region. Mixing causes temperature and salt �uxes to

be almost equal. Strong mixing power from wind in shallow shelf seas can cause deepening of

the MLD or mix the water column entirely. Although Tu analysis indicates that in the absence

of strong salinity or temperature gradients, double di�usion is possible in Greater Cook Strait,
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Figure 5.11: Schematic of Greater Cook Strait (A) in the absence of an LSMF indicating typical
salinity pro�le, wind mixing power, and Tu in the presence of a strong wind-driven d'Urville
Current and (B) in the presence of an LSMF propagating o�shore, indicating typical salinity
pro�le, wind mixing power, and Tu as it undergoes entrainment when it interacts the wind-
driven d'Urville Current.
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Figure 5.12: Oceanic regions in�uenced by salinity gradients, placed on the Turner angle range
and respective Rossby radius of deformation. In�uence on oceanic regions inferred from Tim-
mermans et al. 2013 (Chukchi Sea); Barkan et al. 2017 (Northern Gulf of Mexico); Jhugroo
et al. 2020 (Greater Cook Strait - This study); Jaeger and Mahadevan, 2018 (Bay of Bengal);
Shi and Wei, 2007 (East China Sea); Meccia et al. 2016 (Mediterranean Sea); You, 2002 (Red
Sea); and Kelley et al. 2003 (Black Sea).

mixing in this shallow shelf sea is mostly driven by surface stresses such as tidal straining,

wind and diurnal cooling. This is due to its proximity to an amphidrome, high wind speeds

and shallow bathymetry.

Nearly three quarters of LSMFs (73%) detected from glider observations do not have a

surface temperature signal. Temperature is therefore not always a reliable indicator of LSMF

and not regularly detectable by satellite SST. The inconsistency in temperature signal of river

waters in Golden and Tasman Bays has been reported in previous studies by Had�eld and

Sutton (1996) and Chiswell et al. (2019). The latter study found that in autumn, fresh water

was associated with cooler temperatures, but in summer the fresh water was associated with

warmer temperatures, which reinforced the density decrease in the bays. We found that salinity

variations have a greater in�uence on near-surface density during an LSMF (Figures 5.5 and
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5.10). In the Chukchi Sea, salinity dominated the density gradient and lateral temperature

and salinity gradients are non-compensating, with Tu≈0 (Timmermans and Winsor (2013),

Figure 5.12). Horizontal density gradients are not erased by vertical mixing in the Chukchi Sea

(Timmermans and Winsor, 2013).

In the presence of a weak regional current and weak winds in Greater Cook Strait, mixing

power from wind is weak (Figures 5.8H,I and 5.9A). As a result, LSMFs are advected o�shore,

and minimal mixing occurs and the water column is able to stabilise within the feature. The

locally stabilised water column and the subsequently shoaled MLD can persist for 2-3 days,

even when the LSMF gets entrained by the barotropic current. The presence of an LSMF

with a dominating salinity gradient creates a stable regime by increasing strati�cation in the

subsurface and decreasing vertical and lateral mixing in the water column in this shelf sea.

This study provides further evidence to MacKenzie and Adamson (2004) who reported that

temporal changes in the abundance and horizontal and vertical distribution of phytoplankton

biomass in Greater Cook Strait are associated with changes in water column strati�cation,

because of variations in the magnitude of freshwater in�ows.

LSMFs that also have a temperature signal have a less stable regime, as the temperature

adds a compensating thermal contribution to the density gradient. However, temperature gra-

dients were not large enough to entirely cancel the density e�ect of salinity and destabilise the

water column. Su�cient strati�cation remains to suppress mixing within an LSMF with both,

salinity and temperature gradients. Elsewhere, a similar regime was reported for the Columbia

River plume where water column stability was signi�cantly higher in the plume than in the

surrounding ocean (Morgan et al., 2005). In the Northern Gulf of Mexico, Turner angle analysis

on submesoscale-resolving modelled results showed a nearshore salinity-dominated signal and

no clear compensating signal under the in�uence of the Mississipi-Atchafalaya River system

(Barkan et al. (2017), Figure 5.12).

5.6.2 Interaction of LSMFs with regional ocean dynamics

Overall, modelled results represented the interaction of LSMFs with the regional barotropic

current by reproducing drivers of the d'Urville Current and wind-induced mixing at realistic

scales. The regional barotropic d'Urville Current variability is dependent on a balance between

the sea level gradient and density gradient across the shelf region (Walters et al., 2001).

Our results revealed that 30% of the time, the lifetime of LSMFs originating from Golden

and Tasman Bays can be explained by current variability in this shelf sea. A weak regional
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current and weak winds allow LSMFs to advect o�shore and impact water column stability at

substantial distances of up to 100 km o�shore from their source. In contrast, a strong regional

current and strong winds inhibit o�shore advection of LSMFs into the shelf region.

The presence of a weak d'Urville Current and weak winds set up conditions that favour

advection of LSMFs o�shore into Greater Cook Strait. When such conditions persist for at

least four days on the shelf, LSMFs are able to extend furthest o�shore (up to 100 km, Figure

5.8G). LSMFs under these conditions also have the longest residence time in Greater Cook

Strait. When conditions are intermediate, i.e. the d'Urville Current strengthens and winds

become moderate, existing LSMFs are unable to advect further onto the shelf. The LSMFs

tend to be trapped at the edge of the current and entrained into coastal waters. In contrast,

the presence of a strong barotropic d'Urville Current driven by strong southwesterly winds

that persist for longer than two days in this shelf sea do not allow the advection of LSMFs

o�shore into Greater Cook Strait. Under these conditions, the LSMFs are constrained to the

bays, because the strong d'Urville Current inhibits any further extension of the riverine waters

as soon as the latter reach Farewell Spit.

Three scenarios regulate triggered LSMFs in this shelf sea: 1) weak regional current and

moderate winds that last for at least four days create ideal conditions for the propagation of

LSMFs furthest o�shore. 2) moderate regional current and moderate winds allow LSMFs to

propagate into the shelf area. In this case, LSMFs can be entrained into the regional current

as the current strengthens over time due to changes in wind stress and subtidal currents. 3)

strong regional current and strong winds create unfavourable conditions that prevent advection

of LSMFs o�shore onto the shelf region.

5.6.3 Generation mechanisms of LSMFs

The observed persistent occurrence of the LSMFs, their salinity signature and their short

lived nature was resolved numerically with ROMS (Figures 5.3 and 5.10). Our study revealed

that presence of LSMFs feeds back on the larger scale strati�cation of Greater Cook strait.

LSMFs are generated and regulated by several mechanisms. Potential generation mechanisms

of LSMFs in this shelf sea are river discharge variability, wind and tidal e�ects.

River discharge variability in this shelf sea is able to increase strati�cation in the subsurface

in the order O(−4) s−2 and cause strong lateral buoyancy gradients in the order O(−6) s−2.

Observations showed that surges of river discharges during two cyclones in summer 2018 did
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cause more LSMFs in Greater Cook Strait (Figure 5.3M). This suggests that seasonality in

river �ows might lead to increased LSMF occurrences for time-varying boundary conditions.

Models, at times, may not represent key physical or biophysical mechanisms correctly at times

(D'Ovidio et al., 2019). For example, the use of interpolated annual-mean values for each river's

discharge in this study is a simpli�cation of the natural system. However, the erratic nature of

LSMF events in the model suggests that variability in river discharge is not the only cause of

their advection into Greater Cook Strait.

The role of wind in enhancing LSMF generation was investigated in this study. Coherence

between wind stress and salinity showed that wind can enhance the advection of LSMFs out

of the bays (Figure 5.9B,C,D). This was evident for 38% of the time in spring. Recently

Chiswell et al. (2019) con�rmed that mean velocity in Golden and Tasman Bays is weak

and circulation is a balance between wind and tidal �ows. Previous studies focusing on the

circulation in Golden and Tasman Bays, and Greater Cook Strait and its implication on river

plume behaviour (Heath, 1976b; Tuckey et al., 2006; Chiswell et al., 2019), have suggested that

residual �ows move northwards. Typically, anticyclonic �ows occur in the south of Tasman and

Golden Bays, and a cyclonic �ow in the north of Golden Bay. Mean near-surface velocity is

generally out of each bay, with a stronger out�ow along Farewell Spit in Golden Bay and near

Stephen Island in Tasman Bay, which are the pathways of most triggered LSMFs. This implies

that wind plays a role in enhancing LSMFs advection further o�shore once residual �ows have

advected the LSMF out of the coastal bays.

LSMFs are advected out of the bays by a combination of river water saturation in the bays,

residual northward tidal �ows, and strong northwards wind in the bays. To further investigate

the potential generation mechanisms, higher resolution simulations must be combined with

time-varying forcing of river �ow. Additional glider surveys that capture extreme events over

all seasons would also enable us to identify if there is a period most favourable to mixed layer

instability development.

5.6.4 Implications of LSMFs for shelf systems

Greater Cook Strait is regulated by interactions between barotropic and baroclinic processes.

The coastal current is barotropic and wind-modulated; submesoscale features induce baroclinic

instabilities via salinity-controlled density gradients. We found that LSMFs force lateral density

gradients that in turn fuel mixed layer baroclinic instabilities in spring. The Bay of Bengal,

northern Gulf of Mexico (under the in�uence of Mississipi-Atchalafaya river system), Chukchi
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Sea and north of the Amazon River are some examples of salinity-controlled shelf seas that

show similar responses (Figure 5.12). Heavy monsoon rains and run-o� can impact water

column stability on shorter time scales (Jaeger and Mahadevan, 2018). Resulting strati�cation

values on the order of 10−4 s−2 (similar to Greater Cook Strait, Figure 5.4A,B) caused by

strong salinity gradients in the subsurface were reported for the Bay of Bengal by Ramachan-

dran et al. (2018); Jaeger and Mahadevan (2018). The signi�cance of salinity was highlighted

for interpreting SST in regions which are salinity-controlled, where temperature fronts can

be oppositely oriented to density fronts, and cold �laments can represent increased surface

strati�cation rather than deeper mixed layers.

Baroclinic instabilities induced by LSMFs develop at the submesoscale and work to reduce

mixed-layer depth, increase vertical density strati�cation and decrease vertical diapycnal mix-

ing. The LSMFs create fronts at the submesoscale that form, move and dissipate continuously

- they are not in a steady-state balance between forcing and dissipation at a �xed location.

Thomas et al. (2008) have shown that these fronts have associated cross-frontal secondary

circulations that are generally con�ned to the vertically well-mixed upper layer of the ocean.

Moreover, various studies have shown that the energy carried by submesoscale features can

be converted to kinetic energy by mixed layer instability (Brannigan et al., 2015; Callies

et al., 2016; Buckingham et al., 2016). Instabilities created by LSMFs in shelf seas may also

have implications for mixing and transport of nutrients and phytoplankton. The submesoscale

responses of these instabilities can have consequences on the residence time of phytoplankton

in the euphotic zone and as a result, a�ect growth rates, biomasses, biogeochemical �uxes,

and community structure, in contrast to mesoscale stirring (Lévy et al., 2018). Variability in

water column stability in shelf seas can have implications not only for primary production

(Iida et al., 2012), but also for higher trophic levels (Coyle et al., 2008). Although we did not

show the biological responses of LSMFs in this study, our �ndings suggest that submesoscale

processes that locally in�uence water column stability and MLD, may have important biological

implications through mixing.

In summary, salinity-dominated submesoscale features in shelf seas and their role in sta-

bilising upper layer strati�cation were revealed by glider observations in this study. The o�-

shore advection and lifetime of these submesoscale features were found to be modulated by the

strength of a coastal barotropic current. Turner angle was used to indicate changes into stable

strati�cation due to salinity-dominated density signals in the presence of LSMFs. Finally, we

showed that stable strati�cation causes shoaling of the mixed layer depth, inhibiting mixing
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locally. Baroclinic instabilities induced by these features can have implications for mixing of

nutrients and phytoplankton in shelf seas. Further development of this work will look at how

seasonal di�erences a�ect the impacts of these small scale features and their biological response

in this New Zealand shelf sea.





Chapter 6

Seasonal variability of low salinity

submesoscale features in a continental

shelf system

Key points

� Seasonal and intra-seasonal variability in temperature, chlorophyll and strati�cation

exist in low salinity submesoscale features while their associated characteristic salinity of

≤34.75 psu persists throughout all seasons.

� Subsurface chlorophyll maxima dominate summer and spring LSMFs. Summer is more

submesoscale sensitive and favourable for mixed layer instability development in Greater

Cook Strait.

� Cyclones and intense rainfall increase river discharge and freshwater in�ux in Greater

Cook Strait.

� River discharge must exceed a threshold of at least 600 m3 s−1 for LSMFs to be observed

in the far-�eld without external forces.

89
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Chapter summary

Earlier work (Chapter 5) indicated that seasonality in river �ows might lead to variability in

low salinity submesoscale features. For this chapter, seasonal and intra-seasonal (for austral

spring) variability of the features in question were investigated and characterised. Daily river

�ow from �ve main rivers are investigated. Rivers having the highest contribution in river �ow

were identi�ed. An initiation threshold in river discharge for generating LSMFs on the shelf was

also identi�ed. E�ects of river discharge variability and extreme events on characteristics of low

salinity submesoscale features were addressed. LSMF-induced strati�cation variability was also

investigated seasonally and intra-seasonally.

6.1 Introduction

Low salinity submesoscale features (LSMFs) are river-induced and their existence was revealed

recently by glider observations in a New Zealand shelf sea, Greater Cook Strait (Chapter 5).

New Zealand is a high-standing oceanic island with small mountainous rivers (Carey et al.,

2002). High-standing oceanic islands have streams with headwaters lying at elevations of 1,000

m or more above mean sea level and generally correspond to the mountainous islands of Asia

and Oceania, particularly between Australia and Asia (Milliman and Syvitski, 1992). New

Zealand rivers have the characteristics of small mountainous rivers: they are short and steep,

and many carry large sediment loads (New Zealand Conservation Authority, 2011). They

are highly variable in �ow, and have very large �oods in proportion to their catchment area

owing to the country's latitude, climate and mountainous relief (Milliman and Syvitski, 1992).

Extreme weather events such as cyclones can signi�cantly increase river discharge into the

shelf seas over short time scales (Ward et al., 2010; De Luca et al., 2017). Greater Cook Strait

shelf sea is dominated by the response to a wind-forced �ux (Cahill et al., 1991) through

a large tidally-dominated, fast-�owing and weakly strati�ed strait (Stevens, 2014, 2018).

LSMFs are advected o�shore in Greater Cook Strait by a combination of river water satura-

tion in the coastal bays, residual tidal �ows, and strong northwards winds (Jhugroo et al., 2020).

There is growing evidence to better observe submesoscale ocean dynamics (Gommenginger

et al., 2019) because of their role on ocean strati�cation, large-scale circulation and climate

(Capet et al., 2008; Lévy et al., 2010). Lateral and vertical gradients in the upper ocean's

density, namely fronts and strati�cation, regulate upper ocean dynamics. Fronts give rise to

baroclinic instability and vertical gradients (or eddies) convert potential energy to kinetic
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energy in the ocean (Fox-Kemper et al., 2008). This results in the conversion of horizontal

density gradients to strati�cation (Jaeger and Mahadevan, 2018). LSMFs in the shelf region of

Greater Cook Strait create strong lateral and vertical gradients.

O�shore advection and lifetime of LSMFs are modulated by the strength of a coastal

barotropic current (Jhugroo et al., 2020). The presence of LSMFs promotes stable strati�ca-

tion, shoaling of the mixed layer depth, and inhibits mixing in spring. The stability of the

water column in�uences light and nutrient availability. Variation in the stability of the water

column results from the balance between buoyancy forces (solar heating, freshwater inputs) and

mechanical energy inputs from wind, tides and freshwater run-o� (Underwood and Kromkamp,

1999). The presence of LSMFs raised questions on how seasonal di�erences and extreme events

impact these submesoscale features and their biological response. Biological processes are

driven and modulated by physical ocean conditions (Simpson and Sharples, 2012). Therefore,

understanding the drivers of strati�cation and its erosion including their strength, timing, and

the relative contributions of temperature and salinity in all seasons, are of wide interest.

In this chapter, the seasonal and intra-seasonal variability in LSMF physical and biological

characteristics are investigated. The roles of weather conditions including extreme events, river

discharge variability and temperature changes are examined. Physical ocean conditions are

linked to the respective biological response in the form of surface and subsurface chlorophyll-a.

Section 6.2 will detail the �eld setting and section 6.3 will describe the data and methods used in

this study. In section 6.4, physical and biological characteristics of all measured LSMFs are pre-

sented and compared to seasonal and ambient means. Lastly, in section 6.5, key questions raised

around variability of LSMFs are addressed: What is the role of river discharge variability on

LSMF variability? How does the presence of extreme events in�uence LSMF occurrences? How

do the physical and biological characteristics of LSMFs vary seasonally and intra-seasonally?

6.2 Regional setting: Greater Cook Strait

Greater Cook Strait is the shelf sea between the North and South Islands of New Zealand

(Figure 6.1). It comprises Golden Bay, Tasman Bay, South Taranaki Bight and the Narrows

(Figure 6.1C). This New Zealand shelf sea is in�uenced by strong wind-driven and tidal currents

(Walters et al., 2010). The shelf is dominated by the response to a wind-forced �ux (Cahill

et al., 1991; Walters et al., 2010) through a large tidally-dominated, fast-�owing and weakly

strati�ed strait (Stevens, 2014, 2018). Greater Cook Strait is also in�uenced by freshwater
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Figure 6.1: Map of (A) New Zealand with Greater Cook Strait region highlighted as grey box,
(B) Greater Cook Strait showing all glider tracks and (C) glider locations during all sampled
LSMFs. Line colour indicates seasonal a�liation of each glider survey and LSMF on (B) and
(C) respectively. For glider surveys that spanned over two seasons, the line colour for sea-
sonal a�liation was chosen depending on which season the glider spent most days sampling.
GCS: Greater Cook Strait, CSN: Cook Strait Narrows, GB: Golden Bay, TB: Tasman Bay, FS:
Farewell Spit, SI: Stephen Island. Grey stars indicate geographical locations of Aorere, Takaka,
Motueka, Waimea and Wairoa River gauges.
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in�ux from numerous small rivers (Sutton and Had�eld, 1997; Cornelisen et al., 2011) with

discharges less than 900 m3 s−1, through�ow due to surface elevation di�erences at the east and

west open boundaries of the shelf and baroclinic currents due to density variations (Walters

et al., 2010).

The interactions of LSMFs with the d'Urville Current which dominates subtidal trans-

port in Greater Cook Strait (Chiswell et al., 2015a; Stevens et al., 2019) has been described

by Jhugroo et al. (2020). The d'Urville Current is primarily fed by the northward �owing

Westland Current, and �uctuates in strength and over a range of frequencies. Weather-band

variations (5-20 day periods) in wind stress from south-westerly and westerly winds modulate

the d'Urville Current (Shirtcli�e et al., 1990; Stanton, 1976), and associated coastal-trapped

waves (Cahill et al., 1991). With north-westerly winds, the Westland Current may reverse

and �ow southwards down the West Coast. Consequently, the strength and direction of the

d'Urville Current in Greater Cook Strait changes with regional wind direction and subtidal

�ows (Harris, 1990).

Greater Cook Strait also experiences near-surface water freshening from precipitation and

nearby rivers (Harris, 1990). In Golden and Tasman Bays speci�cally, density variations are

controlled by freshwater inputs and temperature gradients, caused by river discharges. Each

coastal bay has contributions from two main rivers: the Aorere and Takaka Rivers into Golden

Bay and the Motueka and Waimea/Wairoa Rivers into Tasman Bay (Figure 6.1C). Recently

Chiswell et al. (2019) con�rmed that the mean velocity in Golden and Tasman Bays is weak

and the circulation is dominated by wind and tidal �ows. Mean near-surface velocity direction

is generally out of each bay and is balanced by an inward estuarine �ow at depth.

