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Abstract

Ocean gliders have established themselves as a key component of the Global

Ocean Observing System. Gliders are particularly useful in shelf-break areas that

cannot be surveyed by pro�ling 
oats, such as those of the Argo program. This

thesis uses a legacy glider dataset to examine shelf break processes in an upwelling

zone. This dataset covers two periods of upwelling over the NW Iberian margin

in summer 2010. During this deployment, equatorward transport was maintained

over the shelf for 70 days during one of the strongest upwelling seasons on record.

Using a dataset collected by three gliders in the tropical North Atlantic, a new

algorithm for identifying thermohaline staircases in glider data is described.

Applying this algorithm, over 14000 thermohaline steps are identi�ed in pro�les

from the three gliders. It is hypothesised that the incidence of thermohaline

staircases is limited by strong background gradients in conservative temperature

and absolute salinity. Additionally, fast-response thermistor data are used to

examine the sensitivity of automated thermohaline staircase classi�ers to the

vertical resolution of temperature and salinity pro�les. In this analysis, a large

number of small thermohaline steps (< 1 m) were found where background

gradients of temperature and salinity are strong. These steps are below the

detection resolution of Argo 
oats and are likely underestimated in Argo based

surveys.

The use of gliders to collect temperature and salinity pro�les for extended periods

of time is well established. This thesis examines two new technologies that have

recently been applied to gliders: acoustic Doppler current pro�lers (ADCPs) and

automated classi�cation algorithms. The integration of a 1 MHz ADCP into a

Seaglider is described, along with the tests, trials, and results of four deployments.

The challenges of this sensor integration are explored, with recommendations

made for future use of the glider and suggested improvements to the ADCP. In

particular, the recommendation is made to increase the beam angle of the ADCP

from 17.4 � to 22 � to avoid glider stalling. This work includes the production of

a user manual for future users of the ADCP glider.
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1.1 Currents and velocity shear in the ocean

The ocean plays a critical role in the Earth system through the transport of ocean

currents. Heat and salt, oxygen and nutrients, phytoplankton and �sh larvae,

are all transported by ocean currents. Currents in the ocean drive processes

at all scales, from the global ocean conveyor belt and basin scale gyres, to the

millimetre scale vorticity features of ocean mixing. These ocean currents exert a

strong in
uence over our society as well (Szuts et al., 2019). From the immediate

impact of currents winnowing away the foundations of wind farms to the climate

of Europe kept mild by the Gulf Stream, ocean currents a�ect us all.

At �rst glance, an observer might assume that currents in the ocean are vertically

uniform. Most of our direct observations of the ocean are from the beach, a ship or

a plane. The ocean’s relative opacity to the electromagnetic spectrum, including

visible light, makes measurements of its interior di�cult. It is reasonable to

look at a feature such as the Gulf Stream and assume that the strong surface

poleward current extends all the way down to the sea-
oor. However, this is not

the case. Underneath the Gulf Stream, a system of counter currents transports

water equatorward (Buckley and Marshall, 2016). Vertical variation, or \shear",

of horizontal currents is in fact the norm in the ocean. What we observe at the

surface does not represent the motion at depth.

Measuring and velocity and velocity shear in the ocean is expensive and

di�cult. Sending a research vessel to the middle of an ocean basin to winch

sensors down through kilometres of water is a technical challenge. The results

of this work are only isolated measurements over a limited time period.

Observations are particularly sparse near the poles, and during the winter

months when ship work is hazardous. By necessity, we estimate and extrapolate

from the limited observations we have, but ocean currents are anything but

homogeneous or constant. Currents in the ocean vary over timescales of days to

years (Davis, 2010; Buckley and Marshall, 2016). We need to observe ocean

currents, not just in isolated points over limited time periods, but synoptically.

Since the turn of the century, two novel platforms for ocean observing, argo 
oats

and ocean gliders, have been developed to �ll this observational gap. Starting in

1999, the Argo program has used autonomous pro�les 
oat to massively increase

the number of observations of the open ocean. These autonomous 
oats have

collected over two million pro�les (NOAA, 2018). Ocean gliders (described in

Section 1.6) are controllable buoyancy powered platforms that can operate in

more dynamic environments such as shelf breaks which are not accessible to

Argo 
oats (Testor et al., 2019). Chapter 2 details the results of a glider study

in such a shelf break environment. Chapter 3 builds directly on a methodology

developed for Argo data to classify thermohaline staircases in glider datasets.
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Both of these studies focus on the long term observation of currents and shear

structures using temperature and salinity data. Chapter 4 describes an attempt

to integrate an ADCP into a glider to observe such processes directly. In the

following sections, I provide an overview of the most popular methods used to

observe ocean currents, their respective bene�ts and limitations.