6.3 Data and methods

6.3.1 Glider Surveys in Greater Cook Strait

Continuous, long-duration and high resolution hydrographic sampling from gliders have enabled

the evaluation of variability in density structure of submesoscale features. Glider sampling

permits: 1) minimal disturbance of upper ocean strati�cation and 2) horizontal and temporal

spacing between pro�les to be typically less than one kilometre and 30 minutes depending on

the water depth.
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Table 6.1: Glider survey index, number of pro�les sampled, start and end dates, seasonal a�li-
ation,and number of LSMFs sampled for each glider survey completed in Greater Cook Strait.

Survey index No.of pro�les Duration (days) Start date End date Season No. of LSMFs

3 2494 21 29.11.2015 19.12.2015 spring-autumn 0

4 3259 28 04.02.2016 02.03.2016 summer 2

6 2877 24 15.09.2016 08.10.2016 spring 2

9 3419 25 04.05.2017 28.05.2017 autumn 2

11 3597 30 22.08.2017 20.09.2017 winter-spring 3

12 4804 31 30.10.2017 29.11.2017 spring 4

15 5813 33 04.02.2018 05.03.2018 summer-autumn 9

18 6059 42 18.10.2018 28.11.2018 spring 1

19 6364 42 18.10.2018 28.11.2018 spring 1

Nine glider surveys were completed from 2015 to 2018 (Figure 6.1B, (O'Callaghan and

Elliott, 2020). The average glider track spanned 40◦75S, 174◦49E to 39◦91S, 171◦90E. In each

survey, the glider transverses from east to west and then back to its deployment location. For

surveys 3, 4, 6, 9 and 11, an ocean glider was deployed closer to the Cook Strait Narrows. Since

a glider would spend multiple days trying to overcome strong tidal currents near the Narrows,

deployments for surveys 12, 15, 18 and 19 were initiated from Tasman Bay to maximise

observations across the Greater Cook Strait shelf sea. One exception was glider survey 19 when

the glider did not follow the established transect as in other surveys. For the purpose of an

experiment required for further development of this work, the glider was deployed in Tasman

Bay, and piloted north of the bays where it sampled within a constrained survey box. The

results from survey 19 are included in this chapter to maximise observations of LSMFs (one of

the spring surveys in green shown on Figure 6.1B).

Water depth of Greater Cook Strait varies across the shelf (ranging between 40 and 150

m). Water depth shoals to less than 40 m in Golden and Tasman Bays and greater than 150

m to the west beyond Farewell Spit. A single glider survey in Greater Cook Strait typically

lasted four weeks, during which it sampled the water column in a sawtooth diving pattern

between 0 to 200 m and covered over 500 km (horizontally). Vertical velocities of the vehicle

were slower than 0.3 m s−1 and 38,686 pro�les were obtained from glider surveys between

November 2015 and November 2018 (Table 6.1). On average, each dive cycle comprised six

pro�les which took two hours and covered a horizontal distance of 2.5 km. This translated

to a temporal resolution of ∼20 mins and a spatial resolution of ∼0.4 km between each

water column pro�le. The autonomous and continuous sampling at high spatial (horizontal
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and vertical) and temporal resolution allow small scale processes to be resolved (Rudnick, 2015).

This study used Teledyne Webb Research Slocum G2 gliders equipped with Seabird CTD

sensor, Aanderaa Oxygen Optode and Wet Labs Environmental Characterization Optics

(ECO) "puck", that measured chlorophyll-a �uorescence, backscatter (at 470, 532, 660 and

700 nm) and chromophoric dissolved organic matter (CDOM). Temperature, conductivity, and

pressure data were sampled at 0.5 Hz, and subsequently processed to remove spikes. The ac-

curacy within calibration range of temperature and conductivity were ±0.002◦C and ±0.0003
S m−1 respectively. Glider data processing was completed using the SOCIB glider toolbox

(https://github.com/socib/glider_toolbox; Troupin et al. (2015)). Glider data processing

includes salinity lag correction for the thermal lag error for the un-pumped CTD unit, which is

standard on Slocum gliders (Garau et al., 2011; Pascual, 2010). Data were averaged in vertical

bins of 1 m.

6.3.2 Satellite observations

6.3.2.1 Sea surface temperature (SST)

Satellite observations were used in this study to place the glider measurements in their seasonal

and intra-seasonal context. Satellite observations were continuous and covered entire seasons

whereas glider observations would cover 4-6 weeks of a speci�c season at a time. The SST prod-

uct is a single-sensor multi-satellite level 3S SST foundation product for a 144-hour period (day

and night time composite), derived using observations from Advanced Very High-Resolution

Radiometer (AVHRR) instruments on all available NOAA polar-orbiting satellite. It is pro-

vided as a 0.02◦ x 0.02◦ (2 km) cylindrical equidistant projected map over the region 144-hour

average of all the highest available quality SSTs that overlap with that cell, weighted by the

area of overlap. Remotely sensed SST values are skin temperature of the water body. This SST

product has been readily available on the Australian Ocean Data Network (AODN) portal un-

der the Integrated Marine Observing System (IMOS) (https://portal.aodn.org.au/search)

since 2014 and is an ongoing project. The 6-days composite minimises cloud cover patches in

an e�cient way in areas of interest. Further information on the product and its processing is

available at https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?

uuid=34110d06-707b-4f73-970e-9b38e9fcb7da. SST timeseries was computed by choosing

the mean value along a track that cuts through Greater Cook Strait spanning 173◦0E to 173◦6E.

https://github.com/socib/glider_toolbox
https://portal.aodn.org.au/search
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=34110d06-707b-4f73-970e-9b38e9fcb7da
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/metadata.show?uuid=34110d06-707b-4f73-970e-9b38e9fcb7da
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Table 6.2: Site numbers, names, geographical coordinates and funder for each river �ow time-
series.

Site No Sitename Latitude Longitude Funder

52003 Aorere at Devils Boots -40.75 172.63 NIWA

52901 Takaka at Kotinga -40.87 172.81 Tasman District Council

57015 Motueka at Woodmans Bend -41.12 172.96 Tasman District Council

57523 Waimea at Tasman District Council Nursery -41.31 173.13 Tasman District Council

57525 Wairoa at Gorge 2 -41.39 173.13 Tasman District Council

6.3.2.2 Sea surface chlorophyll (SSC)

The sea surface chlorophyll (SSC) data used in this study is a level 3M 9x9-km 8-days com-

posite product (available at https://oceancolor.gsfc.nasa.gov/). Similar to SST, SSC was

extracted along a track that cuts through Greater Cook Strait comparable to an averaged

glider mission track. Median values over a track that cuts through Greater Cook Strait span-

ning 173◦0E to 173◦6E was used for SSC timeseries.

6.3.3 River discharge data

Each coastal bay has contributions from two main rivers: the Aorere and Takaka Rivers into

Golden Bay and the Motueka and Waimea/Wairoa rivers into Tasman Bay. The Wairoa River

�ows north for 45 kilometres before combining with the Wai-iti River to form the Waimea

River. The combined waters �ow into Tasman Bay. Gauge measurements of daily river �ow

for each of those �ve rivers were obtained from NIWA and Tasman District Council for the

period 2015 to 2018. The site numbers, names and geographical locations are listed on Table

6.2. Geographical locations of each river gauge are plotted on Figure 6.1B.

6.3.4 Identi�cation of observed low-salinity submesoscale features

(LSMFs) from glider surveys

A salinity threshold of ≤34.75 psu in at least 10 consecutive pro�les of each LSMF (at depth

10 m) was the criteria used to identify an LSMF. Of note is that the distance between pro�les

as sampled by gliders are not constant. The chosen threshold was 0.45 psu below the 35.2 psu

observed throughout most of Greater Cook Strait and was distinct from the ambient salinity.

Three exceptions; LSMFs 4, 23 and 24 were identi�ed using a threshold of 34.85 psu. LSMF 4

https://oceancolor.gsfc.nasa.gov/
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from glider survey 6 is the repeat sampling of LSMF 3 six days later.

The index, geographical location, dates, mean depth, number of pro�les sampled, mean

MLD and maximum chlorophyll-a for each LSMF are summarised on Table 6.4. Maximum

chl-a was reported instead of mean or median because gliders are not always sampling the

core of the feature and comprise of daytime and night pro�les. Mean/median would lead to

underestimation of chlorophyll values. Horizontal scales of the LSMFs were estimated by the

distance covered by the glider between the �rst and last pro�les with salinity ≤34.75 psu. A

similar approach was applied to evaluate the duration of sampling of LSMFs by combining

times of the �rst and last pro�les with salinity ≤34.75 psu.

6.3.5 Classifying observations into seasons

Three glider surveys were conducted in austral summer, one in austral autumn, one in late

austral winter and four in austral spring over the period 2015-2018. Austral seasons comprised

observations from December to February in summer (DJF), March to May in autumn (MAM),

June to August in winter (JJA) and September to November in spring (SON). For glider sur-

veys that spanned over two seasons, each pro�le from the survey was considered individually

based on its seasonal a�liation.

A total of 10,067 pro�les were sampled in summer, 4873 in autumn, 921 in winter and 22,825

in spring in Greater Cook Strait. There were 24 observed LSMFs from all glider missions in

Greater Cook Strait; seven in summer, six in autumn, one in winter and 10 in spring. Total

number of pro�les sampled during LSMFs for each season were 1081 in summer, 1419 in autumn,

156 in winter and 2698 in spring.

6.3.6 Determining the mixed layer depth

Mixed layer depths (MLD) of the region were computed from temperature and salinity pro�les.

MLD was de�ned as the depth at which density becomes 0.125 kg m−3 denser than the surface

value. Due to the glider's diving pattern that does not always reach the surface, density was

calculated as the mean over the top 5 m for glider observations. This de�nition generally

coincides with the seasonal thermocline (Chiswell, 2011) and was introduced by Chiswell et al.

(2013) while investigating the climatology of chlorophyll-a in the southwest Paci�c Ocean.
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6.3.7 Seasonal LSMF depth and mixed layer depth of LSMFs

The last depth layer with salinity ≤34.75 psu would de�ne the depth of the observed LSMF

(vertical scale) for each pro�le. The mean LSMF depth of each feature was then calculated

from all associated pro�les. Similarly, mean MLD of each LSMF was calculated from all associ-

ated pro�les. LSMF depths and mixed layer depths of LSMFs were then all grouped into seasons.

Matlab's implementation of notched box and whisker plots were used to graphically depict

the seasonal groups of LSMF depths and MLD of LSMFs. On each box, the central line indicates

the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles,

respectively. Whiskers extend to the most extreme data points not considered outliers. Notches

display the variability of median between values. The width of a notch is computed so that

boxes whose notches do not overlap have di�erent medians at the 5% signi�cance level. The

signi�cance level is based on a normal distribution assumption.

6.3.8 Chlorophyll-a �uorescence quenching correction

Chlorophyll-a �uorescence (hereafter referred to as chl-a) was used as a proxy of phytoplankton

biomass under non-limiting environmental conditions. Chl-a values from glider observations

exhibited strong light-dependent depressions each day resulting from non-photochemical

quenching processes. Therefore, the chl-a measurements from gliders had to be corrected

for quenching before interpretation. While in vivo �uorescence provides a proxy for chl-a

pigment concentration, it is sensitive to physiological downregulation under incident irradi-

ance (�uorescence quenching; Thomalla et al. (2017, 2018). Existing methods from literature

have corrected for quenching (Behrenfeld and Boss, 2003; Sackmann et al., 2008; Xing et al.,

2012; Biermann et al., 2015; Swart et al., 2015; Hemsley et al., 2015). However, these meth-

ods require certain assumptions to be made that do not hold true across all regions and seasons.

Although the SOCIB glider toolbox was primarily used for glider data processing, quenching

correction followed a method from GliderTools, an open-source Python package for process-

ing underwater glider data (https://github.com/GliderToolsCommunity/GliderTools) by

Gregor et al. (2019). The Python function for quenching correction from GliderTools was

modi�ed so that it always corrects to the deepest quenching point and re-adapted for this

study in Matlab. An example pro�le of the application of the correction method in this study

is shown on Figure 6.2.

https://github.com/GliderToolsCommunity/GliderTools
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Figure 6.2: Section of glider survey 19 time series from November 6, 2018 to November 25,
2018 of (A) uncorrected chl-a, (B) corrected chl-a and (C) di�erence between corrected and
uncorrected chl-a using the optimised method developed by Thomalla et al. (2018). Depth of
mixed layer indicated by grey line, and quenching depth where day and night chl-a pro�les
deviate is plotted as orange scatter. Pink dashed lines indicate start and end date of LSMF
(November 7-9, 2020) during that survey. Pro�les within white dashed lines indicate daytime
chl-a measurements on November 12, 2018.
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Figure 6.3: Averaged pro�les of uncorrected chl-a (pink pro�le) and corrected chl-a (blue pro�le)
during daytime on November 12, 2018. Averaging was performed over 92 daytime pro�les (white
dashed lines on Figure 6.2). Black and red dashed lines indicate averaged mixed layer depth and
quenching depth over the 92 pro�les.

The quenching correction method is based on an optimised method using optical backscat-

tering on autonomous platforms originally developed by Thomalla et al. (2018). Their method

produced corrected surface chl-a during the day that closely matched pro�les from the previ-

ous (or following) night, decreasing the di�erence to less than 10% (Thomalla et al., 2018).

Moreover, their method is applicable to regions with deep chlorophyll maxima or subsurface

chlorophyll maxima where the other existing methods for correcting quenching do not perform

well.

To correct for quenching, day and night pro�les of chl-a and bbp700 were separated according

to times of local sunrise and sunset. The night pro�les were averaged to create a single mean

pro�le of chl-a and bbp700 for each night. The depth to which daytime chl-a pro�les were be-

ing quenched (quenching depth) was determined as the shallowest minimum of the di�erence

between mean night and day chl-a within the euphotic zone (1% light depth). The preceding
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night's pro�le was used to correct the following day's quenched daytime pro�les. The quench-

ing depth was calculated as the point that marked the steepest gradient from the maximum

di�erence in the surface (5 m) to the �ve smallest absolute di�erences and points where the

di�erence intercepts 0. A third night pro�le was created as the mean ratio between chl-a and

bbp700. This pro�le was multiplied by the day bbp700 pro�le from the quenching depth to the

surface to correct for quenching. An intercomparison test of corrected and uncorrected chl-a

values was performed on day pro�les, where if the correction produced a lower chl-a value than

the original value then the correction was omitted for that depth. This method however, as-

sumes that the depth distribution of chl-a:bbp700 between day and night is the same and that

no quenching occurs at night.

ChlcDT (z) =
ChlNT (z)

ChlDT (z)
× bbp(z)DT ; 0≤ z ≤ QD

If ChlcDT (z) < ChlDT (z) ⇒ no correction

(6.1)

where DT, daytime pro�le; NT, nighttime pro�le; Chl, chlorophyll-a �uorescence pro�le; Chlc,

corrected chlorophyll-a �uorescence pro�le; bbp, particulate backscattering pro�le; ChlNT ,

averaged chlorophyll �uorescence over the night; QD, quenching depth; z, depth domain.

Only chl-a measurements from glider surveys for which photosynthetically active radiation

(PAR) data were available (SI 9, 11, 12, 15, 18 and 19), were corrected for quenching in this

study. No PAR data were available for glider surveys 3, 4 and 6. For these surveys, uncorrected

chl-a values were used in the analysis. A section of the correction method applied for survey

19 is shown on Figure 6.2. Chl-a di�erence due to strong light-dependent depressions each day

resulting from non-photochemical quenching processes could reach up to 2.8 mg m−3 (Figure

6.2C). On November 12, 2018, the mean chl-a di�erence was 1.2 mg m−3 (Figure 6.3). Although

mixed layer depth and quenching depth can be around the same depth (Figure 6.3), this is

not always the case (e.g. during LSMF19 on November 7-9, 2018 in Figure 6.2A). Although

quenching was observed in all seasons, it was more prominent in months when daylight hours

were longer (not shown). Minimal quenching was observed during the winter month.

6.3.9 Vertical and lateral buoyancy gradient

Density strati�cation (or degree of stability) was characterised by buoyancy frequency squared:

N2 =
−g

ρ0

∂ρ

∂z
(6.2)
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where g = 9.81 m s−2 is the acceleration due to gravity, ρ0 = 1027 kg m−3 is the reference

density and ρ is the potential density.

Along-tracks lateral buoyancy gradient (M2) was calculated as the di�erence between mixed

layer buoyancy (b) on consecutive glider pro�les. The mixed layer buoyancy is calculated as

follows:

b = g

(
1− ρ

ρ0

)
(6.3)

where g is acceleration due to gravity, ρ0 is reference density as de�ned for N 2 and ρ is the

mixed layer density. Balanced Richardson number (Rib) was then calculated as follows:

Rib =
N2f 2

M4
(6.4)

where f is the coriolis parameter, N 2 is vertical strati�cation and M2 is the horizontal buoy-

ancy gradient. Rib was used as a criterion to indicate that submesoscale processes may occur,

following the approach by Thomas et al. (2013); Biddle and Swart (2020). Rib is a measure

of horizontal buoyancy gradient against the vertical strati�cation. As Rib approaches unity,

or is smaller than 1 (when horizontal buoyancy gradients are larger than vertical buoyancy

gradients), it indicates that submesoscale processes may occur (Thomas et al., 2013; Biddle

and Swart, 2020), resulting in mixed layer baroclinic instabilities and fronts. In this study, the

percentage of pro�les in each season that meet the criterion Rib≤1 are reported.

6.4 Results

6.4.1 Glider surveys span and sea surface temperature variability

Satellite SST were compared to glider SST (Figure 6.4) over the period 2015-2018 to place the

glider measurements in their seasonal and intra-seasonal context. Although glider observations

were made for all four seasons over the period 2015-2018, more surveys were conducted in

spring compared to other seasons. Only one survey was conducted in winter. A continuous

annual cycle of all four seasons was captured between autumn 2017 and autumn 2018 (Figure

6.4C,D).

Satellite SST in 2015 ranged between 15.4-19.4◦C in autumn, 12.5-15.8◦C in winter, 12.7-

14.5◦C in spring and 14.6-21.3 ◦C in summer 2015-2016. Glider SST as evaluated from pro�les
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Figure 6.4: River �ow timeseries of Aorere (blue), Takaka (grey), Motueka (orange), Waimea
(purple) and Wairoa (green) Rivers, and satellite (black) and glider (red) SST timeseries for
(a) 2015, (b) 2016, (c) 2017 and (d) 2018. Stars indicate dates on which LSMFs were sampled
by glider; blue stars for LSMFs sampled inside Golden and Tasman bays and black stars for
LSMFs sampled outside the bays.

Table 6.3: Seasonal SST ranges as observed from satellite and glider the period 2015-2018.
Note that summer range computations comprise months December, January and February and
therefore overlap between two years.

Year Platform Autumn SST [◦C] Winter SST [◦C] Spring SST [◦C] Summer SST [◦C]

2015
Satellite 15.4 - 19.4 12.5 - 15.8 12.7 - 14.5 14.6 - 21.3

Glider 13.7 - 21.2

2016
Satellite 14.8 - 19.6 12.8 - 15.1 12.8 - 15.0 14.5 - 17.9

Glider 19.0 - 19.6 12.2 - 14.1

2017
Satellite 15.3 - 17.7 13.1 - 15.4 13.1 - 18.3 12.4 - 21.1

Glider 14.4 - 16.5 12.4 - 13.4 12.8 - 18.0 18.2 - 21.3

2018
Satellite 14.9 - 20.2 13.2 - 15.2 13.1 - 15.9

Glider 18.5 - 20.6 13.5 - 16.2
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taken in December ranged between 13.7-21.2 ◦C in summer 2015-2016.

In 2016, satellite SST ranged between 14.8-19.6◦C in autumn, 12.8-15.1◦C in winter, 12.8-

15.0◦C in spring and 14.5-17.9◦C in summer 2016-2017. Autumn glider SST ranged between

19.0-19.6◦C as evaluated from pro�les sampled in March 2016. Glider SST from September-

October in spring 2016 were in the range 12.2-14.1◦C.

In 2017, satellite SST ranged between 15.3-17.7◦C in autumn, 13.1-15.4◦C in winter, 13.1-

18.3◦C in spring and 12.4-21.1◦C in summer 2017-2018. Autumn 2017 glider SST taken in May

ranged between 14.4-16.5◦C. Winter 2017 glider SST ranged between 12.4-13.4◦C as evaluated

from pro�les in August. Spring 2017 glider SST ranged between 12.8-18.0◦C. Spring glider SST

was evaluated from pro�les sampled throughout most months of spring which explains the high

variability in glider SST range. Summer 2017-2018 glider SST ranged between 18.2-21.3◦C as

evaluated from pro�les sampled in February 2018.

In 2018, satellite SST ranged between 14.9-20.2◦C in autumn, 13.2-15.2◦C in winter and

13.1-15.9◦C in spring. In autumn 2018, glider SST ranged between 18.5-20.6◦C. This relatively

warm range is because glider pro�les were sampled at the beginning of autumn in March

2018, when the ocean was warmed from summer 2017-2018. In spring 2018, glider SST ranged

between 13.5-16.2◦C.

Summers 2015-2016 and 2017-2018 were warmer than summer 2016-2017 by ∼3.3◦C (Figure

6.4 and Table 6.3). Winter SST ranges were similar throughout the 2015-2018 period. In 2017,

SST range was the smallest in autumn while SST range was the largest in spring compared to

other years.

Generally satellite SST and glider SST compared well at the 6-day temporal resolution,

con�rming that satellite is a reliable platform for SST variability analysis in Greater Cook

Strait at a weekly temporal resolution. However, localised variability captured by the glider

during events such as upwelling or presence of LSMF, was not seen in satellite SST. This is

because temporal and spatial resolution were di�erent for the two platforms. As such, much

of the variability is averaged over space (geographical line spanning 173◦0E to 173◦6E; ∼ 50

km) and time (144 hours) in the satellite product. Glider SST varies in space and time while

satellite SST, as plotted on �gure 6.4, was evaluated as a mean over a transect comparable to

an averaged glider track and was �xed in space and time.
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Table 6.4: LSMF number (◦ : summer, ⊗ : autumn, • :winter, ⋆ :spring), geographical location, glider survey index (SI),
sampling dates, number of pro�les sampled during each LSMF, mean and standard deviation of LSMF depth, mean and
standard deviation of mixed layer depth (MLD) during each LSMF and maximum chlorophyll-a measured during each LSMF.
LSMFs are numbered in chronological order.

LSMF No. Location SI Date Year no. of pro�les LSMF depth [m] MLD [m] Max chl-a [mg m−3]

1◦ Farewell Spit 4 Feb, 5 2016 75 8.6 ± 2.7 7.3 ± 1.3 7.9

2◦ Farewell Spit 4 Feb, 22-24 2016 139 15.4 ± 4.7 18.6 ± 4.7 2.6

3⋆ Greater Cook Strait 6 Sep, 24-25 2016 147 31.6 ± 3.4 29.5 ± 1.5 4.4

4⋆ Greater Cook Strait 6 Oct, 1-3 2016 275 12.1 ± 5.3 16.0 ± 6.4 3.4

5⊗ Greater Cook Strait 9 May, 16-18 2017 431 22.4 ± 8.9 28.0 ± 5.1 2.1

6⊗ Farewell Spit 9 May, 21-22 2017 113 22.2 ± 7.2 17.0 ± 6.1 1.6

7• Stephens Island 11 Aug, 30-31 2017 156 32.3 ± 5.1 29.0 ± 2.9 3.5

8⋆ Farewell Spit 11 Sep, 3-4 2017 159 14.7 ± 4.8 22.0 ± 3.5 1.5

9⋆ Greater Cook Strait 11 Sep, 10-11 2017 76 17.6 ± 4.1 21.0 ± 4.9 4.0

10⋆ The bays 12 Oct, 30-31 2017 128 21.9 ± 8.1 9.0 ± 2.1 3.0

11⋆ Greater Cook Strait 12 Oct, 31 - Nov, 1 2017 270 11.8 ± 4.6 7.0 ± 2.2 2.8

12⋆ Greater Cook Strait 12 Nov, 4-5 2017 248 28.1 ± 6.2 25.0 ± 4.8 3.7

13⋆ The bays 12 Nov, 26-29 2017 715 24.6 ± 5.8 9.0 ± 4.0 3.9

14◦ The bays 15 Feb, 5-6 2018 320 20.2 ± 13.5 28.0 ± 6.9 3.3

15◦ Greater Cook Strait 15 Feb, 15-16 2018 238 6.9 ± 2.3 6.0 ± 2.0 3.0

16◦ Farewell Spit 15 Feb, 18-19 2018 151 9.9 ± 3.6 11.0 ± 3.9 3.7

17◦ Farewell Spit 15 Feb, 20 2018 47 7.3 ± 2.3 15.5 ± 6.4 2.3

18◦ Farewell Spit 15 Feb, 24-25 2018 111 28.3 ± 6.0 27.0 ± 3.4 1.5

19⊗ The bays 15 Mar, 1 2018 15 2.5 ± 0.5 10.0 ± 1.5 1.2

20⊗ The bays 15 Mar, 1-2 2018 89 3.5 ± 1.2 8.0 ± 1.5 1.3

21⊗ The bays 15 Mar, 2 2018 117 6.6 ± 2.9 12.0 ± 4.4 3.4

22⊗ The bays 15 Mar, 3-5 2018 654 17.5 ± 8.5 7.0 ± 2.5 4.3

23⋆ Greater Cook Strait 18 Oct, 24-26 2018 371 13.3 ± 10.6 16.0 ± 4.8 3.3

24⋆ Greater Cook Strait 19 Nov, 7-9 2018 309 15.3 ± 3.3 17.0 ± 3.2 4.3
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6.4.2 Detection and characteristics of LSMFs

Observations from nine glider surveys completed from 2015 to 2018 have shown 24 persistent

LSMFs (Figure 6.5). Seven LSMFs were observed north of Farewell Spit, nine in Greater

Cook Strait, one near Stephens Island and seven in Golden and Tasman Bays. LSMFs were

observed in all seasons and in each survey, with the exception of glider survey conducted in

November-December 2015 (SI 3, Figure 6.5A). LSMFs were observed within the top 50 m

of the water column pro�les, indicating that these features are not restricted to the surface.

LSMF depths and MLDs within LSMFs are further described in section 6.4.7. Salinity values

of <34.4 psu were recorded in summer 2018 which skewed the salinity range for that season.

More LSMFs were also observed during the summer 2018 glider survey (Figure 6.5G).

Most LSMFs (19 out 22 LSMFs) quali�ed for the 34.75 psu minimum salinity criteria (Figure

6.6). LSMF 15 sampled in Summer, February 2018 had the lowest salinity (<34 psu, Figure

6.6). Three exceptions; LSMFs 4, 23 and 24 were identi�ed using a threshold of 34.85 psu.

LSMF 4 from glider survey 6 is the repeat sampling of LSMF 3 six days later. A threshold

of ≤34.85 psu was used to identify LSMF 4 as mixing of LSMF 3 occurred over this six-day

period. Although some pro�les from these three exceptions met the 34.75 psu threshold, they

led to an underestimation of their horizontal and vertical expansion. Note that a glider could

be sampling the edge, the width or circling around the LSMF depending on currents and tides.

As such, sampled pro�les of LSMFs are not necessarily at the core of the feature.

6.4.3 Seasonal ambient shelf sea characteristics

Temperature range in Greater Cook Strait was 12.5-22.1◦C in summer, 13.9-21.5◦C in autumn,

12.4-13.7◦C in winter and 11.1-19.1◦C in spring. Lower temperature variability was observed

in winter compared to other seasons (Figure 6.7A,F,K,P).

Salinity ranges in Greater Cook Strait were 33.7-35.4 psu in summer, 33.3-35.3 psu in

autumn, 34.2-35.0 psu in winter and 34.4-35.4 psu in spring. Higher variability in salinity was

observed in summer and autumn compared to winter and spring (Figure 6.7B,G,L,Q).

CDOM ranged between 0.3-11.3 ppb in summer, 0.5-13.5 ppb in autumn, 0.4-2.2 ppb in

winter and 0-14.5 ppb in spring. Highest variability of CDOM was observed in autumn and

least variability in winter (Figure 6.7D,I,N,S).
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Figure 6.5: Salinity transects for nine glider surveys in Greater Cook Strait. SI: survey indices.
Start and end of LSMFs as sampled by glider are highlighted by black dashed lines in each
transect. Mixed layer depth overlayed as grey scatter for each survey.
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Figure 6.6: (A-X) T-S plots of each sampled LSMF from nine glider surveys over 2015-2019.
Colours indicate seasonal a�liation of each LSMF; red for summer, yellow for autumn, blue
for winter and green for spring.

Seasonal chl-a ranged between 0-8.6 mg m−3 in summer, 0-4.3 mg m−3 in autumn, 0-3.5 mg

m−3 in winter and 0-23.6 mg m−3 in spring. Chl-a maxima was in the subsurface in summer

and spring (Figure 6.7E,T).

6.4.4 Seasonal characteristics of LSMFs

Temperature range of LSMFs was 13.4-22.1 ◦C in summer, 14.2-21.5◦C in autumn, 12.9-13.7◦C

in winter and 12.7-19.1◦C in spring. Figure 6.7 shows that LSMFs tend to be characterised

by higher temperature than the seasonal means for each season, with the di�erence being

more pronounced in summer and autumn. Figures 6.6 and 6.10 show that LSMFs temperature

signals tend to follow the seasonal trend; warmer in summer and colder in winter.
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Figure 6.7: Seasonal mean of all pro�les (black) and LSMF pro�les (blue) of temperature
(�rst column), salinity (second column), density (third column), CDOM (fourth column) and
chlorophyll-a (last column). Shaded regions represent standard deviation around each corre-
sponding mean pro�le.

Salinity of LSMF pro�les ranged between 33.7-35.3 psu in summer, 34.3-35.3 psu in autumn,

34.6-35.0 psu in winter and 34.4-35.2 psu in spring. For all seasons, LSMFs qualify for the

salinity threshold of 34.75 psu (Figure 6.6) which is distinct compared to the seasonal mean

(Figure 6.7) in the upper 30% of the water column. The salinity characteristic of LSMFs is

∼0.45 psu below the ∼35.2 psu observed throughout most of Greater Cook Strait.

Chl-a within LSMFs ranged between 0-7.9 mg m−3 in summer, 0-4.3 mg m−3 in autumn,

0-3.5 mg m−3 in winter and 0-4.4 mg m−3 in spring. Maximum chl-a observed within LSMFs

was in the upper range of seasonal means for all seasons (Figure 6.7). Subsurface chl-a max-

ima was observed in summer, autumn and spring. Of note, chl-a mean pro�les in Figure 6.7

were calculated using observations from all surveys, including surveys for which chl-a has
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Figure 6.8: Satellite and glider sea surface chlorophyll (SSC) timeseries for (a) 2015, (b) 2016,
(c) 2017 and (d) 2018. Surface value of chl-a for glider observations was taken as the mean
chl-a value of top 8 m due to glider's diving pattern. Stars indicate dates on which LSMFs were
sampled by glider; blue stars for LSMFs sampled inside Golden and Tasman bays and black
stars for LSMFs sampled outside the bays.

not been corrected for quenching. A more reliable conclusion can be taken from Figure 6.10

where seasonal comparisons are made for LSMFs from surveys that have been corrected for

quenching. Figure 6.10 shows that autumn and winter LSMFs are characterised by increased

surface chl-a, while summer and spring LSMFs are characterised by subsurface chl-a maximums.

CDOM ranged between 0.4-3.4 ppb in summer, 0-9.9 ppb in autumn, 0.9-1.8 ppb in winter

and 0-2.6 ppb in spring. A similar pattern to the seasonal mean was observed, with highest

variability in autumn and least variability in winter (Figure 6.7).

6.4.5 Comparing satellite and glider chlorophyll-a

Satellite and glider SSC were generally low and compared well in summer 2015-2016 and

summer 2017-2018 (SI 4 and SI 15; Figure 6.8B,D), indicating that satellite may be a reliable

platform for SSC variability analysis in Greater Cook Strait in summer.

Similar to satellite SST, localised variability captured by the glider during events such as

upwelling or presence of LSMF, was not seen in satellite SSC. Temporal and spatial resolution
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were di�erent for the two platforms. Much of the variability is averaged over space and time in

the 9 km 8-days composite satellite product (Figure 6.8). Moreover, glider SSC is plotted for

along-track timeseries, while satellite SSC was evaluated as a mean over a transect comparable

to an averaged glider track and was �xed in space and time.

6.4.6 Intra-seasonal variability of LSMFs

The presence of intra-seasonal variability with season progression, is presented by investigating

seven consecutive LSMFs (LSMFs 7-13). While the low salinity signal of ≤34.75 psu is consis-

tent, other characteristics such as temperature, chl-a response and buoyancy frequency squared

vary (Figure 6.9). LSMFs 8-13 were sampled in spring 2017, while LSMF 7 was sampled in

winter 2017. This analysis highlights the complexity in variability of LSMFs.

Towards the end of winter and beginning of spring (August-September) LSMFs were char-

acterised by relatively weaker strati�cation, colder temperature and increased surface chl-a

(Figure 6.9A,B,C). Strati�cation peaks coincided with LSMF depths (also the halocline) for

LSMFs 7 and 9 (Figure 6.9A,C). Similar observation was made for LSMFs in May 2017 (Fig.

6.10B) and September 2017 (Fig. 6.9B and C). The latter LSMFs were more comparable to

the winter LSMF as they were sampled at the end of autumn and beginning of spring respec-

tively, when the ambient oceanic conditions are closer to winter conditions. Such variability

in chl-a response and temperature signal associated with LSMFs over the months shows that

intra-seasonal variability exists amongst multiple LSMFs over time.

LSMF depth was deeper in August than all spring LSMFs sampled from September to

November (Figure 6.9A). Chl-a response and buoyancy frequency squared was stronger in

mid-September compared to beginning of September (Figure 6.9B,C).

During LSMFs sampled later in mid-spring (October), warmer temperature at the surface

was observed, which resulted in near-surface strati�cation peaks and shallower MLDs than

LSMF depths (Figure 6.9D,E). During both LSMFs, chl-a maximum was observed in the

subsurface below the temperature-dominated mixed layer and LSMF depths (Figure 6.9D,E).

During the last month of spring, in November, LSMFs were characterised by warmer surface

temperature, increased subsurface chl-a observed below the LSMF depth and strati�cation

peaks at the base of LSMF depths (Figure 6.9F,G). During LSMF 12 in November (Figure
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Figure 6.9: Map of Greater Cook Strait in top left showing glider locations during sampled
LSMFs in August to November 2017. Colour of line indicates monthly a�liation of LSMFs.
LSMFs are numbered in chronological order and are numbering is consistent as in Table 6.4.
Pro�les of salinity (orange), chl-a (green), temperature (blue), buoyancy frequency squared (pur-
ple) for (A) LSMF 7: Aug 30-31, (B) LSMF 8: Sep 3-4, (C) LSMF 9: Sep 10-11 (D) LSMF
10: Oct 30-31, (E) LSMF 11: Oct 31 - Nov 1, (F) LSMF 12: Nov 4-5 and (G) LSMF 13: Nov
26-29. Grey and black dashed lines indicate mean LSMF depth and mixed layer depth respec-
tively. Averaging was performed over (A) 156 pro�les during LSMF 7, (B) 159 pro�les during
LSMF 8, (C) 76 pro�les during LSMF 9, (D) 128 pro�les during LSMF 10, (E) 270 pro�les
during LSMF 11, (F) 248 pro�les during LSMF 12 and (G) 715 pro�les during LSMF 13.
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6.9F), both the mixed layer and LSMF depths coincided with the thermocline and halocline.

LSMFs 10 (Oct), 11 (Oct-Nov) and 13 (Nov) were sampled in or near Tasman Bay (Greater

Cook Strait map on Figure 6.9) where the water depth is shallower and warms up faster.

LSMF 13 is the repeat sampling of LSMF 10 26 days later. This suggests that some LSMFs

are a result of long residence times of freshwater in�ux in the bays, especially after a period of

increased river �ow during August-October (Figure 6.4C).

6.4.6.1 Surface versus subsurface chlorophyll in LSMFs

Observationally, non-photochemical quenching manifests as a reduction in measured chl-a

during daytime hours (Figure 6.2A), with maximal quenching occurring at noon and at the

surface, exponentially decreasing with depth following irradiance (Sackmann et al., 2008).

Non-photochemical quenching was more prominent in summer chl-a measurements compared

to other seasons (not shown). Non-photochemical quenching has signi�cant impacts on in

situ chl-a measurements as a validation product for satellite remote sensing evaluation (Car-

berry et al., 2019). Therefore, it is important to correct for chl-a quenching before comparing

with satellite products. The importance of applying a quenching correction to daytime chl-a

measurements is highlighted in Figure 6.2 which compares corrected chl-a using Thomalla

et al. (2018)'s optimised method with uncorrected chl-a for a subsection of glider survey 19

(November 6-25, 2018). Figure 6.2 also shows that the correction method works in a region

with subsurface chl-a maximum as suggested by Thomalla et al. (2018).

To highlight how glider data captures subsurface properties that cannot always be predicted

from surface data, two scenarios of surface and subsurface LSMF chl-a in Greater Cook Strait

were compared: 1) when satellite and glider SSC compared well for LSMF 16 in summer

2017-18 (SI: 15) and 2) when satellite and glider SSC were di�erent for LSMF 12 in spring 2017

(SI: 12). In both scenarios, subsurface chl-a was higher than surface chl-a (Figure 6.10A,D).

These two scenarios are highlighted on Figure 6.8C,D. These two glider surveys were chosen

for this analysis because PAR data were available for these surveys and chl-a measurements

were corrected for quenching.

During LSMF 16, surface chl-a measured from a glider and satellite compared well, with

mean chl-a of 0.31 mg m−3 and 0.32 mg m−3 respectively. In contrast, during LSMF 12, mean

surface chl-a values were 0.5 mg m−3 higher in glider measurements than in satellite values.
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Figure 6.10: Pro�les of salinity (orange), chl-a (green), temperature (blue), buoyancy frequency
squared (purple) for (A) summer 2017-18, LSMF 16, (B) autumn 2017, LSMF 5, (C) winter
2017, LSMF 7 and (D) spring 2017, LSMF 12. Grey and black dashed lines indicate mean
LSMF depth and mixed layer depth respectively. Averaging was performed over (A) 151 pro�les
during LSMF 16, (B) 431 pro�les during LSMF 5, (C) 156 pro�les during LSMF 7 and (D)
248 pro�les during LSMF 12. Note that temperature scale was adjusted in each subplot due to
seasonal variability.
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Mean glider chl-a measurements were 0.84 mg m−3 while mean satellite measurements were

0.32 mg m−3 during LSMF 12. During both LSMFs, mean subsurface chl-a values (from glider

observations) were higher than surface measurements with chl-a of 1.57 mg m−3 during LSMF

16 and 2.10 mg m−3 during LSMF 12 (Figure 6.10A,D).

Chl-a maximum during both surveys were in the subsurface with mean values of 1.10 mg

m−3 at 47 m and 1.37 mg m−3 at 32 m for survey 15 and 12 respectively. Mean surface chl-a

values during glider survey 15 was 0.47±0.40 mg m−3 for glider observations and 0.28±0.10 mg

m−3 for satellite observations. During glider survey 12, mean surface chl-a values were 0.86±0.74
mg m−3 and 0.60±0.27 mg m−3 from glider and satellite observations respectively. Glider chl-a

measurements were averaged over 5813 pro�les during survey 15 and over 4804 pro�les during

survey 12, while the satellite product is a 9 km 8-days composite and was evaluated as a mean

over a geographical location for this study. Therefore, an underestimate in chl-a is expected

from the remotely sensed product.

6.4.7 Variability in LSMF depths and their mixed layer depth

LSMF depths were shallower in summer compared to other seasons (Figures 6.11A and 6.10),

with median depth 10 m, but also had the most variability with LSMF depth between 0-37 m.

In winter LSMFs extended much deeper in the subsurface, with median depth 32 m, and had

the least variability (22-48 m). In autumn and spring, LSMF depths were more comparable,

with median depths of 19 and 20 m, and varying between 1-39 m and 0-39 m, respectively.

LSMF depth distribution was more symmetric in spring compared to autumn (Figure 6.11A).