1.2 Indirect estimation of velocity shear

In the open ocean, away from boundaries and with with negligible vertical

velocities, ocean velocities are assumed to be governed by the geostrophic

approximation. Under these conditions, the Navier-Stokes equations in the

horizontal plane reduce to:

uh =
g

f0�0

Z h

0

@�

@y
dz + ur

vh = � g

f0�0

Z h

0

@�

@x
dz + vr

Where uh and vh are eastward and northward velocity at depth h, g is acceleration

due to gravity, f0 is the local Coriolis parameter (assumed constant), �0 is average

density, � is density and ur and vr are reference velocities at depth. Using the

geostrophic approximation, shear of meridional velocity can be calculated from

gradients of zonal density and vice-versa. This approach is limited to areas of the

ocean in geostrophic balance, and depends on the assumption of a depth of no

motion or assumed constant current in order to yield absolute velocities. In many

cases these conditions cannot be met. For example near the equator where f ! 0,

near boundaries where friction plays a non-negligible role, in Ekman layers, or at

scales below the Rossby radius of deformation. In these cases, direct observation

with an ADCP or other instrument is the only way to determine water velocities.

The geostrophic approximation is commonly used, as estimates of density have

been historically easier to collect than direct velocity measurements. It requires

only temperature, salinity and pressure. Geostrophy is used successfully,

particularly in basin scale observations, to estimate velocities and transports,

e.g. the Atlantic meridional overturning circulation (Smeed et al., 2014). All

the observations necessary to approximate geostrophic velocities can be

collected using ships, moorings, pro�ling 
oats and gliders. This is the method

used to estimate along shelf transports in Chapter 2.
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1.2.1 Use of a glider to estimate geostrophic alongshore 
ow

Chapter 2 describes the use of a glider to estimate along shelf transports using the

velocity shear method from geostrophic currents. This deployment was carried

out over the North West Iberian Margin (NWIM), a region with a set of cross

poleward and equatorward currents. These currents are shown in Figure 1.1, after

Ferreira Cordeiro (2018). The system of currents established during summer

upwelling periods has been well studied (Ar��stegui et al., 2009; Nolasco et al.,

2013; Teles-Machado et al., 2015). However, the the week long cruises and isolated

moorings have not been able to capture the full variation of the upwelling system

over the duration of a summer upwelling season.

A glider deployment during two months of the summer upwelling season was able

to capture more variability in alongshore 
ows and oxygen concentration than

previous, isolated ship based surveys. During periods of upwelling, alongshore

currents change over a timescale of a few days and cold upwelled waters drive

increased productivity. This study demonstrated the utility of gliders as long

term monitoring platforms for geostrophic estimates of transport.

This system of geostrophic alongshore currents is an ideal study site for a

cross-shelf glider transect to estimate transports from geostrophy. However, this

method cannot capture ageostrophic currents, which would require direct

observation from an instrument like an ADCP. This study proved that gliders

can operate in these dynamic environments, with some limitations. In

particular, the glider struggled to maintain its cross shore transect when

currents exceeded 0.2 m s�1 and could not sample inshore of the 50 m isobath.

The limits of glider observations are discussed in the chapter. The uncertainty

around transport estimates from geostrophy makes the case for the dpeloyment

of an ADCP glider in this environment.

1.3 Small scale shear and velocity

Fine scale shear is a key driver of turbulent mixing in the ocean interior. This

phenomenon occurs over scales that are not observable by long range ADCPs,

which have bin sizes of several metres. A pronounced example of this is

thermohaline staircases. These structures occur over large areas of the open

ocean and are made up of mixed layers serveral 10s of ms thick separated by

gradient layers that can be less than 1 m thick. These layers of �ne scale shear

cannot be observed by ship based ADCPs, but can be observed by an ADCP

glider. The contribution of staircases to global estimates of mixing is small,

estimated at around 7.5 GW (van der Boog et al., 2021a). However, this

estimate is based on Argo data binned at 1 dbar resolution. Analysis of data
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Figure 1.1: The main alongshore currents during an upwelling period on
the NWIM. These are the Iberian Poleward Current (IPC), the Upper Slope
Equatorward Current (USEC) and Upwelling Jet (UI). The blue shaded region
represents cold, upwelled water. Adapted from Ferreira Cordeiro (2018).

binned at 0.2 m showns a large number of small steps below the detection

threshold of more coarsely binned data. Consequently, previous attempts to

estimate the global contribution of staircases to global mixing could be

underestimating this due to missing small steps.

1.3.1 Gliders to classify thermohaline staircases

A recent study by van der Boog et al. (2021b) demonstrated the use of Argo


oats to classify thermohaline staircases that occur across large areas of the

global ocean. These features are widespread, but relatively poorly studied. The

last dedicated study of thermohaline staircases in the tropical North Atlantic

was C-SALT in 1987 (Schmitt et al., 1987). In Chapter 3 we use data from

three gliders in the tropical Atlantic to build on this study, automatically

classifying staircases from glider data comprising over 1000 pro�les of

temperature and salinity. The use of an automated classi�er removes the

subjective element of classifying staircases and enables e�cient analysis of the

large number of pro�les collected by the three gliders during a month long

deployment .

Using temperature and salinity pro�les, it is possible to estimate shear and

mixing in thermohaline staircases Schmitt et al. (1987). Using an ADCP glider

to directly observe the shear in these staircases would give more accurate

measures of shear and could elucidate the reasons for the di�erences between

theoretical and laboratory based staircases, and those observed in the global
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ocean. In particular, the highly sheared gradient layers of thermohaline

staircases in the ocean are typically an order of magnitude thicker than

predicted by laboratory studies Schmitt et al. (1987). Direct observations of

velocity at the small scale of these layers (2 - 5 m in thickeness) would help to

clarrify the dynamics that are inferred from temperature and salinity pro�les.