MLD of LSMFs were shallower in autumn compared to other seasons (Figure 6.11B).

Variability was highest in autumn and summer (Figure 6.11B). In summer, MLD of LSMFs

had median 13 m and varied in the range 5-35 m. In autumn, MLD of LSMFs median was

8 m and variability was in the range 5-42 m. Deepest MLD was observed in winter LSMF

(Figure 6.10), with median 29 m (Figure 6.11B). Similar to the trend with LSMF depths,

the least variability was observed in winter MLD of LSMFs with variability in the range 25-

33 m. In spring, MLD of LSMFs had median 16 m and varied in the range 5-31 m (Figure 6.11B).

A more symmetric statistical distribution was observed in spring for LSMF depths and MLD

of LSMFs. LSMFs sampled in spring spanned each month of the season (October, November,

December) whereas LSMFs sampled in summer and winter (when LSMFs were only sampled

at the ends of the two seasons). LSMFs sampled in autumn spanned over two months (March,
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Figure 6.11: Notched box and whisker plots of seasonal averages of (A) depth of LSMFs and (B)
MLD of LSMFs. The bottom and top of each box represent the �rst and third quartiles of the
distribution of LSMF depth and MLD for each season respectively. The horizontal line inside
each box is the median (second quartile). Notches display the variability of median between
samples. Lower and upper whiskers represent 10th and 90th percentiles, extending to the most
extreme data points not considered as outliers. Data points outside this range are considered as
outliers and are denoted by black crosses.
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Figure 6.12: (A,C) Buoyancy frequency squared transects for glider surveys in summer. Start
and end of summer LSMFs as sampled by glider denoted by dashed lines. (B,D) Mean of all
pro�les for each summer glider survey (black) and summer LSMF pro�les (blue) of buoyancy fre-
quency squared within each survey, with shaded regions representing standard deviation around
the mean.

May). In general, LSMFs were sampled at the beginning of March when the ocean is warmed

from summer. Observations in autumn were also skewed because increased rainfall during ex-

tropical Cyclones Fehi and Gita at the end of February, pre-conditioning the bays with low

salinity water persisting through March. These conditions skewed autumn observations towards

shallower MLDs, and more outliers in MLD of LSMFs in autumn (Figure 6.11B).

6.4.8 Variability in buoyancy frequency

Strati�cation in summer was generally stronger than other seasons with N2 reaching 10−3 s−2

(Figure 6.12A,C). Both summer glider surveys were conducted at the end of the season, in

February-March of 2015 and 2018 respectively. Summer LSMFs had substantially increased
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Figure 6.13: (A,C) Buoyancy frequency squared transects for glider surveys in autumn. Start
and end of autumn LSMFs as sampled by glider denoted by dashed lines. (B,D) Mean of all
pro�les for each glider survey (black) and autumn LSMF pro�les (blue) of buoyancy frequency
squared within each survey, with shaded regions representing standard deviation around the
mean.

strati�cation at their base in the subsurface (Figure 6.12B,D). Summer LSMFs in 2018 also

comprised a strati�cation peak closer to the surface caused by shallower LSMFs (Figure 6.12D).

Strati�cation in autumn was stronger than in winter and spring, with N2 reaching values

>5x10−4 s−2 (Figure 6.13A,C). Strati�cation observed in autumn 2018 was stronger than in

autumn 2017 (Figure 6.13). This is because glider survey in autumn 2018 was conducted in

early March and overlapped with summer when strati�cation is generally stronger, whereas

glider survey in autumn 2017 was conducted towards the end of the season in May. Double

strati�cation peaks are observed in early March in autumn 2018 (Figure 6.13C). Presence

of LSMFs leads to considerable increase in strati�cation in the subsurface (Figure 6.13B,D)
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Figure 6.14: (A) Buoyancy frequency squared transects for glider surveys in winter. Start and
end of winter LSMF as sampled by glider denoted by dashed lines. (B) Mean of all pro�les
for entire glider survey (black) and LSMF pro�les (blue) of buoyancy frequency squared, with
shaded region representing standard deviation around the mean.

Double strati�cation peaks were also observed in autumn 2018 LSMFs (Figure 6.13D).

Strati�cation in winter was weaker than other seasons in general, and weaker than strati-

�cation in summer by one order of magnitude, with N2<2x10−4 s−2 (Figure 6.14). Although

the glider survey in winter 2017 was conducted towards the end of the season in August,

observations show weak strati�cation and more homogeneous water column throughout the

survey compared to surveys in other seasons. The presence of an LSMF still causes increased

strati�cation in winter (Figure 6.14B) in the subsurface as in other seasons.

Strati�cation in spring (Figure 6.15) was generally on the order 10−4 s−2. Glider surveys

in spring were conducted in September-October 2016, September 2017 and Novembers 2017

and 2018. Weaker strati�cation, with less variability was observed in spring 2016 and early

spring 2017 (Figure 6.15A-D) as opposed to late springs of 2017 and 2018 (Figure 6.15E-J).

This intra-seasonal variability is apparent in spring 2017 when comparing weaker strati�ca-

tion observed in September (Figure 6.15C,D) to stronger strati�cation in November (Figure

6.15E,F). Season progression and presence of LSMFs increase strati�cation in the subsurface

(Figure 6.15B,D,F,H,J).
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Figure 6.15: (A,C,E,G,I) Buoyancy frequency squared transects for glider surveys in spring.
Start and end of spring LSMFs as sampled by glider denoted by dashed lines. (B,D,F,H,J)
Mean of all pro�les for entire glider surveys (black) and LSMF pro�les (blue) of buoyancy
frequency squared, with shaded regions representing standard deviation around the mean.
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Figure 6.16: Lateral buoyancy gradients for each glider survey. Start and end of each LSMF as
sampled by glider denoted by black dots. Grey solid line indicates the depth to which density was
interpolated horizontally across pro�les with missing shallow values, due to the glider diving
pattern.

6.4.9 Submesoscale sensitivity of LSMFs

Submesoscale processes arise in the presence of lateral buoyancy gradients at horizontal scales

of O(1 km) (Mahadevan, 2019). Lateral buoyancy gradients combined with the depth of the

mixed layer contributes to baroclinic instability within the mixed layer (Mahadevan, 2019).
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Table 6.5: Seasonal mean of river �ow for each river discharging into Golden and Tasman Bays
over the period 2015-2018.

Summer river

�ow [m3 s−1]

Autumn river

�ow [m3 s−1]

Winter river

�ow [m3 s−1]

Spring river

�ow [m3 s−1]

Aorere 59.44 69.24 87.72 63.63

Takaka 29.17 32.71 45.31 27.26

Motueka 51.73 62.44 88.69 64.05

Waimea 20.93 21.46 27.09 17.35

Wairoa 18.74 17.82 21.05 14.27

Summer lateral buoyancy gradients were generally stronger than in other seasons (Figure

6.16B,G), while winter gradients were generally weakest. Summer and autumn LSMFs had

strongest lateral buoyancy gradients with mean M2 on the order of 10−6 s−2 at the fronts at

edges of LSMFs (Figure 6.16B,D,G). Spring LSMFs were observed with mean M2 on the order

of 10−7 s−2 at the fronts (Figure 6.16C,E,F,H,I). The winter LSMF had the weakest lateral

buoyancy at its fronts (mean M2 on the order of 10−8 s−2) compared to other LSMFs. However,

the gradients were relatively still distinctive (Figure 6.16E).

The percentage of pro�les that meet the criterion for submesoscale �ows, i.e. quali�ed for

Rib≤1 as calculated from equation 6.4, were 26.0% in summer, 18.8% in autumn, 11.9% in winter

and 17.6% in spring. Submesoscale sensitivity was highest in summer and lowest in winter. In

spring and autumn, submesoscale sensitivity were almost similar. Our results suggest that

summer is potentially more favourable for mixed layer instability development in this shelf sea.

Generally, in open oceans, submesoscale motions are often weakened in summer when MLDs

are shallow, yet we detected LSMFs every season, with a higher percentage in summer. This is

because GCS is a shallow shelf region persistently impacted by tidal straining, strong winds,

residual tidal currents, upwelling and diurnal cooling. Moreover, recent study by Somavilla et al.

(2017) has shown that surface warming is not de�nitively linked to a more strati�ed ocean with

shallower mixed layers.
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Figure 6.17: (A,B,E,F,I,J,M) Time series of wind stress over land (red), Golden and Tasman
Bays (yellow) and Greater Cook Strait (blue) for the length of each glider surveys 4, 6, 9,
11, 12, 15, 18 and 19 respectively. (C,D,G,H,K,L,N) River �ow timeseries of Aorere (blue),
Takaka (grey), Motueka (orange), Waimea (purple) and Wairoa (green) Rivers over the period
of each glider survey. (C,D,G,H,K,L,N) Glider salinity timeseries at 8 m for each glider survey
respectively (black line). (C,D,G,H,K,L,N) Dots on the time-axis scale indicate dates on which
LSMFs were sampled by glider; blue dots for LSMFs sampled inside Golden and Tasman bays
and black dots for LSMFs sampled outside the bays.
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6.4.10 River discharge variability

Aorere and Motueka Rivers had the highest river discharges into the bays compared to Takaka,

Waimea and Wairoa Rivers (Figure 6.4 and Table 6.5). In 2015 and 2016, Aorere River had the

highest contribution in river discharge into the bays with annual-mean river �ows of 60.0 m3

s−1 and 83.9 m3 s−1 respectively. In 2017 and 2018, Motueka River had the highest contribution

with annual-mean river �ows of 68.6 m3 s−1 and 70.3 m3 s−1 respectively. Seasonally, river

discharge was highest in winter compared to other seasons for all �ve rivers (Table 6.5). The

two larger rivers Aorere and Motueka had the lowest discharge in summer, while the other

three Takaka, Waimea and Wairoa had the lowest discharge in spring (Table 6.5).

Most LSMFs were sampled by gliders after increased river �ows (Figure 6.4), with the

exception of four LSMFs. The lag between river discharge events and measured LSMFs o�shore

was found to vary between 2 and 27 days (Figure 6.17). The four exceptions were LSMF 1

on February 5, 2016 (Figure 6.4B), LSMF 10 October 30-31, 2017 (Figure 6.4C), LSMF 13

on November 26-29, 2017 (Figure 6.4C) and LSMF 23 on October 23-24, 2018 (Figure 6.4D).

Out of these four exceptions, LSMF 23 was more saline than most other LSMFs, while LSMFs

10 and 13 were sampled in Golden and Tasman bays. This suggests that some of the detected

LSMFs could be a result of long residence times as opposed to a direct initiation from increased

river �ows.

In Greater Cook Strait, when river �ow is strong enough and northwards wind strength

is weak, the lag between river �ow and measured LSMF o�shore is largest (∼2-3 weeks, e.g.

Figure 6.17B,D). As long as river �ow exceeds 600 m3 s−1, LSMFs do not require external

drivers to be advected o�shore. When both river �ow and wind strength are strong, wind

enhances o�shore advection of LSMFs, with relatively smaller lags between river �ow and

measured LSMFs (e.g. Figure 6.17A,C). In this scenario, river �ow can be <600 m3 s−1 (such

as Figure 6.17E,G). In the presence of cyclones, increased wind strength and increased precip-

itation leads to large quantities of buoyant river water being advected o�shore much faster.

Smaller lags between river �ow and o�shore LSMFs occur after extreme events (Figure 6.17J,L).

More LSMFs and generally less saline waters in the bays were observed in February-March

2018 (SI:15, Figure 6.5G). Summer 2017-18 was much warmer (Figure 6.4D) than other summers

over the period 2015-2018. This was the last time there was a La Niña event (2017-18) as

reported by Monthly Climate Summary (2018). It also came with a marine heatwave and three

ex-tropical cyclones near the New Zealand coastlines (Monthly Climate Summary, 2018). As a
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result, February 2018 was a particularly wet month across parts of New Zealand, with above

normal temperatures. The impact of ex-Tropical Cyclones Fehi and Gita on February 1 and 20,

2018 respectively led to above normal (120-149% of normal) or well above normal (>149% of

normal) rainfall across parts of New Zealand during that month (Monthly Climate Summary,

2018). Rainfall totals near Golden and Tasman Bays were 300 to 400% of the monthly normal

(Monthly Climate Summary, 2018). After ex-Tropical Cyclone Fehi during the �rst week of

February 2018, Aorere River had the highest river �ow, followed by Takaka River. Both Aorere

and Takaka Rivers discharge into Golden Bay. After ex-Tropical Cyclone Gita, Motueka River

which discharges in Tasman Bay had the highest river discharge, followed by Aorere and Takaka.

Most of the rain from this cyclone fell in an 18-hour window on February 20, 2018. This explains

the numerous LSMFs observed by the glider in Tasman Bay ∼10 days later during survey 15.

6.5 Discussion

LSMFs are ubiquitous throughout the year (Jhugroo et al., 2020). However, their localised

impact on regional baroclinic processes and strati�cation varies seasonally and intra-seasonally.

Seasonal and intra-seasonal variability depends on weather conditions including extreme events,

river discharge variability, strength of external forces such as winds and currents and seasonal

temperature variability.

6.5.1 E�ects of river discharge variability

The lag between river discharge events and measured LSMFs o�shore was found to vary be-

tween 2 and 27 days (Figure 6.17). This lag was dependent on other factors such as amount of

river �ow, wind strength, residual tidal �ow and presence of extreme events such as cyclones or

marine heatwaves. These factors in turn, may or may not be impacted by seasonal �uctuations.

February is usually the warmest and driest month of the year in New Zealand, while July the

coldest and wettest (Monthly Climate Summary, 2018). As a result, river discharge tends to be

higher during winter and lower in summer. This is common in temperate regions (Lancelot and

Muylaert, 2011). Jhugroo et al. (2020) reported that LSMFs are advected out of the coastal

bays by a combination of river water saturation in the bays, residual northward tidal �ows,

and strong northwards wind in the bays. Wind can enhance advection of LSMFs for 38 % of

the time in spring (Chapter 5). The time lag range of 2-27 days also gives an indication of the

nutrient cycling timescale in LSMFs as they leave the river mouths. This in turn, has important

consequences in the context of riverine nutrient supplies to coastal and oceanic waters (Justi¢
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et al., 1993).

Previous studies have shown that many small mountainous rivers are a�ected by periodic

to aperiodic intense precipitation events such as monsoonal activity, La Niña and El Niño

phases of the El Niño-Southern Oscillation (ENSO), tectonic activity and tropical cyclonic

activity (Goldsmith et al., 2008). The presence of extreme events resulting in cyclones, in-

creased rainfall and thus, river discharge, led to more frequent and fresher LSMFs in Greater

Cook Strait (Figure 6.5G). Summer season is when LSMFs would theoretically be less frequent

because of less rain (Monthly Climate Summary, 2018) and lower river discharge (Table 6.5).

The amount of discharge in each bay also varies depending on which river has the highest

discharge. After ex-Tropical Cyclone Fehi during the �rst week of February 2018, Golden Bay

was more impacted than Tasman Bay due to high discharges from Aorere and Takaka Rivers.

After ex-Tropical Cyclone Gita, both bays were impacted as high discharges were measured

from Motueka, Aorere and Takaka Rivers. Throughout the year, Aorere and Motueka Rivers

have the highest discharges into the bays (Figure 6.4 and Table 6.5). However, this study

found that Takaka River is more responsive to extreme events, with its discharge comparable

to Aoerere and Motueka after the 2018 cyclones. Examples of other small mountainous rivers

vulnerable to extreme events include Taiwan rivers (Goldsmith et al., 2008; Kao et al., 2011)

and Galabre River in the Rhône River catchment (Navratil et al., 2011).

A distinctive characteristic of small mountainous rivers is that the movement of water

and associated constituents from land to the coastal ocean is event-dominated and occurs on

time scales of hours to days (Wheatcroft et al., 1997, 2010). Therefore, discharge peaks often

coincide with speci�c coastal oceanic conditions, such as elevated wave energy or winds from

a certain direction (Harris et al., 2005). This study showed that when river �ow is strong

enough and northwards wind strength is weak, the lag between river �ow and measured LSMF

o�shore is largest (Figure 6.17). A minimum threshold of 600 m3 s−1 is required for LSMFs to

advect o�shore without external drivers. Wind enhances o�shore advection of LSMFs, reducing

the lag between river �ow and measured LSMFs. Presence of cyclones lead to increased wind

strength and increased precipitation which causes large quantities of buoyant river water being

advected o�shore much faster (Figure 6.17J,L). However, while this study provided evidence

of the range of time lags, the analysis could not be extended beyond this conclusion. This

is because it was not possible to know which speci�c peak in river �ow resulted in LSMFs

o�shore. The resulting LSMFs could be originating from a combined accumulation of river

discharge events in the bays. Glider timeseries spanning only 4-6 weeks at a time also made it
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di�cult to conduct statistical analyses with longer continuous wind and river �ow timeseries.

LSMFs were detected in four main locations: 1) Farewell Spit, 2) directly north of the bays

in Greater Cook Strait, 3) Stephens Island (eastern side of Greater Cook Strait) and 4) the

coastal bays (Figure 6.1c). Potential mechanisms responsible for this geographical spread are

1) presence and strength of residual northward tidal �ow Chiswell et al. (2019), 2) amount of

river �ow and which river has the biggest contribution (Aorere and Motueka have the biggest

contributions in Golden Bay and Tasman Bay respectively; Figure 6.4), 3) wind strength and

direction (Chiswell et al., 2019; Jhugroo et al., 2020) and 4) presence and strength of the

coastal d'Urville Current (Jhugroo et al., 2020).

6.5.2 Seasonal and intra-seasonal variability of LSMFs

Spring, summer and autumn LSMFs were statistically well sampled. During these three seasons,

LSMFs were generally 1-2◦C warmer than the seasonal mean (Figure 6.7A,F,K,P). Fresher and

warmer LSMFs were more evident in summer and autumn. SST could potentially be used as

an indicator for LSMFs in these seasons. However, due to the spatial structure and ephemeral

nature of LSMFs, they are often unresolved in composite satellite products as variability is

smoothed out or simply not observed (Figure 6.4). Satellite products are also impacted by

cloud cover. Moreover, it has to be noted that the summer and autumn LSMFs in this study are

skewed by the increased occurrence of LSMFs during February 2018 and March 2018. Summer

2017-2018 was much warmer than summer 2015-16 and 2016-17 as that was the last time

there was a La Niña event (Monthly Climate Summary, 2018). The event also coincided with a

marine heatwave and three ex-tropical cyclones near New Zealand coastlines (Monthly Climate

Summary, 2018) with subsequent increases in vertical temperature and salinity gradients.

Few studies have observed the annual and seasonal variability of the MLD and their im-

plications for primary productivity from hydrographic pro�les (e.g. Kara et al. (2003); Condie

and Dunn (2006); d'Ortenzio et al. (2005); Guo et al. (2017)). In this study, the seasonality in

vertical structure of eddies at the submesoscale were investigated. Generally, MLD of LSMFs

and LSMF depths do not always coincide. MLD was calculated from density, which is also

temperature dependent, whereas LSMF depth solely depends on salinity gradients. In winter

there is less temperature variability (Figure 6.7K), and as a result, LSMF depths and MLD of

LSMFs were more comparable (Figure 6.11). However, this does not hold true for summer and
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early autumn when temperature contributions to density are higher.

One winter LSMF was sampled for this study. Although the undersampling of winter has

implications on the interpretation of our results when characterising the seasonality of LSMFs,

it still provides valuable information on a winter LSMF for the �rst time. The winter LSMF

had no temperature signal and it had a deeper LSMF depth and MLD (Figure 6.10C). MLD of

LSMF and LSMF depth in winter were ∼20 m deeper than in summer. It was also characterised

by an increase in chl-a compared to ambient waters. In comparison to other seasons, weaker

vertical and horizontal gradients were observed in this winter glider survey. The winter survey

revealed how the presence of an LSMF can considerably alter the ambient strati�cation and

stabilise the water column during a period of pre-existing weak gradients. This can sustain

primary production during a period when MLD is deepest and frequency of extreme upwelling

is low (Chiswell et al., 2016). Seasonality in river �ow from small mountainous rivers have been

investigated in previous studies by Oosterbaan (1994) and Goñi et al. (2013) who reported

higher discharges in winter. Similar observation was made in Greater Cook Strait where river

�ow was higher in winter (Figure 6.4 and Table 6.5). Higher freshwater �ow could lead to

increased occurrence of, but possibly shorter-lived, LSMFs in winter. Glider surveys toward the

end of autumn and at the beginning of spring already favour these characteristics for winter

LSMFs. Additional glider surveys in winter would however, enable us to address such questions

more robustly.

6.5.3 E�ects of LSMFs on strati�cation

The e�ects of stratifying, de-stratifying and re-stratifying events from mesoscale eddies on

modulating the MLD have been explored in earlier studies such as Stevens et al. (2011);

Bachman et al. (2017) Gaube et al. (2019). Vertical extent of mixing depends on strati�cation,

but also on wind-driven divergence and buoyancy losses. These can compensate for and outpace

the e�ects of ocean warming and increasing strati�cation on MLD (Somavilla et al., 2017).

LSMFs create strong lateral and vertical gradients in salinity in Greater Cook Strait, which

in turn impact strati�cation over the shelf (Jhugroo et al., 2020). LSMF-induced strati�cation

and its erosion, including their strength, timing, and relative contributions of salinity and

temperature were found to be variable over di�erent seasons. In summer and beginning of

autumn, there is much stronger strati�cation compared to winter (Figures 6.12, 6.13 and 6.14).

As the ocean warms closer to summer, this trend in strati�cation stands out from this study.

However, glider surveys spanning various months during a season (at the beginning, end or in
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the middle of a season) revealed that intra-seasonal strati�cation variability is also apparent

amongst LSMFs. For example strati�cation is weaker at the beginning of spring in September

compared to end of spring in November (Figure 6.15C,E). Similarly, strati�cation is weaker at

the end of autumn in May than beginning of autumn in March (Figure 6.13A,C).

In summer, generally the upper ocean is already very stable due to warmer temperatures

that create strong vertical gradients in the vertical (Somavilla et al., 2017). The strong gradi-

ents are further ampli�ed during marine heatwaves. Regularly, during warmer months, double

strati�cation maxima were observed (e.g. Figures 6.12C,D and 6.15E,F). In these instances,

one strati�cation maximum was observed near-surface and another one in the subsurface.

These were caused by the near-surface temperature strati�ed layer and subsurface salinity

strati�ed layer respectively. The addition of freshwater from LSMFs makes the upper ocean

even more buoyant and stable, and harder to mix and destabilise. Stronger drivers are required

to destabilise and mix the water column.

6.5.4 Subsurface biological variability

A layer of high chl-a was observed in the subsurface below the near-surface strati�cation

maximum and the shallow MLD under warmer ocean conditions (summer, beginning of Au-

tumn). During warmer months, water masses in this shallow shelf sea warm faster creating a

temperature strati�ed layer near the surface. MLD follows the near-surface strati�cation peak

as it is calculated from density. The subsurface chl-a maximum layer was observed closer to

the salinity strati�ed layer at the base of LSMFs.

Subsurface chl-a maxima development often occur in strati�ed waters. Better understand-

ing of subsurface chl-a maxima dynamics and their controls in shelf sea ecosystems is needed.

Moreover, these regions are highly signi�cant for global biogeochemical cycling and trophic

dynamics (Barnett et al., 2019). Subsurface chl-a maxima were observed in February-March

2018 LSMFs (e.g. Figure 6.10A) and October-November 2017 LSMFs (e.g. Figure 6.10D).

This indicates that subsurface chl-a maximum is likely to be a spring-summer characteristic of

LSMFs, when temperature gradients increase strati�cation near the surface while salinity gra-

dients increase strati�cation in the subsurface (Figure 6.10). Moreover, LSMFs are potentially

sampled at di�erent stages of their evolution in each glider survey. Since LSMFs start o� near

the coastline and are advected well o�shore by the time they are sampled, a subsurface chl-a

maximum is an expected characteristic of such strati�ed system. This is due to likely evolution
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of the surface layer nutrient environment over time. This �nding emphasises the role of LSMFs

on strati�cation and the biological response in austral spring and summer, highlighting the

power of ocean gliders in capturing vertical structures. Motivated by this �nding, two further

glider surveys were conducted for a process-focused austral spring bloom experiment in 2018

which is investigated in Chapter 7. Observations of subsurface chl-a maxima are particularly

important as phytoplankton blooms are usually analysed either in terms of changes in surface

or in depth-integrated chl-a, ignoring potential changes in vertical structure (Chiswell et al.,

2015b).

6.6 Conclusions

� Localised variability captured by glider during presence of LSMFs was not seen in satellite

SST and SSC. Glider data are single point measurements whereas satellite data used in

this study are along-track averages computed from multi-day composites.

� Low salinity submesoscale features are persistent throughout all seasons and have a con-

sistent salinity characteristic of ≤34.75 psu. A link to increased river �ow and increase in

chl-a was also apparent for most LSMFs. However, seasonal and intra-seasonal variability

in temperature, chl-a (in the surface versus subsurface) and strati�cation exist amongst

LSMFs.

� Subsurface chl-a maxima are mostly a characteristic of summer and spring LSMFs when

temperature contributes to vertical gradients too.

� Summer is more submesoscale sensitive and favourable for mixed layer instability devel-

opment in this shelf sea.

� An initiation threshold of 600 m3 s−1 has been identi�ed as a requirement for occurrence

of LSMFs. When river �ow is lower than this threshold, external drivers such as strong

winds are required to advect LSMFs o�shore.

� Extreme events (cyclones) lead to more river discharge and precondition the bays for

increased occurrence of LSMFs.



Conclusions 131

Acknowledgments

NASA Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean Biology

Processing Group. Moderate-resolution Imaging Spectroradiometer (MODIS) Aqua

Chlorophyll Data; 2018 Reprocessing. NASA OB.DAAC, Greenbelt, MD, USA. doi:

data/10.5067/AQUA/MODIS/L3M/CHL/2018. Accessed on 23/10/2020

IMOS [2015-2018], [IMOS - SRS - SST - L3S - Single Sensor - 3 day - day and night time -

Australia], [https://portal.aodn.org.au/search], [22/01/2019].





Chapter 7

Challenging the paradigm of

upwelling-associated primary production

in a shelf sea

Key points

� Low salinity submesoscale features have distinctive salinity signals (∆S∼0.45 psu). Up-

welling has distinctive temperature signals (≤14◦C).

� Chlorophyll-a response of low salinity submesoscale feature is threefold higher than in

adjacent active upwelling plume.

� The impact of low salinity submesoscale features on strati�cation can persist for approxi-

mately one week after their occurrence and may have implications for growth and sinking

of phytoplankton in the strati�ed water column.

� Persistence of chlorophyll-a maximum in the subsurface after the decay of low salinity

submesoscale feature and post-upwelling is potentially due to a combination of biological

and physical mechanisms.

133



134 Challenging the paradigm of upwelling-associated primary production

Chapter summary

The role of LSMFs on strati�cation and biological response in austral spring were shown in

previous chapters. This motivated the present chapter, for which two further glider surveys

were conducted for a process-focused austral spring bloom experiment in 2018. In addition to

LSMFs, an upwelling plume was also observed. The physical characteristics of LSMFs and active

upwelling were evaluated during that concomitant period. Furthermore, the biological responses

of the two processes - low salinity submesoscale feature and upwelling plume - were compared in

Greater Cook Strait. The paradigm of upwelling-associated primary production was challenged

in a shelf sea by investigating if the low salinity submesoscale feature can be more productive

than upwelled water. Lastly, potential frontal instabilities that develop when the two processes

interact and the fate of the shelf system after the decay of the processes were evaluated.

7.1 Introduction

Coastal upwelling is traditionally associated with enhanced primary production (Chen et al.,

2004; Hutchings et al., 2009; Gutiérrez et al., 2011; Chiswell et al., 2016; Chiswell and

O'Callaghan, 2021; Calil et al., 2021). Upwelling conditions bring cold, nutrient-rich waters

to the surface, resulting in rich ecosystems (Carr and Kearns, 2003; Hutchings et al., 2009).

Riverine input, tidal mixing and internal waves are also examples of processes that contribute

to the resupply of nutrients to otherwise depleted surface layers in shelf seas (Holt et al.,

2008; Mahadevan, 2014). In this study, the chlorophyll-a response of river-induced low salinity

submesoscale features (LSMFs) advecting o�shore adjacent to an upwelling plume during a

period of active upwelling was investigated.

Generally, for upwelling to occur strong wind stresses are necessary at the air-sea interface

(Carr and Kearns, 2003). Typical time scales of upwelling range from a few days to weeks.

Upwelling itself is a mesoscale process and occurs in a narrow band adjacent to the coast,

although it is dependent on the large-scale circulation patterns of ocean and atmosphere (Carr

and Kearns, 2003). The width of upwelling systems is scaled by the internal Rossby radius,

which for the New Zealand region is about 20�30 km. The Kahurangi Shoals of New Zealand

are an example of an upwelling favourable coast that host cool water plumes resulting in

enhanced primary production (Chiswell et al., 2016). Similar to the other four major coastal

upwelling systems in the world ocean, upwelling o� Kahurangi shoals also occurs all year

round. Distinctive surface temperature signatures (of 14◦C) and increased levels of surface
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chlorophyll-a in the Kahurangi upwelling system have been observed, particularly in summer.

Chiswell et al. (2016) noted that in spring, elevated levels of chlorophyll-a were observed on

the southern side of the upwelling plume. This upwelling system is distinctive because the

upwelled plume is carried by the wind-modulated barotropic d'Urville Current into Greater

Cook Strait (Stanton, 1971) where there is no coastline to continue to support the upwelling.

The Kahurangi upwelling system is wind-driven in the weather band, and the upwelled water

mixes and slumps after being advected into Greater Cook Strait (Chiswell et al., 2016). The

latter study highlighted the need for further analysis on the physics and biogeochemistry in

Greater Cook Strait to better understand the contribution of upwelling to Greater Cook Strait,

including the Golden and Tasman Bays.

Submesoscale processes transfer energy from meso- to micro-scales in the ocean. They drive

turbulence and mixing in shallow coastal waters which encourage rapid biological responses,

and yet are poorly understood and parameterised (Moum et al., 2008). A range of submesoscale

processes that may be active in the ocean mixed layer include baroclinic instability, symmetric

instability, lateral shear instability, and frontogenesis (Thomas and Lee, 2005; Boccaletti et al.,

2007; Capet et al., 2008; Fox-Kemper et al., 2008; Taylor and Ferrari, 2009; D'Asaro et al.,

2011; Callies et al., 2015; Haney et al., 2015). Submesoscale processes are particularly relevant

to phytoplankton productivity because the timescales over which they occur are similar to

those of phytoplankton growth (Mahadevan, 2016). Their dynamics are associated with strong

vorticity and strain rates (on a lateral scale of 0.1-10 km), and can support vertical velocities

as large as 100 m day−1 (Mahadevan, 2016). As a result, they can play a crucial role in the

transport of nutrients to the euphotic zone (Mahadevan, 2016; Swart et al., 2015).

In shelf seas that are in�uenced in varying quantities by rain, freshwater run-o�, ice melt

and brine rejection from sea ice, salinity variations can be the leading control on near-surface

density gradients (Timmermans and Winsor, 2013; Barkan et al., 2017; Jaeger and Mahade-

van, 2018). Greater Cook Strait is a shallow continental shelf between the North and South

Islands of New Zealand impacted by salinity variations due to river-induced LSMFs. LSMFs

are buoyant features that may propagate as submesoscale river plumes or as plumes that

detached from their source location under the condition of instability (Jhugroo et al., 2020).

Riverine waters connect terrestrial and oceanic environments (Milliman and Farnsworth, 2013).

LSMFs are characterised by strong horizontal and vertical salinity di�erences of ∆S∼0.45 psu

that de�ne density fronts and strati�cation in the upper ∼30 m. LSMFs cause stable strat-

i�cation which inhibits vertical mixing of nutrients and phytoplankton, leading to enhanced
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chlorophyll �uorescence, which is used as an indicator of phytoplankton biomass arising from

primary production. These buoyant LSMFs typically last for hours to days before they are

entrained. Jhugroo et al. (2020) has reported the persistent occurrence of LSMFs and their

salinity signature in Greater Cook Strait throughout the seasons. Their o�shore advection and

short lived nature locally or in far-�eld were modulated by the strength of the d'Urville Current.

Here, the coexistence of an upwelled plume and an LSMF in Greater Cook Strait was

investigated. High spatial and temporal resolution hydrographic and biogeochemical vertical

pro�les during an active period of the Kahurangi upwelling system were analysed for the �rst

time. The reason why higher concentration of chlorophyll-a persist on the southern side of

the upwelling plume in spring as previously noted by Chiswell et al. (2016) was examined.

Chlorophyll �uorescence is shown to be higher in river-induced LSMFs than in the adjacent

Kahurangi upwelling plume in Greater Cook Strait. A case study is utilised to investigate the

ability of high temporal and spatial resolution data from a two-gliders austral spring experiment

and satellite observations to 1) detect and characterise these two features (upwelling plume and

LSMF) 2) quantify the di�erence in chlorophyll-a response between the two features and 3)

investigate the fate of the shelf system after the decay of upwelling and LSMFs.

7.2 Regional setting

Greater Cook Strait is the shelf sea region between the North and South Islands of New Zealand

(Figure 7.1). The western side is wide and large, comprising of Golden Bay, Tasman Bay and

the South Taranaki Bight making up the Greater Cook Strait (170 km wide), leading through

the Narrows on the eastern side (23 km wide) (Figure 7.1). Greater Cook Strait is dominated

by the response to a wind-forced �ux (Cahill et al., 1991; Walters et al., 2010) through a large

tidally-dominated, fast-�owing and weakly strati�ed strait (Stevens, 2014, 2018).

Greater Cook Strait is also in�uenced by freshwater inputs from numerous small to medium

rivers (Sutton and Had�eld, 1997; Cornelisen et al., 2011). In Golden and Tasman Bays

speci�cally, density is controlled by freshwater inputs and temperature gradients, caused by

river discharges. Each bay has contributions from two main rivers: the Aorere and Takaka

rivers into Golden Bay and the Motueka and Waimea/Wairoa rivers into Tasman Bay (Figure

7.1). Recently Chiswell et al. (2019) con�rmed that the mean velocity in Golden and Tasman

Bays is weak and the circulation is dominated by wind and tidal �ows. Mean near-surface ve-
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Figure 7.1: Map of Greater Cook Strait showing general circulation of the region (WC: Westland
Current and DUC: d'Urville Current), locations of GB: Golden Bay, TB: Tasman Bay, KUC:
Kahurangi upwelling cell (striped region), FS: Farewell Spit, CSN: Cook Strait Narrows, SI:
Stephen Island and glider tracks (line colour indicating location of the glider on corresponding
dates). Numbers 1 to 4 indicate locations of river mouths of Arorere River, Takaka River,
Motueka River and Waimea/Wairoa River, respectively. the small dashed square is the con�ned
survey box for LSMF sampling. The big dashed square is the region over which wind analysis
was performed for this study. Brown letters A to G and blue letters A to E are placed for spatial
reference of the moving platform for Figure 7.8.
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locity direction is generally out of each bay and is balanced by an inward estuarine �ow at depth.

O�shore advection and lifetime of river-induced LSMFs in Greater Cook Strait are mod-

ulated by the strength of the d'Urville Current (Jhugroo et al., 2020). The d'Urville Current

dominates subtidal transport in Greater Cook Strait (Chiswell et al., 2015a; Stevens et al.,

2019). The current is primarily fed by the northward �owing Westland Current, and �uctuates

in strength and frequency. This is due to weather-band variations in wind stress (5-20 day

periods) from south-westerly and westerly winds (Shirtcli�e et al., 1990; Stanton, 1976), and

associated coastal-trapped waves (Cahill et al., 1991). With north-westerly winds, the Westland

Current may reverse and �ow southwards along the West Coast. Consequently, the strength

and direction of the d'Urville Current in Greater Cook Strait may change with wind direction

(Chiswell and Stevens, 2010).

O�shore Ekman transport generated by south-westerly winds also creates episodic upwelling

of deep saline water along the west coast (Heath and Gilmour, 1987; Harris, 1990; Shirtcli�e

et al., 1990; Chiswell et al., 2016). Deep cold saline water is entrained into the Westland Current,

forming the northward �owing Kahurangi plume and advected into Cook Strait by the d'Urville

Current (Heath and Gilmour, 1987; Harris, 1990; Shirtcli�e et al., 1990). The dynamics of

this Ekman-generated upwelling system has been documented by Chiswell et al. (2016) using

satellite observations of surface temperature and chlorophyll-a.

7.3 Data and methods

7.3.1 Glider surveys in Greater Cook Strait

Two Teledyne Webb Research Slocum G2 gliders were used in this study. The two gliders, Man-

aia and Betty, were equipped with Seabird CTD sensor, Aanderaa Oxygen Optode andWet Labs

Environmental Characterization Optics (ECO) puck. Hydrographic (temperature and salinity)

and biogeochemical (turbidity, oxygen, chlorophyll-a �uorescence, backscatter, chromophoric

dissolved organic matter) pro�les were continuously registered for six weeks. Temperature, con-

ductivity, and pressure data were sampled at 0.5 Hz, and subsequently processed to remove

spikes. The SOCIB glider toolbox (https://github.com/socib/glider_toolbox) was used

for glider data processing. This procedure includes metadata aggregation, raw data download,

data processing, data correction, quality control and gridding glider observations. The SOCIB

toolbox can be used for real-time or delayed mode to process data from Slocum gliders (Troupin

https://github.com/socib/glider_toolbox
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Table 7.1: Survey index, event ID, sampling dates and number of pro�les during each event
crossing (upwelling and LSMFs). Note that the same upwelling plume was sampled thrice while
the LSMFs were two independent events.

Event
Glider

Survey Index
Event ID Dates [2018]

Number of

pro�les

Upwelling 1 SI 18 (Manaia) UW18[C1] October 30 - 31 163

Upwelling 2 SI 19 (Betty) UW19[C2] November 3 - 4 115

Upwelling 3 SI 18 (Manaia) UW18[C3] November 10 - 12 255

LSMF 1 SI 18 (Manaia) LSMF18 November 3 - 4 371

LSMF 2 SI 19 (Betty) LSMF19 November 7 - 9 309

et al., 2015). Glider data processing procedures also include salinity lag correction for the ther-

mal lag error for the un-pumped CTD unit, which is standard on Slocum gliders (Garau et al.,

2011; Pascual, 2010). Final pro�les were averaged in the vertical every 1 m. Vertical velocities

of the vehicle were ∼0.3 m.s−1. On average, each dive cycle took two hours, covering a horizon-

tal distance of ∼2.5 km. This resulted in an along-track temporal resolution of ∼20 mins and

horizontal resolution of ∼0.4 km between each water column pro�le.

7.3.1.1 Two-gliders spring experiment in Greater Cook Strait

LSMFs had been persistently observed throughout all seasons from previous glider surveys in

Greater Cook Strait (Jhugroo et al., 2020) between November 2015 and March 2018. Gliders

not only sample at the right scales, but in situ sampling design can be modi�ed to science

questions. In austral spring 2018, two further glider surveys (SI 18 and 19) were conducted for a

process-focused spring bloom experiment. This comprised a concurrent two-gliders experiment

to track and sample an LSMF and capture an active upwelling plume in Greater Cook Strait

(Table 7.1). The experiment lasted 42 days, starting October 18, 2018 and ending November

28, 2018. A total of 12,423 pro�les were obtained from both gliders during the experiment.

Glider Betty was used as a `virtual mooring' (SI 19) in a con�ned survey box spanning

40◦40S, 173◦25E to 40◦12S, 173◦80E (small dashed box on Figure 7.1). This box was a priori

identi�ed as an LSMF `hotspot' (Jhugroo et al., 2020). The `virtual mooring' mode of sampling

provided an observational record with 5430 pro�les of the vertical structure of the water column
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in a con�ned subset of the shelf sea.