1.4 ADCPs

The most commonly used instrument for observing ocean currents is the

acoustic Doppler current pro�ler (ADCP). There are many designs of ADCP

used to measure ocean velocity across a range of scales from a wide variety of

platforms. These include research vessels, moorings, buoys, and autonomous

underwater vehicles (AUVs). Though they vary widely in size and appearance,

all ADCPs work in a similar manner, using the Doppler e�ect. This is the e�ect

that relative motion has on re
ected sound waves. The sound waves re
ected

from an object moving toward a sound source will have a smaller wavelength,

and correspondingly greater frequency than the originally emitted sound waves.

This is the same e�ect behind the apparent shift in tone of a source such as a

siren moving past an observer, and the red shift of distant galaxies. This change

in re
ected wavelength and frequency is used to calculate the velocity of the

re
ector relative to the source of the sound waves.

An ADCP has one or more transducers. Each of these transmits short bursts

of acoustic energy. This energy travels as sound waves that propagate through

the water column and are re
ected by suspended solid particles or bubbles. The

same transducer measures the re
ected sound wave and uses the change in wave

frequency to deduce the speed of the re
ector relative to the transducer. The

time taken for the sound wave to return is multiplied by the local sound speed

to estimate the distance between the transducer and re
ector. In this manner,

time gated returns are used to estimate relative velocities at set distances from

the transducer.

ADCPs do not measure the speed of water directly, rather the speed of particles

suspended within it. For this reason, ADCPs perform poorly in water with few

scatterers, such as the oligotropic open ocean, and in the near surface where

entrained bubbles impede acoustic waves (Todd et al., 2017). Multiple

transducers are typically employed, as each transducer can only estimate speed

in the along-beam direction. A minimum of three transducers are required to

determine the 3D movement of water relative to the ADCP. Most designs use

four or �ve transducers for redundancy and increased accuracy e.g. the

Teledyne RDI Ocean Surveyor (4 transducers), or Nortek Signature (5

transducers). For more details on the technical operation of ADCPs, including
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an explanation of broadband operation and phase shift, consult the Teledyne

RDI ADCP primer (Teledyne RD Instruments, 2011).

1.4.1 Ship borne ADCPs

Most modern research vessels are �tted with a vessel mounted ADCP (vmADCP).

These are integrated into the ship’s hull, sometimes on a drop keel. This can be

lowered to stabilise the vessel and put more distance between acoustic sensors and

surface sources of acoustic noise and cavitation from propellers. Vessel mounted

ADCPs have several advantages. Being ship mounted, energy consumption and

data storage are not typically a concern. Compared to other active acoustic

instruments, such as the towed arrays used in seismic surveying, ADCPs are small

instruments. Even the largest commercially available vmADCPs that operate

at 36 kHz, and can observe currents up to a kilometre beneath the vessel, are

comprised of transducers less than 1 m in diameter. vmADCPs also bene�t from

the high accuracy and sampling frequency of ship Global Navigation Satellite

Systems (GNSS) such as GPS (USA) and Galileo (EU).

vmADCPs do have some drawbacks. Surface vessels pitch and roll at a variety of

frequencies; correcting for these in the vmADCP data is critical and non trivial

(Humon, 2021). On a large vessel in moderate swell, the 
exing of the vessel can

cause misalignment between the vmADCP and the GNSS receiver, which must

be corrected for. Owing to their mounting below a vessels waterline, vmADCPs

cannot sample the uppermost part of the water column, typically missing the

uppermost 10 metres or more. Finally, vmADCPs are limited to the depth range

of the sensor. Under ideal conditions, vmADCPs can collect data up to 1200 m

below the surface, leaving most of the ocean unobserved. To increase the range

of ADCP sampling from a ship, ADCPs are mounted on a CTD rosette, this is

referred to as a lowered ADCP (LADCP).

LADCPs have a much greater range than vmADCPs. They are able to sample

the water column from the surface down to the maximum extent of the CTD

winch cable, plus the range of the ADCP. LADCPs typically use smaller, higher

frequency transducers of 150 or 300 kHz. This decreases the bin size of the

collected data, increasing its resolution. The processing of LADCP data is

standardised, with many authors following the method of Thurnherr et al.

(2010). LADCPs have a far greater combined range, achieved by overlapping

pro�les. However, the resulting data can be di�cult to process as the CTD

rosette is subject to the ship’s motions transmitted via the cable, while its

movement relative to earth is not known to the same accuracy as the ship’s. In

character and processing, an ADCP mounted on a glider is most similar to an

LADCP.
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1.4.2 ADCPs vs DVLs

ADCPs and Doppler velocity loggers (DVLs) are very similar instruments. Both

employ multiple acoustic transducers in a diverging convex geometry. The

principle di�erence is that DVLs measure only one velocity along each beam,

typically from a known re
ector such as the sea
oor, to estimate the relative

velocity between the DVL unit and the re
ector. DVLs are principally used for

navigational purposes. Because they provide only one measurement of velocity,

that of water or ground relative to the platform, DVLs do not provide any

information about the velocity shear of the water column. They can provide a

single measurement of water velocity Vw if the velocity of the vehicle relative to

the ground Vg is independently known, for instance via a GNSS transceiver.