Glider Manaia initially sampled the established transect line (SI 18) from previous glider

surveys by Jhugroo et al. (2020). During the 2018 experiment, the glider transversed from east

to west and back. Upon completion of the established transect line in the �rst two weeks of the

experiment, glider Manaia was piloted into the survey box to concurrently sample the same

water mass as glider Betty. Glider Manaia sampled 6059 pro�les in total, out of which 3860

pro�les were in the survey box. Both gliders were deployed and recovered from Tasman Bay.

Glider Betty and Manaia's tracks for the entire survey are shown in Figure 7.1.

Squared wavelet coherence was applied between the two glider surveys for density and

chlorophyll-a to identify the period when both gliders were sampling the same water mass in

the survey box. The wavelet transform analysis was performed following the method described

by Grinsted et al. (2004) and the wavelet transform coherence software is available at http:

//www.pol.ac.uk/home/research/waveletcoherence/. The choice of Morlet wavelet, which

is appropriate when using wavelets for feature extraction purposes, was also followed, because

it is reasonably localised in both time and frequency. This analysis enabled the calculation of

common variability between the two gliders and the relative phase in time-frequency space and

was considered valid over a con�dence of level 95%.

7.3.1.2 Glider survey 12 in Greater Cook Strait

Glider survey 12 was conducted in 2017 and was a part of established transect line (Jhugroo

et al., 2020; O'Callaghan and Elliott, 2020). Glider Manaia's track spanned 40◦89S, 173◦73E to

39◦91S, 171◦90E during survey 12 (Figure 7.2). During the survey, the glider transversed from

east to west and back to its deployment location. Glider Manaia was deployed and recovered

from Tasman Bay for survey 12.

LSMF observed during SI 12 on November 4-5, 2017 was investigated and described in

Jhugroo et al. (2020). Therefore, detailed analysis of LSMFs from SI 12 are not provided in

this study. SI 12 was another spring glider survey during which upwelling and LSMF were

present at the same time within the 4 years period 2015-2018 (Figure 7.7). However, while a

combination of SST and glider observations enabled the identi�cation of active upwelling and

presence of LSMF in the �rst week of November 2017 (Figure 7.7 and 7.9), the glider was not

tasked for process focused sampling during that survey. As a result, the glider was not in the

ideal locations for sampling these two processes during the survey. The inclusion of SI 12 in

http://www.pol.ac.uk/home/research/waveletcoherence/
http://www.pol.ac.uk/home/research/waveletcoherence/
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Figure 7.2: Map of Greater Cook Strait showing glider Manaia's track during survey 12. Line
colour indicates location of glider on corresponding dates. Letters A to F are placed for spatial
reference of the moving platform for Figure 7.9.

this study is therefore, solely for comparison and to provide con�dence that the coexistence of

these two phenomena in spring is not a one time occurrence. Throughout the study, the focus

is maintained on upwelling and LSMFs observed from glider surveys 18 and 19 conducted in

October-November 2018, and at times reference is made to survey 12 only for comparison.

7.3.2 Satellite observations

Satellite sea surface temperature (SST) and chlorophyll-a concentration (hereafter referred

to as chl-a) data were obtained from MODIS-Aqua (or Moderate Resolution Imaging Spec-

troradiometer): IMOS 2018, IMOS-SRS-MODIS-01 day-Ocean Colour-SST and IMOS-SRS-

MODIS-01 day-Chlorophyll-a concentration (OC3 model), https://portal.aodn.org.au/,

accessed on March 13, 2020. Level 2, daily, 0.01 deg grid resolution data within the period

https://portal.aodn.org.au/
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of gliders deployment (October 18, 2018 to November 28, 2018) as well as on November 6

and 10, 2017 (for SI 12 upwelling case analysis) were extracted for Greater Cook Strait region

(171.75 to 176◦E and -42 to -38.75◦S) from the Australia-New Zealand mosaic. The data uses

the OC3 retrieval algorithm method for estimating chl-a recommended by the NASA Ocean

Biology Processing Group and implemented in the SeaDAS processing software l2gen. The

OC3 algorithm is described at http://oceancolor.gsfc.nasa.gov/cms/atbd/chlor_a (and

links therein).

The MODIS sensor observes sunlight re�ected from within the ocean surface skin layer

at multiple wavelengths. These multi-spectral measurements are used to infer chl-a, most

typically due to phytoplankton, present in the water. MODIS SST was chosen over other SST

products because it is measured at the same time as the water leaving radiances used to derive

the optical properties (chl-a in this study). The SST product is therefore contemporaneous,

and has a matching cloud mask. This makes the product suitable for applications that seek

to combine both SST and optical properties. The SST product matches the chl-a product in

temporal and spatial extent.

Sea surface temperature (SST) and chl-a (SSC) from glider SI 19 and satellite products

were compared for the period glider Betty spent in the survey box (as shown on Figure7.1).

Glider Betty (SI 19) sampled the same region repeatedly as it stayed in a con�ned survey

box for 37 days out of 42 during the spring experiment. On days for which satellite data was

available, mean daily SST and SSC were extracted over an averaged location of the glider on the

corresponding dates. These SST and SSC values were then linearly interpolated to reconstruct

a continuous timeseries of daily values.

7.3.3 Wind product - CCMP

Remote Sensing Systems Cross-Calibrated Multi-Platform (CCMP) 6-hourly ocean vec-

tor wind analysis product on 0.25 deg grid, version 2.0 for the period October 18,

2018 to November 28, 2018 were used in this study. The data is available online at

www.remss.com/measurements/ccmp, and was accessed on June 8, 2020. The V2 CCMP

processing combines Version-7 RSS radiometer wind speeds, QuikSCAT and ASCAT scat-

terometer wind vectors, moored buoy wind data and ERA-Interim model wind �elds using a

Variational Analysis Method.

http://oceancolor.gsfc.nasa.gov/cms/atbd/chlor_a
www.remss.com/measurements/ccmp


Data and methods 143

CCMP winds in western Greater Cook Strait region were compared to regional wind mea-

surements from the Farewell Spit station and were strongly correlated with R2=0.7 in October-

November 2018. The CCMP product was therefore deemed appropriate for this study. Wind

analysis for this study was extracted over the geographical region spanning 40◦80S, 173◦00E to

40◦00S, 174◦00E (large dashed box in Figure 7.1).

7.3.4 Chlorophyll-a �uorescence quenching correction

Chl-a is the most important pigment in photosynthesis (Simpson and Sharples, 2012). Herein,

chl-a �uorescence was used as a proxy of phytoplankton biomass under non-limiting environ-

mental conditions. Indeed, the ratio between the chl-a and phytoplanktonic biomass can vary

signi�cantly depending on light, nutrients, and temperature (Behrenfeld and Boss, 2006).

Chl-a values from glider observations exhibited strong light-dependent depressions each

day resulting from non-photochemical quenching processes. Therefore, the chl-a observations

from gliders had to be corrected for quenching before interpretation. While in vivo �uorescence

provides a proxy for chlorophyll pigment concentration, it is sensitive to physiological down-

regulation under incident irradiance (�uorescence quenching) (Thomalla et al., 2017, 2018).

Existing methods from literature have corrected for quenching (Behrenfeld and Boss, 2003;

Sackmann et al., 2008; Xing et al., 2012; Biermann et al., 2015; Swart et al., 2015; Hemsley

et al., 2015). However, these methods require certain assumptions to be made that do not hold

true across all regions and seasons. Assumption examples include: 1) constant chl-a to carbon

ratio throughout the surface waters and no cellular changes in chl-a packaging with depth as

a photo-adaptive strategy to low light levels (Sackmann et al., 2008), 2) in the density-derived

mixed layer, chl-a �uorescence is homogeneous and that no quenching occurs below the depth of

maximum �uorescence within the mixed layer (Xing et al., 2012), 3) �uorescence to backscatter

ratio is constant with depth and time (Hemsley et al., 2015).

Although glider data processing was completed using the SOCIB glider toolbox for this

study, our quenching correction followed a method from GliderTools, an open-source Python

package for processing underwater glider data (https://github.com/GliderToolsCommunity/

GliderTools) by Gregor et al. (2019). The Python function for quenching correction from

GliderTools was modi�ed so that it always corrects to the deepest quenching point and re-

adapted for this study. This method was applied and validated for New Zealand coastal waters

in this study for the �rst time.

https://github.com/GliderToolsCommunity/GliderTools
https://github.com/GliderToolsCommunity/GliderTools
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Figure 7.3: Section of glider survey 19 time series from November 6, 2018 to November 25,
2018 of (A) uncorrected chlorophyll-a, (B) corrected chlorophyll-a and (C) di�erence between
corrected and uncorrected chlorophyll-a using the optimised method developed by Thomalla et al.
(2018). Depth of mixed layer indicated by grey line, and quenching depth where day and night
chlorophyll-a pro�les deviate is plotted as orange scatter. Pink dashed lines indicate start and
end date of LSMF (November 7-9, 2020) during that survey. Pro�les within white dashed lines
indicate daytime chlorophyll-a measurements on November 12, 2018.
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Figure 7.4: Averaged pro�les of uncorrected chlorophyll-a (pink pro�le) and corrected
chlorophyll-a (blue pro�le) during daytime on November 12, 2018. Averaging was performed
over 92 daytime pro�les (white dashed lines on Figure 7.3). Black and red dashed lines indicate
averaged mixed layer depth and quenching depth over the 92 pro�les.

The quenching correction method herein iterates Gregor et al. (2019) which is based on an

optimised method using optical backscattering on autonomous platforms originally developed

by Thomalla et al. (2018). Their method produced corrected surface chl-a during the day that

closely matched pro�les from the previous (or following) night, decreasing the di�erence to less

than 10% (Thomalla et al., 2018). Moreover, their method is applicable to regions with deep

chlorophyll maximum or subsurface chlorophyll maximum where the other existing methods

for correcting quenching do not perform well.

Day and night pro�les of chl-a and bbp700 were separated according to local sunrise and

sunset. The night pro�les were averaged to create a single mean pro�le of chl-a and bbp700

for each night. The depth to which daytime chl-a pro�les were being quenched (quenching

depth) was determined as the shallowest minimum of the di�erence between mean night and

day chl-a within the euphotic zone (1% light depth). The preceding night's pro�le was used

to correct the following day's quenched daytime pro�les. The quenching depth was calculated
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as the point that marked the steepest gradient from the maximum di�erence in the surface

(5 m) to the �ve smallest absolute di�erences and points where the di�erence intercepts 0.

A third night pro�le was created as the mean ratio between chl-a and bbp700. This pro�le

was multiplied by the day bbp700 pro�le from the quenching depth to the surface to correct for

quenching. An intercomparison test of corrected and uncorrected chl-a values was performed on

day pro�les, where if the correction produced a lower chl-a value than the original value, then

the correction was omitted for that depth. This method however, assumes that the depth dis-

tribution of Chl:bbp700 between day and night is the same and that no quenching occurs at night.

ChlcDT (z) =
ChlNT (z)

ChlDT (z)
× bbp(z)DT ; 0≤ z ≤ QD

If ChlcDT (z) < ChlDT (z) ⇒ no correction

(7.1)

where DT, daytime pro�le; NT, nighttime pro�le; Chl, chlorophyll-a �uorescence pro�le; Chlc,

corrected chlorophyll-a �uorescence pro�le; bbp, particulate backscattering pro�le; ChlNT , av-

eraged chlorophyll �uorescence over the night; QD, quenching depth; z, depth domain.

A section of the correction method applied for survey 19 is shown on Figure 7.3. Chl-a

di�erence due to strong light-dependent depressions each day resulting from non-photochemical

quenching processes could reach up to 2.8 mg m−3 (Figure 7.3C). On November 12, 2018, the

mean chl-a di�erence was 1.2 mg m−3 (Figure 7.4). Although mixed layer depth and quenching

depth can be around the same depth (Figure 7.4), this is not always the case (e.g. during

LSMF19 on November 7-9, 2018 in Figure 7.3A).

7.3.5 Upwelling and LSMF identi�cation

Multiple platforms were used for identi�ying and characterising upwelling and LSMFs in Greater

Cook Strait over the spring experiment period. The timeline of observations during the exper-

iment are outlined in Figure 7.5 and are interpreted and discussed in sections 7.4 and 7.5.

LSMFs have strong salinity signals and occupy about one-third of the upper water column

while the upwelling system has strong temperature signals and it is a well-mixed water column

(Figure 7.8). Mean and standard deviation of temperature and salinity for each upwelling and

LSMF event were calculated from all data points within the depth of each corresponding feature.

An isotherm of 14◦C was used to identify and distinguish the upwelling plume from ambient

temperature from SST (Figure 7.6). This criteria was similar to the one applied by Chiswell
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Figure 7.5: Timeline of events during the austral spring 2018 bloom experiment.

Figure 7.6: (A-L) Daily satellite observations of chlorophyll-a from MODIS for the period of
the spring experiment on days when there was no cloud cover. Upwelling plume overlayed as
14°C black contour, obtained from daily MODIS SST. Glider location on corresponding dates
in orange (SI 18: Manaia) and pink (SI 19: Betty) lines.
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Figure 7.7: (A-L) Daily satellite observations of chlorophyll-a from MODIS for the period of
glider survey 12 on days when there was no cloud cover. Upwelling plume overlayed as 14°C
black contour, obtained from daily MODIS SST. Glider location on corresponding dates in pink
lines.
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et al. (2016) who reported the surface signature to be 14°C at the plume's core and can

exceed 15◦C towards the edge of the plume in Greater Cook Strait. To identify the upwelled

plume from glider observations, temperature and salinity thresholds of ≤14◦C and ≥35.2 psu

respectively in at least 10 consecutive glider pro�les were used.

A salinity di�erence of 0.45 psu in at least 10 consecutive pro�les (note that distance between

consecutive pro�les can vary in the range 10−2 to 103 m) was the criteria used to identify LSMF

from glider observations. Low salinity values coincided with high surface chl-a values in glider

observations (Figure 7.8B,F). This surface response in chl-a enabled us to identify LSMF19 from

satellite chl-a (November 7, 2018 in Figure 7.6).

7.4 Results

7.4.1 Physical characteristics of observed upwelling plume

A combination of SST and glider observations enabled us to identify a period of active upwelling

that lasted for at least 14 days (October 30, 2018 to November 12, 2018) in Greater Cook

Strait. Glider observations revealed that the upwelled plume was well-mixed throughout the

water column(Figure 7.8).

Glider Manaia crossed the upwelling plume twice during the 14-day period, sampling the

plume for ∼29 hours from October 30 to October 31 (UW18[C1]) and for ∼41 hours from

November 10 to November 12 (UW18[C3]) respectively (Table 7.1). Observed ranges of salinity

and temperature and chl-a during the �rst crossing, UW18[C1], were 34.93-35.23 psu (µ = 35.20

psu, σ = 0.02 psu) and 13.39-13.84◦C (µ = 13.58◦C, σ = 0.10◦C) respectively (Figures 7.8A,C

and 7.10C).

During the second crossing of the upwelled plume by glider Manaia on November 10 to

November 12, i.e. UW18[C3] (Table 7.1), salinity and temperature ranges were 35.05-35.25 psu

(µ = 35.18 psu, σ = 0.04 psu) and 13.23-15.06◦C (µ = 13.50◦C, σ = 0.21◦C) respectively

(Figures 7.8B,D and 7.10D).

Glider Betty sampled the same upwelling plume for 28-29 hours from November 3 to

November 4 (UW19[C2], Table 7.1). Ranges of salinity and temperature for UW19[C2] were

35.12-35.21 psu (µ = 35.18 psu, σ = 0.03 psu) and 13.36-13.86◦C (µ = 13.66◦C, σ = 0.12◦C)
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Figure 7.8: Glider transects of (A,B) salinity, (C,D) temperature, (E,F) chlorophyll-a, (G,H)
density for surveys 18 (left panel) and 19 (right panel). Pink and black dashed lines indicate
LSMF and upwelling crossings respectively. Letters A to G on (A) and A to E on (B) are placed
for spatial reference and show distance covered by the moving platform as indicated on Figure
7.1. During survey 18, glider Manaia goes from east to west and back; black arrow in Manaia
transects (left panel) indicates westernmost turn-around point of glider during the survey.
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Figure 7.9: Glider transects of (A) salinity, (B) temperature, (C) chl-a, (D) density for glider
survey 12. Pink and black dashed lines indicate LSMF and upwelling crossings respectively.
Letters A to F on (A) are placed for spatial reference and show distance covered by the moving
platform as indicated on Figure 7.2. During survey 12, glider Manaia goes from east to west and
back; black arrow on each transect indicates westernmost turn-around point of Manaia during
the survey.
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Figure 7.10: T-S diagrams for glider surveys (A) 18 and (B) 19. T-S diagrams of LSMF (pink)
and upwelling (blue) water masses during glider surveys (C) 18 and (D) 19. Isopycnals (Den-
sity+1000 kg m−3) are shown on all TS-diagrams.
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respectively (Figures 7.8B,D and 7.10D).

Mean upwelling plume characteristics were found to have salinity 35.2 psu and temperature

13.6◦C through the water column. The same upwelling plume had mean surface temperature of

14◦C as observed from satellite. These characteristics were consistent with the upwelled plume

observed in November 2017 during glider survey 12 (Figure 7.9).

7.4.2 Physical characteristics of observed LSMF

Glider Manaia sampled LSMF18 for ∼48 hours from October 24 to October 26, 2018. Ob-

served ranges of salinity and temperature for LSMF18 were 34.86-35.17 psu (µ = 34.95 psu, σ =

0.07 psu) and 13.77-14.96◦C (µ = 14.34◦C, σ = 0.18◦C) respectively (Figure 7.8A,C and 7.10C).

Glider Betty sampled LSMF19 for 47-48 hours from November 7 to November 9. Observed

ranges of salinity and temperature for LSMF19 were 34.73-35.19 psu (µ = 34.82 psu, σ = 0.06

psu) and 13.74-14.52◦C (µ = 14.36◦C, σ = 0.10◦C) respectively (Figure 7.8B,D and 7.10D).

LSMF mean characteristics had a salinity of 34.9 psu (34.7 psu at core of LSMF) and

temperature 14.3◦C. Only LSMF19 was observed by satellite and had mean surface temperature

14.22 ◦C.

7.4.3 Biological characteristics of upwelling and LSMFs

Observed chl-a range during upwelling crossings UW18[C1], UW19[C2] and UW18[C3] were 0.29-

2.14 mg m−3 (µ = 0.97 mg m−3, σ = 0.46 mg m−3), 0.33-2.09 mg m−3 (µ = 1.16 mg m−3, σ =

0.49 mg.m−3) and 0.06-3.28 mg m−3 (µ = 0.73 mg m−3, σ = 0.47 mg m−3) respectively (Figure

7.11B,C,E). Note that higher chl-a was observed during the third upwelling crossing UW18[C3]

(November 10-12, 2018) which was after the occurrence of the LSMF (November 7-9, 2018).

Upwelled plume water had mean chl-a of 1.0 mg m−3 (max 3.3 mg m−3) as sampled by

gliders throughout the entire water column. The same upwelling plume had mean surface chl-a

of 1.2 mg m−3 as observed from satellite. The upwelled plume observed in November 2017

during glider survey 12 (Figure 7.9C) was characterised by lower chl-a of 0.8 mg m−3 (max

1.79 mg m−3) compared to the November 2018 upwelled plume.
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Figure 7.11: T-S diagrams of (A,B,C) upwelled plume water mass and (D,E) LSMFs wa-
ter masses. Colour indicates chlorophyll-a associated with each water mass. Isopycnals (Den-
sity+1000 kg m−3) are shown on all TS-diagrams.

LSMF18 and LSMF19 were characterised by higher chl-a near the surface (Figure 7.11D,E).

Observed ranges of chl-a during LSMF18 and LSMF19 were 0.30-7.99 mg m−3 (µ = 2.43

mg m−3, σ = 0.52 mg m−3) and 0.78-4.31 mg m−3 (µ = 3.17 mg m−3, σ = 0.51 mg m−3)

respectively (Figure 7.8E,F and 7.11D,E). The increased chl-a of ≥2.5 mg m−3 was found in

the buoyant LSMF layer associated with waters of density ∼1026 kg m−3 (Figure 7.11D,E).

Denser water below the LSMFs were characterised by much lower chl-a ≤2 mg m−3.