The terms DVL and ADCP are often used interchangeably, even when referring

to the same instrument (e.g. Cusi et al. 2017). In this thesis, ADCP refers to an

instrument than time gates acoustic returns from an emitted acoustic pulse into

bins at approximately �xed distances from the transducer. A DVL measures the

relative velocity of the platform and a single re
ector.

1.5 From shear to velocity

Whether measured by ADCP or deduced from the geostrophic approximation,

vertical pro�les of horizontal velocity shear must be integrated to estimate

velocity. Two methods are commonly used for this combination of overlapping

shear pro�les: vertical integration of shear and the velocity inversion method.

Vertical integration of shear simply integrates shear estimates vertically from a

known velocity such as a depth of no motion or a bottom lock. One of the most

popular methods is described by Thurnherr et al. (2010) as used for LADCP

data. The same approach can be used for ADCP data from AUVs. Velocity

inversion is a more complex procedure that treats each estimate of local shear

separately, creating a linear series of equations that can be solved by a least

squares calculation (Todd et al., 2017)

The advantage of the velocity inversion method is that many constraints can

be applied during the inversion with linear additions, while the simpler shear

method requires extensive post processing to achieve this. The two methods are

contrasted in detail in Thurnherr et al. (2015).

The vertical pro�les of horizontal velocity produced by these methods are relative.

To obtain absolute (earth relative) velocity, we must reference the velocity pro�le

to a known velocity. This can be achieved with a velocity at a known depth

or through the use of a depth averaged velocity integration constant. Known

velocities are commonly used in shallow water environments, where ADCPs can
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obtain a \bottom lock" on the sea-
oor, or in deep quiescent environments where

a depth of no motion can be assumed (Fong and Monismith, 2004). In the open

ocean, it is more common to use a depth average current. Reference to depth

average current is the approach employed most commonly when analysing data

from gliders (Rusello et al., 2012; Todd et al., 2017).

1.6 Gliders primer

Ocean gliders are small, buoyancy powered vehicles that pro�le with a

characteristic sawtooth sampling pattern (Figure 1.2). Gliders use short wings

to transform vertical speed into horizontal motion. The �rst gliders were

produced at the turn of the century and now, after 20 years of development,

they are an established platform for oceanographic research and monitoring.

Gliders are a keystone of the Global Ocean Observing System (GOOS) (Testor

et al., 2019). Gliders are capable of long endurance deployments, pro�ling the

upper 500 - 1500 m of the ocean at a fraction of the cost of a dedicated research

vessel. Gliders are more limited in scope than research vessels, typically only

measuring a few variables and with no sample collection ability. Gliders require

deployment and recovery from a vessel in at least 50 m of water at the

beginning and end of their 1 - 3 month long missions. The geostrophic method

has been used to indirectly estimate current velocities from gliders since their

inception, but the use of ADCPs on gliders is a relatively recent development.

A key concept in the operation of gliders is the 
ight model described in

Frajka-Williams et al. (2011). Between the surface GPS �xes at the beginning

and end of each dive, the glider has no direct method of determining its

location. Instead, the motion of the glider through the water is estimated

indirectly. Vertical speed is calculated from pressure changes and horizontal

speed is estimated from the glider’s pitch angle and angle of attack. Using the

heading from the glider’s compass, one can establish its course through the

water. This method is referred to as dead reckoning. When the glider surfaces

and achieves a GPS �x, the distance travelled relative to the earth is

established. The di�erence between these two distances is the displacement of

the water while the glider was submerged. Dividing this discrepancy by the dive

time yields an approximate water velocity. This velocity is referred to as dive

average current (DAC). Assuming that the glider dive was conducted at a

constant vertical speed, this DAC is approximately a depth averaged current

over the vertical extent of the dive. This DAC is used to reference geostrophic

shear from gliders and is considered to be accurate to 1 cm s�1 (Eriksen et al.,

2001; Merckelbach et al., 2008).
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Figure 1.2: The standard shape of a glider dive, including GPS �xes which are
used to calculate dive average current. From IRobot (2012)

1.7 Thesis overview

This PhD project was funded by the Next Generation Unmanned Systems

Science (NEXUSS) Centre for Doctoral Training. NEXUSS was created to

tackle challenges in the environmental sciences via the use of smart and

autonomous observing systems. Observational campaigns in physical

oceanography are increasingly centred on autonomous observing systems such

as pro�ling 
oats and gliders. Over the last two decades, gliders have evolved

from specialist experimental vehicles to proven, reliable platforms suitable for

integration with a wide range of sensors. Experimenting with new sensors and

sampling strategies can increase the volume and range of observational data

collected by these platforms. This enables a greater insight into underlying

oceanographic processes. Chapter 4 describes the process of integrating, testing,

and deploying the ADCP Seaglider SG637 Omura, along with preliminary data

analysis. Chapter 5 is a manual of operation for this ADCP glider, compiled

from extensive testing and deployment of the system.

The testing of Omura required several �eld deployments over three years. During

this time, previously unpublished collected by a standard glider, SG510 Orca, was

used to study a shelf-break region which could be the subject of future ADCP-

glider deployments. This was a shelf break study of the Iberian margin near

Vigo, Spain in summer 2010. This campaign focused on upwelling and alongshore

geostrophic 
ows as part of the Canaries-Iberian Marine Ecosystem Exchanges

(CAIBEX) project. We observed continuous equatorward transport over the shelf

and upper slope during 70 days, due to unusually persistent upwelling favourable

conditions. Two periods of strong southward winds precipitated upwelling events

observed by the glider. We recorded peaks in chlorophyll a leading peaks in

dissolved oxygen in near surface waters. The results of this work are presented in

Chapter 2. The contents of this chapter were published in 2020 by the American
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Figure 1.3: Map showing areas of glider deployments covered by the three
following chapters of this thesis.

Geophysical Union in JGR: Oceans (Rollo et al., 2020a).

After extensive testing, Omura was deployed east of Barbados for three weeks

in January 2020. This deployment was carried out as part of the Elucidating

the Role of Clouds-Circulation Coupling in Climate (EUREC4A) campaign.

Results from EUREC4A are presented in Chapter 3. During this deployment,

we observed two periods of thermohaline staircasing at the edge of the region

identi�ed in the C-SALT experiment 35 years prior. To quantify the extent and

step characteristics of these structures, I created a classi�cation algorithm to

detect thermohaline staircases in glider data. Using this dataset, we hypothesise

four criteria that must be met for extensive thermohaline staircases to form and

persist. This chapter was submitted to the European Geosciences Union journal

Geoscienti�c Instrumentation, Methods and Data Systems in October 2021.

The key theme linking these glider deployments is improving the methodology

for observing ocean currents and shear over a range of scales. Fine scale shear is

a key driver of turbulent mixing in the ocean interior, as explored in Chapter 3.

This mixing occurs at scales too small for ship mounted ADCPs, but could be
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directly observed by an ADCP equipped glider. Large scale geostrophic currents

can be monitored by gliders, as shown in Chapter 2. An ADCP equipped glider

could extend this analysis into ageostrophic 
ows. Both of these studies make

the case for gliders as a part of the global ocean observing systems �lling the gap

between long duration, low temporal resolution Argo 
oats and tradional ship

based observations.

Chapter 6 reviews the progress made with Omura and automated glider data

processing over the course of this PhD. I discuss the core challenges of integrating

an ADCP onto a Seaglider and make recommendations for future work, with a

particular focus on Omura.
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Chapter 2: Glider Observations of the Northwestern Iberian Margin During an

Exceptional Summer Upwelling Season

2.1 Key points

� A glider observed two upwelling events during a 70 day deployment over

the Northwestern Iberian Margin in summer 2010.

� During upwelling, decreasing temperature and increasing chlorophyll a

concentration lead increasing dissolved oxygen concentration by 6 days.

� Equatorward 
ow persisted over the shelf and upper slope throughout the

deployment.

2.2 Abstract

Glider observations from the Northwestern Iberian Margin during the

exceptionally strong 2010 summer upwelling season resolved the evolution of

physical and biogeochemical variables during two upwelling events. Upwelling

brought low oxygen Eastern North Atlantic Central Water from 190 m depth

onto the shelf up to a depth of 50 m. During the two observed periods of

upwelling, a poleward jet developed over the shelf break. The persistent

southward, upwelling favourable winds maintained equatorward 
ow on the

outer shelf for two months with no reversals during relaxation periods, a

phenomenon not previously observed. During upwelling, near surface

chlorophyll a concentration increased by more than 6 mg m�3. Oxygen

supersaturation in the near surface increased by more than 20 %, 6 days after

the chlorophyll a maximum.

2.3 Plain language summary

In summer 2010, an autonomous underwater vehicle was used to measure

changing water properties in the ocean o�shore of Vigo, NW Spain. During

summer, winds blowing southward along the Iberian coast push surface waters

o�shore, causing deep, cold, nutrient rich water to rise to the surface. The

nutrients brought up with this cold water enable growth of phytoplankton,

impacting higher trophic levels and local �sheries. During June and July 2010

we observed two episodes of deep water rising and the subsequent increases in

phytoplankton. Increases in dissolved oxygen concentration and ocean current

speed were also observed. Using a robotic underwater glider allowed us to

obtain high resolution observations over a longer time period at a fraction of the

cost of a research vessel cruise.
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2.4 Introduction

Eastern Boundary Upwelling Systems are some of the oceans’ most productive

areas, covering less than 1 % of the ocean but accounting for up to 20 % of the

global wild �sh take (Pauly and Christensen, 1995). The Northwestern Iberian

Margin (NWIM) forms the northernmost extent of the Canary Current

Upwelling System, an Eastern Boundary Upwelling System of the North

Atlantic. The NWIM hosts a seasonally varying multicore 
ow that exhibits

strong variability (Teles-Machado et al., 2015). With the northward movement

of the Azores High and the intensi�cation of the Icelandic Low in summer,

episodic southward winds blow along the Iberian coastline (Peliz et al., 2002;

Nolasco et al., 2013). These southward winds drive warm surface waters

o�shore by Ekman transport, inducing the upwelling of cooler, nutrient rich

water from as deep as 200 m and enhancing local primary production (Barton,

2001). During upwelling periods, typically 7-10 days (Huthnance et al., 2002;

Ferreira Cordeiro et al., 2018), the coastal sea level lowers, the thermocline rises

and an equatorward coastal jet develops over the shelf (Ar��stegui et al., 2009).