LSMF18 and LSMF19 were characterised by mean chl-a of 2.8 mg m−3 (max 8.0 mg m−3

) as observed by gliders vertically. LSMF19 which was also observed by satellite had a mean

surface chl-a of 3.6 mg m−3. The LSMF observed in November 2017 during glider survey 12
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Figure 7.12: Timeseries of sea surface (A) temperature and (B) chlorophyll-a from satellite
observations (black line and green asterisks) and glider SI 19 (pink line). Satellite SST and
SSC timeseries (black line) are interpolated from dates on which satellite data was available
(green asterisks). Glider SST and SSC timeseries are 6-hour averages. Upwelling and LSMF
crossings (UW19[C2] and LSMF19) by glider Betty during SI 19 highlighted in black and pink
dashed lines respectively.

(Figure 7.9C) was characterised by lower chl-a of 0.9 mg m−3 (max 3.7 mg m−3) compared to

the November 2018 upwelled plume. However, during the November 2017 LSMF, maximum

chl-a reaching 3.7 mg m−3 was observed in the subsurface, at the base of the LSMF.

7.4.4 Satellite versus glider as a platform to characterise upwelling

and LSMFs

SST and SSC from glider SI 19 (Betty) and satellite observations were compared (Figure 7.12).

When satellite data were available, SST and SSC from both platforms generally compared well
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on most dates.

Satellite SST and SSC data were interpolated for the period of sampling UW19[C2], as no

satellite data was available on the same dates that the glider crossed the upwelled plume (i.e.

on November 3-4, 2018). During UW19[C2], glider SST was slightly lower than satellite SST by

∼0.4◦C (Figure 7.12A). Although both platforms detected upwelling dynamics, this comparison

shows that the peak of the upwelled plume was captured by the glider and missed by satellite.

On the other hand, satellite and glider SSC during UW19[C2] compared well (Figure 7.12B).

This was most likely because SSC had not changed much from November 2 to November 6,

2018 (chl-a ∼1.4 mg m−3 on both dates).

During the sampling of LSMF19, (November 7-9, 2018), satellite data was available on

November 7 and November 11, 2018 (Figure 7.12). Satellite SST and SSC were linearly inter-

polated between those two dates. On November 7, 2018, both SST and SSC compared well

(14.1◦C and 2.0 mg m−3 respectively). As the glider resampled LSMF19, satellite SST increased

from November 7 to November 13, 2018 (Figure 7.12A). Although, glider SST captured more

diurnal variability during this period, it showed a general increasing SST trend too (Figure

7.12A). Towards the end of this period (November 11, 2018), the upwelled plume was no longer

detected in the survey box (Figure 7.6E,F). This explains the increase in SST observed from

November 7 to November 13, 2018 over the survey box.

SSC as observed by both glider and satellite were similar before and after LSMF19 (on

November 7 and November 11, 2018 on Figure 7.12B). However, SSC as observed by glider

during LSMF19 between November 7 and November 9, 2018 was much higher than satellite

SSC by ∼2 mg m−3 (Figure 7.12B). Satellite data were available and extracted for November

7, when the glider was at the front of LSMF19 and for November 11, 2018 when the LSMF

was not as distinct anymore from SSC (Figure 7.6E,F). Satellite SSC were extracted for the

average location of the glider for November 7 and November 11, 2018. In between those dates,

the glider crossed the core of LSMF19 (November 7-9, 2018, Figure 7.8B and 7.12B) which

was missed by satellite. The discrepancy between satellite and glider SSC during LSMF19 can

therefore be explained by interpolation of satellite SSC over November 7 to November 11, 2018

due to unavailability of satellite data on November 8, 9 and 10, 2018.

Although both platforms can be used to detect upwelling and LSMF (if the LSMF has a

distinctive surface chl-a response), this comparison shows that the peak of the two processes

were captured by the glider and missed by satellite observations.
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7.4.5 Interaction of upwelling plume with LSMF

LSMFs had more transitional fronts than upwelling fronts as was seen from UW19[C2] and

LSMF19 fronts (Figure 7.13C,D). The upwelling plume had a sharper front on the eastern side

compared to the western side (Figure 7.13B). The transition from one water mass to another

was observed in two consecutive glider pro�les at the upwelling front (Figure 7.13C) and over

>10 pro�les at the LSMF front (Figure 7.13D).

On November 7-9, 2018, an injection of low salinity from LSMF19 led to increased chl-a in

the upper ocean, visible from surface satellite and glider observations (Figure 7.6E and Figure

7.12B). LSMF19 occupied the top 20 m of the water column, causing increased strati�cation

in the subsurface. During the same period, active upwelling occupied the full water column

adjacent to LSMF19. LSMF19 followed the edge of the upwelling plume, but the two features

did not mix and the LSMF was not entrained right away.

From November 3, 2018 to November 10, 2018 (during the period of active upwelling), Betty

was trapped in a closed-loop trajectory at the eastern front of the upwelled plume (Figure 7.14).

The resulting spiral motions (∼12 loops) with periods ranging from 14 to 19 hours, are visible

from the glider's track (Figure 7.14B). The water velocity was estimated by removing the

vehicle speed (estimated assuming motion of 0.2 m s-1 toward its heading angle) from the

velocity of the glider position (Figure 7.15). The background current speed was larger than the

glider vehicle speed (Figure 7.15C,D). A frequency spectrum of the water velocity y-component

showed peaks corresponding to periods of 12.7 and 11.8 hours (not shown). These are on the

lower end of theoretical inertial oscillation period (18.5 hours), and close to the semi-diurnal

N2 and K2 tidal constituents (periods 12.7 and 12.0 hours respectively). The analysis could

not be extended beyond this broad conclusion because the depth-averaged velocity timeseries

derived from dead reckoning for that 8-day period contained only 100 points.

7.4.6 Wind regime, vertical strati�cation and chl-a response

(During LSMF and active upwelling)

Active upwelling sampled during the spring experiment lasted 14 days (October 30 - November

12, 2018). The region was characterised by strong wind stress reaching up to 0.3 N m−2 over this

period (Figure 7.16A). Weak strati�cation was observed during all upwelling crossings (Figure

7.16B,D,C,E). The water column was quasi-homogeneous; N2 was in the order 10−6 s−2 during

upwelling crossings. In contrast, LSMFs caused increased strati�cation in the subsurface in the
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Figure 7.13: (A) Salinity transect for glider survey 19. Pink and black dashed lines indicate
LSMF and upwelling crossings respectively. Stars indicate front of each feature. (B) Same as
(A) but zoomed over the grey box for the period November 3-11, 2018. (C) Salinity pro�les at
the upwelling plume's inner front. (D) Salinity pro�les at the western LSMF front.
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Figure 7.14: (A) MODIS sea surface chlorophyll-a for November 7, 2018. (A,B) Brown line
colour is the location of glider Betty (SI 19) for the period November 3-10, 2018. (B) Same as
(A) but zoomed region over black dashed square in (A) for better visibility of glider tracks. Grey
contour in (A,B) follows a 14◦C isotherm which is the front of upwelling plume.
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Figure 7.15: (A) Glider trajectory for the period November 3-10, 2018, overlayed on MODIS sea
surface chlorophyll-a for November 7, 2018 as in Figure 7.14B. (B) Motion of a water parcel
after removing measured glider velocity which had an average speed of 0.2 m s−1 toward its
heading angle. Red dots in (B) correspond to day numbers in (D). (C) Glider speed in water.
(D) Estimated water speed after removing glider speed.
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Figure 7.16: (A) Mean magnitude of wind stress computed over region indicated on Figure 7.1
during the spring experiment. Buoyancy frequency squared, N2 (vertical strati�cation) for glider
surveys (B) 18 and (D) 19. Magenta and black dashed lines denote start and end of LSMFs and
UW crossings by gliders respectively. (B,D) Green asterisks indicate depth at which maximum
chl-a was observed plotted only for pro�les that had chl-a values exceeding 3 mg m−3. (C,E)
Mean pro�le of vertical strati�cation, <N2>, for entire glider survey (blue line), UW crossings
(black) and LSMFs crossing (magenta) during SI (C) 18 and (D) 19. Angled brackets represent
averaging N2 over certain number of pro�les: (C) 6059 pro�les for entire survey 18, 420 pro�les
for UW18, 371 pro�les for LSMF18 and (D) 6364 pro�les for entire survey 19, 174 pro�les for
UW19, 309 pro�les for LSMF19. (C,D,E) Shaded area represent standard error associated with
respective averaged N2 pro�les.
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order 10−4 s−2, stabilising the water column (Figure 7.16B,D,C,E). During LSMF19, salinity

gradients were much stronger than during LSMF18 which was saltier. N2 during LSMF19

reached >5x10−4 s−2 and N2 during LSMF18 was <2.5x10−4 s−2. This indicates that LSMF18

was potentially decaying during the time of sampling.

Chl-a was higher in LSMFs than in the upwelling plume (Figure 7.16B,D). Chl-a during

upwelling crossings were >1 mg m−3 (Figure 7.19A). Both LSMF18 and LSMF19 had chl-a > 3

mg m−3 whereas no pro�les quali�ed for the > 3 mg m−3 threshold during the three upwellings

crossings (Figure 7.16B,D). While Figure 7.8E,F shows that high chl-a persist throughout the

entire depth of LSMFs, highest chl-a was observed near the surface (Figure 7.16B,D).

7.4.7 Wind regime, vertical strati�cation and chl-a response (Post

LSMF and active upwelling)

There was a wind relaxation period during the experiment from November 10 to November

17, 2018 (Figure 7.16A). During this period, both gliders were sampling the same water

mass between November 12-17, 2018 (Figure 7.8); as con�rmed by strong Wavelet transform

coherence squared of surface density and subsurface chl-a observed by both gliders on those

dates (described in section 7.3.1.1 and shown on Figure 7.17B,D). Glider Manaia (SI 18) was

sampling the same water properties as glider Betty (SI 19) with a phase lag of less than 1 day

(< 90◦) (Figure 7.17B,D).

During this wind relaxation period, there was considerable surface warming (Figure 7.8C,D).

This led to a temperature strati�ed layer near the surface (N2 > 4x10−4 s−2) and a salinity

strati�ed layer in the subsurface (N2 > 2x10−4 s−2) caused by the decaying LSMF19 (Figure

7.18).

Both gliders show double strati�cation peaks during this period (one near-surface and one

subsurface peak). Although Figure 7.18 shows that strati�cation near the surface is stronger

than in the subsurface, this was not always the case. At times, subsurface strati�cation was

stronger than near-surface strati�cation. This was particularly the case during night-time when

ocean surface warming was weaker.

The strength of near surface strati�cation peaks in both glider observations were compa-

rable (N2 ∼ 5x10−4 s−2). This observation can be attributed to near homogenous warming
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Figure 7.17: Timeseries of (A) density at 6 m and (C) chlorophyll-a at 10 m for both SI 18
(blue line) and SI 19 (purple line) during the spring experiment. Timeseries Wavelet transform
coherence squared between the glider SI 19 and SI 18, of (B) density at 6 m and (D) chlorophyll-
a at 10 m. (B,D) The cone of in�uence (Torrence and Compo, 1998) where discontinuities at
end points occurred because of padding with zeros and may cause distortion of the results are
indicated by the lighter shade. (B,D) Thick black contour indicates 95% con�dence level, using
red noise as background spectrum. The arrows indicate the relative phase relationship, with
in-phase pointing right, anti-phase pointing left, and wind stress leading salinity down by 90◦

pointing straight down.
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Figure 7.18: Glider pro�les of salinity (blue), chlorophyll-a (green), temperature (pink) and
buoyancy frequency squared (red) averaged over all pro�les sampled on November 13, 2018
from glider (A) Manaia, SI 18 and (B) Betty, SI 19.

throughout the region. However, subsurface strati�cation measured by glider Betty for this

period was stronger (SI 19; N2 ∼ 3x10−4 s−2; Figure 7.18B) than glider Manaia (SI 18; N2 ∼
2x10−4 s−2; Figure 7.18A). This indicates that the location of glider Betty was closer to the

decaying LSMF19 than glider Manaia.

During this wind relaxation period, subsurface chl-a maxima of > 3 mg m−3 were observed in

a trapped layer between the maximum temperature gradient near the surface and the maximum

salinity gradient in the subsurface (Figure 7.16B,D and Figure 7.18A). The trapped layer was

observed for ∼5 days until the next wind event starting around November 17, 2018 (Figure

7.16A,B,D).
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7.5 Discussion

7.5.1 Distinctive characteristics and properties of upwelling and

LSMF

Central New Zealand shelf sea hydrodynamics are complex as river plume water in the form of

LSMFs coexists with upwelled water during spring. While such systems exist in other shelf seas

such as in the South China Sea (Chen et al., 2017), Greater Cook Strait is distinctive; 1) There

is no coastline to support an upwelled plume once it reaches Greater Cook Strait, 2) Unlike in

many other shelf seas, the upwelled plume and river plume/LSMF do not solely advect parallel

to the coastline, they advect o�shore from di�erent directions of the coastline and 3) LSMFs

are mostly in�uenced by coastal bay characteristics whereas the upwelled plume is mostly

in�uenced by oceanic characteristics. Therefore, the balance of dynamics and topographic

controls of these oceanographic processes need to be evaluated in Greater Cook Strait.

Satellite data play a robust role in ocean monitoring and forecasting (Gommenginger et al.,

2019). However, they do not provide information about the vertical structure of oceanographic

features (i.e., subsurface processes, strati�cation and feature thickness) and/or the vertical

distribution of associated optical properties due to their limitation to surface measurements.

Satellite data are also impacted during cloudy periods. But by combining multiple platforms,

better understanding of upper ocean dynamics can be achieved (Aulicino et al., 2018). Both

platforms - gliders and satellite - can detect upwelling and LSMF in spring (if the LSMF has

a distinctive surface chl-a) in this shelf sea. However, the peaks of the two processes were

unresolved by satellite observations due to insu�cient resolution in time and space. The peaks

were captured in the glider data through their distinctive temperature and salinity signatures.

LSMFs have strong salinity signals, with salinity di�erences of ∼0.45 psu and occupy about

one-third of the water column. The upwelling system has strong temperature signals and a

quasi-homogeneous water column (Figure 7.19). The upwelling plume also has higher salinity

than surrounding shelf waters of ∼35.2 psu. LSMFs show varying temperature due to solar irra-

diance and seasonal �uctuations. In contrast, the upwelled plume is consistently characterised

by a temperature of ≤14◦C. A similar characteristic of this upwelling system was reported by

(Chiswell et al., 2016). However, observed small variability in properties such as temperature,

salinity and chl-a within the LSMFs and upwelled plume needs to be interpreted with respect

to a moving observation platform. While gliders capture the processes, some caution is required
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Figure 7.19: Pro�les of salinity (blue), chlorophyll-a (green), temperature (pink) and buoyancy
frequency squared (red) averaged for all (A) upwelling crossings and (B) LSMF crossings during
the spring experiment. Averaging was computed over (A) 591 and (B) 678 glider pro�les for
upwelling and LSMF crossings respectively.

as it might be sampling the edges or fronts of any particular feature, rather than the centroid

of a dynamical feature. A careful distinction between local temporal variability and spatial

structure is necessary. Furthermore, to investigate the evolution of a feature it needs to be

sampled multiple times during its lifetime. The upwelled plume was sampled thrice at various

stages and its peak was identi�ed for November 4-6, 2018, evident from glider and satellite

SST (Figure 7.12A).

Upwelling fronts had stronger salinity gradients than those associated with LSMF fronts

by two orders of magnitude (Figure 7.13). At the upwelling plume's inner front, the glider was

trapped in a circular motion for about eight days (Figure 7.14). The two dominant periods of
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the estimated water velocity during that week were consistent with the N2 and K2 tidal periods.

Detailed investigation of whether the observed circular motion was tidally-driven, due to frontal

dynamics, Doppler shift, current correction by the glider, an eddy, inertial oscillations, aliasing

or a combination of these, require synchronous baroclinic velocity data. Such investigations

were not possible with present data. These are the subject of future research.

7.5.2 Biological response of upwelling and LSMF

This study shifts the paradigm of upwelling-associated primary production in shelf seas. Obser-

vations in this study reveal that chlorophyll �uorescence, used as an indicator of phytoplankton

biomass arising from primary production, is threefold higher in river-induced LSMFs than in

an adjacent upwelling plume in spring. This increased chlorophyll �uorescence persists in the

subsurface after the upwelling plume and LSMF were diluted by entrainment.

It is important to understand the link between some of the physical drivers, such as

strati�cation and mixed layer depth, and phytoplankton dynamics as higher trophic levels are

dependent on primary producers (Scho�eld et al., 2010). This study indicates that submesoscale

processes should not be overlooked as they are a critical component of upper ocean processes

in�uencing variability of strati�cation with rapid biological responses in shelf seas.

Upwelled water originates from deeper layers where chl-a are low. Coastal upwelling usu-

ally contributes to the resupply of nutrients from below the thermocline into surface layers

when the euphotic zone is depleted of nutrients (Carr and Kearns, 2003). This often leads

to phytoplankton blooms. However, upwelling in Greater Cook Strait normally occurs within

a few days and the upwelled plume is advected into Greater Cook Strait by the regional

barotropic current which causes the water column to be well-mixed. This potentially inhibits

phytoplankton from spending enough time in the euphotic zone to photosynthesise. The short

lifetime and persistent quasi-homogeneous water column of the upwelled plume inhibits strong

phytoplankton blooms that would otherwise change productivity levels in the surface waters.

Conversely, the chlorophyll-rich stably strati�ed LSMF advects o�shore with an average

speed of 0.2 m s−1 (Jhugroo et al., 2020). The trapped high chl-a in the upper layer during the

LSMF and its slow advection implies that phytoplankton have enough time in the euphotic

zone to grow. While in this process-focused study, an LSMF chl-a signal was apparent in the

surface, sampling of other LSMFs in spring in previous glider surveys revealed that this chl-a

signal often resides in the subsurface (Chapter 6). LSMFs are potentially sampled at di�erent
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stages of their evolution in each glider survey. Since LSMFs initiate near the coast and are

advected o�shore by the time they are sampled, a subsurface chl-a maximum is an expected

characteristic of such strati�ed system (Lu et al., 2010). This is due to the control of coastal

circulation (Lu et al., 2010) and the likely evolution of the surface layer nutrient environment

over time. As nutrients are being used up, LSMF associated subsurface chl-a and strati�cation

persists for about a week after the onset of the LSMF's decay (Figure 7.16D). While this

�nding has implications for the timescale of riverine nutrient cycling and on residence times

required for phytoplankton growth in coastal zones, such investigation was beyond the scope

of this study.

LSMFs abut the inner boundary of the upwelling plume before the two features start mixing.

This study showed that LSMFs create stronger vertical gradients. There is competition between

the two processes towards strati�cation; LSMF induces strati�cation while upwelling dissipates

strati�cation. As the LSMF advects over upwelled water, the vertical nutrient gradient at the

base of the low salinity layer potentially strengthens. This potentially increases upward turbu-

lent di�usion of nutrients, leading to more phytoplankton growth in the subsurface layer as the

LSMF starts decaying. This mechanism could be an important feature regulating primary pro-

duction. It indicates that upwelling of nutrients potentially needs to have some re-introduction

of strati�cation to fuel primary production, and LSMFs could be a key coastal feature that

contributes to shelf sea strati�cation. This would suggest that both systems contribute to the

total primary production of the shelf system.

7.5.3 Persistence of subsurface chlorophyll maximum post upwelling

and during LSMF decay

The subsurface chl-a maximum layer persisted for approximately one week after the upwelling

and during decay of LSMF19. During a period of wind relaxation, the chl-a remains trapped

between a near-surface temperature strati�ed layer and a subsurface salinity strati�ed layer.

The addition of freshwater from LSMF leaves the upper ocean relatively more buoyant even

after its decay. This led to two subsurface strati�cation maxima, stabilising the water column,

and minimal mixing among the stable layers. Such critical vertical process details are neither

captured in satellite data nor represented in general circulation ocean models.