The NWIM extends 350 km along the west coast of the Iberian peninsula, from

Cape Mondego to Cape Finisterre (Figure 2.1). The NWIM consists of a shelf

50-60 km wide that slopes gently to the shelf break between the 200 and 300 m

isobaths before dropping to 2000 m over a distance of 15 km. The glider

deployment area, in the neighbourhood of Cape Silleiro, is known to feature

intensi�ed upwelling in summer (Huthnance et al., 2002; Relvas et al., 2007).

The shelf and slope region host seasonally varying meridional 
ows detailed by

Herrera et al. (2008); Ferreira Cordeiro et al. (2018). O�shore, the North

Atlantic subtropical gyre transports water equatorward in the broad, slow

Portugal Current (Ar��stegui et al., 2009). The most variable current over the

slope is the Iberian Poleward Current (IPC). The IPC transports water

poleward, primarily driven by meridional density gradients (Peliz, 2003).

During summer, this poleward 
ow coexists with two equatorward 
ows, the

Upper Slope Equatorward Current, a topographically steered jet along the

slope, and the intermittent Upwelling Jet that transports shelf waters

equatorward (Ferreira Cordeiro et al., 2018). These currents are shown in

schematic in Figure 1.1. The current closest to the coast is the UI, the USEC

lies over the upper contiental slope, with the IPC further o�shore. Glider data

in Figure 2.1.a show the UI at the eastern end as the strongest equatorward

current, and the USEC over the slope. The glider did not travel far enough

o�shore to directly observe the IPC.

Upwelling is a response to atmospheric forcing. When southward winds blow

along the coast of the NWIM, surface waters are transported o�shore by Ekman
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Figure 2.1: (a) Location of the glider section o�shore of Vigo, NW Spain.
Grey dashed lines at 1/4 degree intervals. Black lines demarcate the 300 and
1000 m isobaths, the shelf break and maximum pro�ling depth of the glider
respectively. Red line marks the glider’s nominal section. Arrows are the detided
dive average currents, averaged over the deployment. Cape Silleiro is marked with
CS. The mouths of the two southern R��as Baixas estuaries are marked: the R��a
de Pontevedra (RdP) and R��a de Vigo (RdV). Bathymetry from the EMODnet
Bathymetry Consortium (2018). (b) Limits of the Northwestern Iberian Margin,
Cape Finesterre (CF) in the north and Cape Mondego (CM) in the south. Red
box is area shown in (a). (c) Track of the glider during its 17 transects of the
section, same scale as (a). Glider’s nominal section in red. Green lines are
transects 2-7. (d) Upwelling Index (UI) calculated with winds from the FNMOC
model over yeardays 150-220 (30 May to 9 August) 2010. Shading shows the
timing of the 17 numbered glider transects. Background shading indicates the
direction of glider travel (grey: westward transects, white:eastward transects).

transport. These waters are replaced by cooler subsurface waters that rise to

replace them. Equatorward 
ow then develops centered on the front between

warm surface waters that have been displaced o�shore and cool, dense subsurface

waters that have replaced them. This current is the UI and is in geostrophic

balance, running equatorward parallel to the coast (Fiuza et al., 1998). The

front typically moves o�shore as more cool water is upwelled (Ferreira Cordeiro,

2018).

Three water masses are typically observed in the upper 1000 m over the NWIM.

In the deeper waters over the slope, Mediterranean Water (MEDW) is observed,

typically below 550-600 m (Fiuza et al., 1998; van Aken, 2000). Above the
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Figure 2.2: Mean and bootstrapped uncertainty range of the Upwelling Index for
the 70 day interval 30 May to 8 August inclusive of each year.

MEDW two modes of Eastern North Atlantic Central Water (ENACW) are

distinguishable; the subpolar (ENACWsp) and subtropical (ENACWst) modes

(R��os et al., 1992). The two converge in the vicinity of Cape Finisterre around

42-44 �N (Peliz et al., 2002) and are approximately divided along

�� = 27:1 kg m�3. The overlying ENACWst is warmer, saltier and more oxygen

rich than ENACWsp, as has been observed elsewhere in the north east Atlantic

(Damerell et al., 2016; Ferreira Cordeiro et al., 2018; Hall et al., 2017).

ENACWsp is typically observed from depths of 550-600 m up to 250-180 m.

ENACWst is observed higher in the water column, from 250 m to 20-70 m

where it mixes with warm, brackish out
ow of the R��as Baixas estuarine inlets

to form the surface waters of the upper 20-70 m. These light surface waters 
ow

o�shore past the shelf break. The surface waters are the warmest and most

highly oxygenated waters of the NWIM. In summer, much of the vertical

displacement of these water masses is driven by upwelling events

(�Alvarez-Salgado et al., 2000).

Upwelling episodes boost productivity along the shelf break, increasing primary

production by up to 50 % compared with open ocean values (Joint et al., 2002).

Due to upwelling, the NWIM hosts high concentrations of zooplankton and

pelagic �sh, enhancing its biological and economic importance (Rossi et al.,

2013). During upwelling events, substantial cross-shelf exchange can take place

(Brink, 1998). These events of enhanced primary productivity and o�shore

transport are the focus of this study.
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UI =
�

f
(2.1)

The 2010 summer upwelling season was unusually strong. Winds originated from

the direction 0 � 45� (i.e. within 45� of north) for 82 % of the deployment.

The mean wind speed was 8.2 m s�1 and the mean Upwelling Index (UI) was

950 (� 40) m3 km�1 s�1. UI was �rst described by Bakun (1973). UI is the

portion of Ekman transport perpendicular to the coastline, which is calculated

as the alongshore wind stress � divided by the Coriolis parameter f (Equation

2.1). A positive value of UI is indicative of upwelling favourable conditions.

As UI is a representation of Emkan transport, its units are of cubic meters of

water transported cross shelf per km of coastline. UI for the region for each year

over the same yearday range averaged 550 (� 190) m3 km�1 s�1 (Puertos del

Estado, 2019). In 2010, UI was two standard deviations above the mean (Figure

2.2). Similarly strong upwelling conditions occurred during 1981, 2002 and 2016.

These unusually strong conditions resulted in a summer dominated by upwelling.

To observe this variability during the upwelling season at high spatial and

temporal resolution, an autonomous ocean glider was deployed at the NWIM

during summer 2010. The deployment is described in Section 2.5.1. Data

processing and gridding are presented in Section 2.5.2. In Section 2.6 we present

the results, in Section 2.7 we discuss the results and make recommendations for

future observational campaigns on the NWIM. In Section 2.8 we summarise the

key results.

2.5 Data collection and processing

2.5.1 Data collection

From 1 June to 5 August 2010, Seaglider SG510 Orca occupied an onshore-

o�shore section at 42.1 �N across the shelf and slope from 9.1 to 9.7 �W (Figure

2.1). Each passage through the section is referred to as a transect. Seagliders

are small, buoyancy-powered vehicles that pro�le to 1000 m with a sawtooth dive

pattern (Eriksen et al., 2001). The glider pro�led over bathymetry of 150 to

2000 m. Individual dive cycle duration varied from 30 minutes on the shelf to 4

hours over the deep slope. During a dive the glider travels between 500 m and

4 km horizontally. Each dive cycle yielded two pro�les, one when the glider was

descending, one when it was ascending. The glider recorded measurements every

5 s above 200 m and every 10 s below 200 m. The glider has a typical vertical

speed of 0.1 m s�1, resulting in vertical sampling resolutions of approximately 0.5

m and 1.0 m respectively. The glider travelled zonally at 0.1-0.3 m s�1 relative
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to the ground.

The glider was equipped with a Paine Corporation pressure sensor, an

unpumped Seabird CT sail measuring temperature and conductivity, a

WETLabs ECO Puck triplet sensor measuring chlophyll a 
ourescence,

backscatter and colored dissolved organic matter, and an Aanderaa 4330F

oxygen optode. Transects covered on average 45 km and took 2-6 days.

Transect time increased towards the end of the deployment due to biofouling

that increased drag on the glider. This is apparent in the increased time taken

to complete transects later on in the mission (Figure 2.1d). The glider

completed the section 17 times. Some transects were truncated, due to strong

episodic equatorward currents on the inner shelf that prevented the glider from

progressing, but all were greater than 36 km (Figure 2.1c). Due to strong

equatorward currents, the glider deviated meridionally from its intended zonal

track with a standard deviation of 2.8 km (Figure 2.1c). Considering these

deviations to be small, we have projected all samples onto a zonal section. We

compared the temperature-salinity characteristics of all transects (not shown).

Transects all sample the same water masses, even those with large meridional

deviations. Transects 2 and 6 have been chosen as typical examples of

non-upwelling and upwelling conditions respectively. Transect 2 took place after

a period of relaxation favourable conditions, whereas transect 6 was conducted

at the peak of the �rst upwelling event (Figure 2.1).

The shelf break is de�ned as the 300 m isobath shown in Figure 2.1. Throughout

the text, \shelf" refers to waters east of the shelf break, \slope" refers to waters

west of the shelf break. Yeardays (YD) are used throughout, with January 1st

2010 as yearday 0. The �rst day of this deployment 1 was June 2010, yearday

151.

2.5.2 Data processing and gridding

The hydrodynamic 
ight model for the glider was tuned following the methods of

Frajka-Williams et al. (2011). Dive average currents (DACs) were calculated from

the di�erence between the glider’s 
ight path calculated from GPS �xes at the

beginning and end of each dive, and the glider’s 
ight path from the 
ight model.

This method consists of calculating the path that a glider takes through the

water, using its buoyancy, pitch, roll and vertical speed calculated from pressure

change over time. The di�erence between the expected surfacing location of the

glider, and the observed surfacing location from GPS is attributed to advection

of the glider while underwater. Assuming a constant vertical speed, this distance

divided by the time that the glider was underwater is an estimate of the vertically

averaged current. This dive average current is then used as the reference velocity
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when calculating absolute velocities from velocity shear calculated by geostrophy,

as calculated in Section 1.2.