A phytoplankton bloom can develop if the timescale for phytoplankton growth is less than

the phytoplankton cells' residence time in a mixed water column where net growth can be

achieved (Simpson and Sharples, 2012). Phytoplankton are autotrophic microorganisms that
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passively drift with �uid motion (Basterretxea et al., 2020). The interplay of biology, �uid

dynamics, and optics may shape, by means of anisotropic cell distributions, pivotal cross-scale

aspects of phytoplankton ecology (Basterretxea et al., 2020). Phytoplankton growth or biomass

is increased by photosynthesis and decreased by respiration and grazing. Respiration rate is

temperature dependent; it is higher when temperature is higher as phytoplankton cellular

energy demands are higher in warmer temperatures. Grazing rates have a seasonal signal,

i.e. lower in winter and higher in summer (Simpson and Sharples, 2012). Grazers are also

responsive to food supply (such as nutrients available and increase in food biomass will cause

higher grazing rate). While it is important to acknowledge such biological mechanisms in this

shelf system, a detailed investigation is beyond the scope of this study.

Low turbulence and su�cient light penetration have been hypothesized as necessary for

subsurface chl-a maxima to persist (Fee, 1976). Background �ow in Greater Cook Strait during

the period of observed subsurface chl-a maximum was minimal based on glider Betty's track.

Glider Betty completed ten well-de�ned butter�ies in the same location without drift. The lack

of strong drivers such as winds and currents to mix and destabilise the water column (Figure

7.16) allows enough time for phytoplankton to be exposed to light in the euphotic zone and grow.

Mechanisms possibly responsible for sustaining the subsurface chl-a maximum include

buoyancy and biomass accumulation (Fu et al., 2018), stirring or mixing (Carvalho et al.,

2020), and grazing (Moeller et al., 2019). LSMF enhanced phytoplankton growth in the upper

mixed layer accumulates biomass. During decay of the LSMF, phytoplankton were able to

sink to the subsurface but were not dense enough to sink below the salinity strati�ed layer.

External forces such as wind and currents were weak during that week. There was therefore,

an absence of strong mixing in the upper ocean which would otherwise constantly redistribute

phytoplankton across the mixed layer. Lastly, phytoplankton depletion occurs naturally from

grazing. The removal of phytoplankton from the surface could be explained by presence of

grazers in near surface waters but not in subsurface waters.

From chl-a observations, this study showed that phytoplankton growth from small-scale pro-

cesses is possible. Strong vertical temperature and salinity gradients is important for biological

responses in this shelf sea were also shown and discussed. To better quantify primary produc-

tion in the region, nutrient sampling in the upwelled plume and LSMF hotspot is required. In

coastal and shelf seas, a combination of river inputs and suspension of material from the seabed

can imply that an adequate supply of micronutrients is almost readily available (Simpson and
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Sharples, 2012). Much remains to be explored to fully understand systematic phytoplankton

patchiness and its link with micro- to larger scales physical dynamics. Thorough �eld observa-

tions, biogeochemical modelling and detailed analysis of experimental conditions are needed.

Technological advances are also needed in order to broaden and intensify in situ observations.

7.6 Conclusions

� LSMFs are characterised by salinity of ∼0.45 psu lower than ambient salinity, while up-

welling is characterised by salinity ∼35.2 psu.

� Upwelling is characterised by temperature≤14◦C and LSMFs are likely to be more a�ected

by changes due to solar irradiance and seasonal �uctuations.

� Chl-a response of LSMF is threefold higher than in adjacent active upwelling plume.

� The impact of LSMFs on strati�cation can persist for days after their occurrence, even

during their decay. This may have implications for growth and sinking of phytoplankton

in the strati�ed water column.



Chapter 8

Synthesis

Coastal and shelf seas modulate the transfer of terrestrial material from land to the open

ocean (freshwater, carbon, nitrogen, plastics, and other pollutants). At the same time, coastal

zones are vulnerable to some of the most urgent and challenging environmental hazards,

including sea level change, coastal erosion and coastal �ooding. This research has improved

the understanding of how rivers connect terrestrial and oceanic environments, and how physics

drives biology in shelf seas through small-scale processes. Using underwater glider observations,

remote sensing products and regional ocean model results, the spatio-temporal structure and

dynamics of submesoscale features were examined in a New Zealand shelf sea for the �rst time.

8.1 Summary and key �ndings

Here and on Figure 8.1, the key �ndings of this research are summarised in the context of the

three questions raised in the introduction Chapter 1.

1. What are river-induced low salinity submesoscale features (LSMFs) and why

are they important? What is their spatio-temporal structure and how do they

interact with the regional coastal current?

In this thesis, the acronym `LSMF' is introduced for low-salinity submesoscale features.

LSMFs are salinity-dominated buoyant bodies of water that may advect o�shore as subme-

soscale river plumes or as plumes that detached from their source location under the condition

of instability. They are ∼30 m deep, have a horizontal extent of O(1�10) km, temporal scale of

O(days) and are dynamically de�ned as having O(1) Rossby and Richardson numbers.

171
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In Chapter 5, LSMFs in shelf seas and their role in stabilising upper layer strati�cation were

revealed by glider observations. The Turner angle was used to indicate stable strati�cation due

to salinity-dominated density signals in the presence of LSMFs. Stable strati�cation causes

shoaling of the mixed layer depth, inhibiting mixing locally. While �ndings from Chapter 5

showed that baroclinic instabilities induced by these features can have implications for mixing

of nutrients and phytoplankton, the focus of the chapter was on the structure and dynamics

of LSMFs. The seasonal variability of LSMFs in biological response was further investigated in

Chapter 6 and compared to the biological response of an upwelling system in Chapter 7.

The o�shore advection and lifetime of these submesoscale features were found to be modu-

lated by the strength of a coastal barotropic current (Chapter 5; Figure 8.1). Three scenarios

that regulate LSMFs in Greater Cook Strait: 1) weak current and moderate winds that last

for at least four days create ideal conditions for the advection of LSMFs furthest o�shore. 2)

moderate regional current and moderate winds allow LSMFs to advect onto the shelf area. In

this case, LSMFs can be entrained into the regional current as the current strengthens over

time due to changes in wind stress and subtidal currents. 3) strong regional current and strong

winds create unfavourable conditions that prevent advection of LSMFs o�shore onto the shelf

region.

The generation mechanisms were discussed, i.e river discharge variability, wind and tidal

e�ects of these features in Chapter 5 (Figure 8.1). LSMFs are advected out of the bays by a

combination of river water saturation in the bays, residual northward tidal �ows, and strong

northwards wind in the bays. Findings in this chapter suggested that increase in river �ows

might lead to increased LSMF occurrences for time-varying conditions which are addressed

in Chapter 6. Towards the end of the chapter, implications of LSMFs for shelf systems are

highlighted by comparing Greater Cook Strait to other shelf seas.
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Figure 8.1: Schematic diagram summarising key �ndings of this study; 1) Weather events leading to river �ow variability,
residual tides, and favourable south-west winds triggering low salinity submesoscale feature (LSMF) out of the coastal bays,
2) O�shore advection and lifetime of LSMF modulated by wind-driven d'Urville Current (dUC) which carries upwelled
water into Greater Cook Strait, and 3) Co-existence of LSMF and upwelled plume and their vertical physical and biological
structures. Tu: Turner angle; SW: southwest.
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2. How does the physical variability of LSMFs vary seasonally and intra-

seasonally? Is there an accompanying biological signature? What are the im-

pacts of extreme events on LSMFs?

The erratic nature of LSMF events in the regional model used for Chapter 5 suggests that

variability in river discharge is not the only cause of their advection into Greater Cook Strait.

However, glider observations showed that surges of river discharges during two cyclones in

summer 2018 did cause more LSMFs in Greater Cook Strait. These �ndings in Chapter 5

motivated questions around how seasonal di�erences and extreme events in�uence biological

and physical characteristic responses of LSMFs, which were addressed in Chapter 6.

Chapter 6 revealed that seasonal and intra-seasonal variabilities in temperature, chlorophyll

and strati�cation exist in low salinity submesoscale features, even though they are persistent

throughout all seasons with a characteristic salinity of ≤34.75 psu.

Upper ocean warming during warmer months and presence of LSMFs increase strati�cation.

Stronger strati�cation was observed at the end of spring, in summer and at the beginning

of autumn both in ambient shelf conditions and within LSMFs. An important �nding from

this chapter was that subsurface chlorophyll maxima are mostly characteristic of summer and

spring LSMFs, when temperature has stronger contributions towards strati�cation. The role

of near-surface temperature strati�ed layer and subsurface salinity strati�ed layer on density

strati�cation and biological responses was further investigated in chapter 7.

A crucial initiation threshold of 600 m3 s−1 in river discharge was identi�ed in Chapter 6

as a requirement for LSMFs to be advected out of the bays. If river �ow is lower than this

threshold, other drivers such as wind or currents are required to advect LSMFs o�shore (the

role of these drivers was addressed in Chapter 5).

Chapter 6 also highlighted the impact of extreme events on the occurrence and character-

istics of LSMFs. The presence of extreme weather events increases river discharge (Figure 8.1).

Cyclones and increased rainfall led to more frequent and fresher LSMFs during seasons when

they would theoretically be less frequent. This implies that small mountainous rivers are po-

tentially more vulnerable during a La Niña weather pattern which would likely have increased

rainfall and freshwater in�ux in Greater Cook Strait.
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3. What are the physical and biological characteristics of an LSMF versus an ac-

tive upwelling system in the same shelf sea? Can an LSMF be more productive

than an upwelling system?

As shown in both Chapters 5 and 6, the in�uence of LSMFs on strati�cation and biological

response in austral spring was apparent. Motivated by this �nding, two further glider surveys

were conducted for a process-focused austral spring bloom experiment in 2018 which is de-

scribed in Chapter 7. In addition to LSMFs, an upwelling plume was also sampled during the

experiment.

In chapter 7, the distinctive characteristics of LSMFs and an active upwelling plume are

outlined from glider and satellite observations (Figure 8.1). LSMFs have strong salinity signals

while upwelling has strong temperature signals. LSMFs are characterised by salinity of ∼0.45
psu lower than ambient salinity, while the upwelled water mass is characterised by salinity

∼35.2 psu. While upwelling is associated with persistent temperature of ≤14◦C, LSMFs show

varying temperatures due to solar irradiance and seasonal �uctuations.

Chlorophyll �uorescence, which is used as an indicator of phytoplankton biomass arising

from primary production, was identi�ed to be threefold higher in river-induced LSMFs than

in the adjacent Kahurangi upwelling plume in Chapter 7. This �nding shifts the paradigm of

upwelling-associated primary production in shelf seas. This chapter indicates that submesoscale

processes should not be overlooked as a critical component of upper ocean processes in shelf

sea. They signi�cantly alter the strati�cation which causes rapid biological responses. This

�nding was introduced in Chapter 6 and its importance highlighted in Chapter 7 in comparison

to an upwelling system.

Chapter 7 also revealed that inertial oscillations are potentially set up at the front of the

upwelled plume when the latter slumps to �nd its level of neutral density as it interacts with

the LSMF. Lastly, the impact of LSMFs on strati�cation was sustained for days after their

occurrence, even during their decay, because of the absence of external forces such as strong

winds and currents. This may have implications for growth and sinking of phytoplankton in

the strati�ed water column.
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8.2 Wider impact of this thesis

This study has greatly improved the understanding of the physical oceanography of a conti-

nental shelf sea that encompasses oil and gas interests, aquaculture, various wild �sheries, big

mammals, transport (ferry) operations and energy infrastructure. This research is providing

critical information for understanding how the health of Aotearoa New Zealand's land and

rivers a�ects the ocean.

The vertical structure of Greater Cook Strait has been sampled at such high spatial and

temporal resolution for the �rst time. Analysis of an observational record of more than 38,000

pro�les is of considerable contribution to the physical oceanography of this previously under-

sampled New Zealand shelf sea. The �ndings of this study are relevant for ongoing and future

coastal observation and modelling projects. Chlorophyll-a observations both in the surface and

subsurface reported in this study are especially relevant for biogeochemical models in the region.

At the process-scale, the submesoscale regime of a New Zealand shelf sea was characterised

for the �rst time and the balance between wind driven stirring and baroclinic instability was

investigated. Hydrographic and biogeochemical vertical pro�les of submesoscale features and

an active upwelling plume were provided for a New Zealand shelf sea for the �rst time. The

acronym `LSMF' was introduced for low-salinity submesoscale features which are buoyant

water bodies that propagate as river plumes, or as plumes detached from their source.

The importance of strong salinity gradients from LSMFs in strengthening local ambient

strati�cation was revealed. An increase in strati�cation due to LSMFs is observed throughout

the year. However, seasonal variability was evident; LSMF-induced strati�cation in summer

was much stronger than in winter or early spring. This study reveals that in addition to the

traditional concept of upwelling-related enhanced primary production, LSMFs are also impor-

tant for the biology of this shelf sea. This is especially important during upwelling relaxation

periods and during periods when strati�cation is generally weak such as in winter. Even during

spring when both processes can co-exist, this study revealed that LSMFs can have stronger

chlorophyll response than upwelling.
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8.2.1 LSMF and upwelling in a changing climate

Upwelling bringing nutrients up from depth (Chiswell and O'Callaghan, 2021), or river-induced

LSMFs advecting freshwater farther o�shore (Jhugroo et al., 2020), simultaneously introduce

nutrients into the o�shore region and provide a more stable water column allowing primary

production. Even though this study shows that LSMFs have a stronger chlorophyll response

than upwelling in spring, both features are essential for the biology of this New Zealand shelf

system. This is especially important in the context of long-term trends and climate change.

Chiswell and O'Callaghan (2021) showed that there is no detectable change in the fre-

quency of extreme events in long-term trends, but indicated that extreme events are becoming

warmer. There have been several well-documented marine heat waves in the region over the

last decade (Salinger et al., 2019). This would impact the frequency and strength of upwelling

events in the region. Chiswell and Sutton (2020) and Smale et al. (2019) suggested that marine

heat waves can change upwelling and primary production response. Cahill (2020) speculated

upwelling events may become less frequent with time. Moreover, with extreme events becoming

warmer, increased occurrence of LSMFs is expected as a result of increased precipitation

and river discharge from small mountainous rivers into the shelf. Increased river discharge

would pre-condition Golden and Tasman Bays with long residence times of low salinity waters,

stabilising the water column for much longer. An example of such a scenario was observed

in summer 2018 when this region was hit by two ex-tropical cyclones Fehi and Gita (Chapter 6).

In a regional context, �ndings of this research are relevant for a range of studies which

include but are not limited to:

� The aquaculture industry. This involve mussels and salmon populations which will be

a�ected due to changes in water temperature and in productivity.

� Larval distribution on the shelf area. The larvae will have to adapt to the changed con-

nectivity in Greater Cook Strait.

� Importance of changed primary productivity on mid and top trophic level organisms such

as krills and whales. These small-scale processes enhance primary productivity, which

may encourage a bottom-up control.

� Marine reserves in this shelf sea. Changes due to LSMF and o�shore processes and a

better understanding of their impacts will in�uence Marine Protected Areas operations

in this shelf sea.
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� Residual �ows through Cook Strait Narrows. Increased baroclinicity and seasonality may

have implications on �ows and characteristics of water masses through the Strait.

� Sedimentology of Greater Cook Strait. LSMFs are river-induced and can advect a long

distance o�shore which could in�uence sediment deposition.

� Impact of a changing climate on New Zealand shelf seas. A changing climate could result in

possible structural changes in coastal currents, as well as wind and rain regimes. Therefore,

there is a need for a mechanistic bias approach to these studies.

8.2.2 Comparison to other shelf seas

Globally, multiple other shelf seas are regulated by interactions between barotropic and baro-

clinic processes, similar to Greater Cook Strait. In this study, salinity was used to show that

lateral density gradients fuel mixed layer baroclinic instabilities. Although salinity gradients

can be generated from various sources such as riverine waters, precipitation, heavy monsoon

rains and freshening by ice melt, the use of salinity for the detection of submesoscale processes

can be applied in many salinity-dominated shelf seas. The Bay of Bengal (Jaeger and Mahade-

van, 2018), northern Gulf of Mexico (under the in�uence of the Mississipi-Atchalafaya river

system; Barkan et al. (2017)), Chukchi Sea (Timmermans and Winsor, 2013) and north of the

Amazon River (Johnson et al., 2012) are some examples with salinity-controlled shelf systems

(Figure 5.12).

Geographically, oceanographically and geologically, New Zealand comprises distinct shelf

seas as it is an isolated high-standing oceanic volcanic island, with small mountainous rivers.

Madagascar and Iceland are two other geographically isolated islands. Iceland rivers are greatly

in�uenced by glacial seasonal cycles (Milliman and Farnsworth, 2013). Madagascar is more

comparable to New Zealand as it is in�uenced by high river discharge as a result of steep, high

mountains, erodible rocks, periodically heavy rains and long-term human impact (Milliman

and Farnsworth, 2013). However, Madagascar rivers are not well documented and data are

scarce (Milliman and Farnsworth, 2013). Other high standing oceanic islands include Tai-

wan, Indonesia, Papua New Guinea, and the Philippines. Taiwan has been compared to New

Zealand in studies on sediment loads from rivers (Milliman and Syvitski, 1992), trace metal

�uxes from rivers to the ocean (Carey et al., 2002) and geochemistry of rivers in tectonically

active areas (Carey et al., 2006). Taiwan is, however, less isolated than New Zealand. Taiwan

is oceanographically in�uenced by the presence of the Asian continent on the western side and
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by the South and East China Seas.

8.3 Novelty and challenges

� The �eld work associated with this study saw the number of hydrographic pro�les in

Greater Cook Strait changing from under 100 to more than 38,000. For the �rst time in a

New Zealand context, satellite observations and regional modelling have been combined

with glider technology. However, a major obstacle to combining observations with theories

and models remains the di�culty of adequately sampling the submesoscale. As was seen

in chapters 5, 6 and 7, the phenomena of interest are both ephemeral and localised. They

take just a few days to wax and wane and are only O(1�10) km in width. A major aspect

of the observational challenge, therefore, is one common to the purely physical study of

the submesoscale: the need to be able to survey a region at su�ciently high temporal and

spatial resolution.

� Sustained high temporal and spatial resolution observations have revolutionised our un-

derstanding of how rivers can in�uence a shelf sea system in the far-�eld, beyond the

immediate river mouth area. The importance of salinity in the detection of river-induced

submesoscale features which would otherwise have not been possible without gliders is

emphasised in this study. While an ocean glider is a reliable platform, sustained sam-

pling based on recurrent observational surveys spanning months and seasons remains

limited to lower frequency sampling. Moreover, there is still a need for high-resolution

remotely-sensed salinity products, contrarily, to sea surface temperature and chlorophyll-

a products.

� Our regional model reproduced realistic current dynamics and did not require �ne-scale

variability in freshwater �uxes to produce LSMFs. However, modelling resolution which is

submesoscale eddy-permitting remains a challenge to date, i.e. a resolution which resolves

fronts and motions that give rise to submesoscale processes through baroclinic instability.

8.4 Future work

Future work on this topic should focus on:

� Incorporate glider observations into regional ocean models for improved outputs and to

enable greater con�dence in forecasts. Furthermore, re-running the regional model used
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in this study with better freshwater �uxes (e.g. hourly river forcing) for the period of

glider observations would enable investigation of seasonal di�erences impacts on LSMF

frequency and characteristics.

� Less winter observations were available compared to other seasons for this study. Con-

ducting additional winter surveys would enable investigation of mixed layer instability

development during periods of weak gradients, especially considering that river discharge

is highest in winter in Greater Cook Strait.

� To better investigate frontal processes and improve our understanding of the dynamics of

LSMFs, glider observations can be combined with velocity and turbulence measurements.

Velocity measurements would also enable us to understand the implication of strong fronts

for vertical velocities.

� Complement glider chlorophyll observations with nutrient sampling to be able to connect

the links in the food chain more con�dently. Such an investigation would reveal if any

nutrient-related signatures in LSMFs is associated with river nutrients.

� Incorporate high resolution physical oceanography knowledge of this shelf sea into eco-

logical predictive models and species distribution models (such as in Barlow et al. (2020))

to investigate if enhanced productivity coming from LSMFs have implications on top

trophic levels (e.g. whales). Existing ecological models are functioning on limited obser-

vations from Conductivity Temperature Depth (CTD) casts and satellite products.
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