The 
ight model regression is very sensitive to drag coe�cients, which varied

greatly over the glider deployment. Parasitic drag increased by over 200 % due

to biofouling. To accommodate this, the glider 
ight model was calculated using

batches of 30 dives, allowing the friction coe�cients to vary over the 1050 dives

analysed. The DACs were inspected for directional biases that can arise from a

poorly calibrated compass, but no substantial di�erences were found. Thermal

lag of the CT cell was corrected following Garau et al. (2011). These corrections

were implemented with the UEA Seaglider Toolbox (Queste, 2014).

To remove tidal currents from the DAC time series, dives were separated into

two subsets, onshore and o�shore of the shelf break, following the method of

Sheehan et al. (2018) who separated DACs into three spatial bins for tidal

analysis. We used the shelf break, de�ned as the 300 m isobath, as the dividing

line between these two bins. These two datasets, each comprising approximately

one month of DAC observations, were treated as discontinuous time series and

harmonic analysis was used to extract the M2 and S2 tidal constituents. The

combined M2 + S2 tidal current had a maximum amplitude of 0.5 cm s�1 over

the slope and 2.0 cm s�1 on the shelf. The tidal constituents were validated

against the TPXO tide model (Egbert and Erofeeva, 2002). The choice of two

domains was made as the M2 tidal component in the region varies substantially

between shelf and slope (Quaresma and Pichon, 2013). Each bin also satis�es

the Rayleigh criterion for distinguishing between the M2 and S2 tides with time

series of greater than 14.8 days (Sheehan et al., 2018). For the purposes of this

paper, DAC is assumed to be an approximate barotropic current where the

glider sampled the full water column and an approximate vertical average

current in the upper 1000 m, where the bathymetry exceeded the glider’s

pro�ling depth. The M2 and S2 tidal constituents were subtracted from the

DACs before using the DACs to reference geostrophic shear. DACs are typically

considered accurate to within 1 cm s�1 (Eriksen et al., 2001; Merckelbach et al.,

2008). Acknowledging that this detiding will not remove all tidal constituents

from the DACs, we have incorporated a 2 cm s�1 uncertainty in our

calculations of geostrophic currents. This uncertainty in geostrophic velocity is

used for uncertainty estimates in alongshore transports.

The WETlabs ECO Puck measures 
uorescence as a proxy for chlorophyll a

concentration (henceforth chlorophyll). The ECO Puck excites chlorophyll by

emitting at 470 nm and records 
orescence at 695 nm. Chlorophyll 
uoresces at

a range of wavelengths centred on 682 nm (Maxwell and Johnson, 2000). The

chlorophyll 
orescence data are calculated using a linear equation y = m(x� c),
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where y is chlorophyll concentration (mg m�3) and x is the sensor output

(counts). We used the manufacturer supplied gradient m = 0.121 and a dark

counts level c = 48, 8 % lower than the manufacturer supplied value, such that

the sensor registered 0 chlorophyll at depths greater than 150 m. An in-water

calibration was carried out with co-located CTD casts on 1 June (YD 151), 29

June (YD 179) and 29 July (YD 210) (Brown, 2013). Chlorophyll values were

corrected for the e�ects of non-photochemical quenching following the

methodology of Thomalla et al. (2018). As the principal interest of this study is

the cross shelf and temporal variability of chlorophyll, we are not aiming for an

approximation of chlorophyll concentration better than a factor of two.

The Aanderaa optode is a low power foil type sensor as described by Alkire

et al. (2012). Dissolved oxygen concentration was calculated using manufacturer

calibration constants. The oxygen concentration was then corrected for temporal

drift by applying a linear correction in time such that oxygen concentrations at

850-950 m depth remained constant in time. Winkler bottle samples were used

to calibrate the ship CTD O2 sensor on 29 July (YD 210), 15 September (YD

257) and 29 September (YD 271). This calibration was applied to CTD casts on

1 June (YD 151), 29 June (YD 179) and 29 July (YD 210) (Brown, 2013).

Temperature and salinity data for each transect were interpolated with an

Objective Analysis Barnes function (Barnes, 1994) onto a grid with spacing 1

km horizontal by 1 m vertical, using a horizontal smoothing distance of 8 km

and vertical smoothing of 8 m. This horizontal distance was chosen as it is the

�rst internal Rossby radius of deformation over the shelf slope at the middle of

the section. These gridded values were then used to calculate the potential

density, absolute salinity and conservative temperature using the Gibbs

Seawater toolbox (IOC and IAPSO, 2010). We found the geostrophic velocity

�eld calculated from these interpolated data to be largely insensitive to

smoothing distances from 0.5 to 15 km. Dissolved oxygen concentration and

chlorophyll concentration were gridded using the same methodology.

Hovm�oller plots were constructed by a linear interpolation of samples taken within

� 2.5 m vertically of the plot level. These samples were interpolated to a grid

spaced 1 km horizontally and 8 hours in time, using a smoothing distance of 8 km

and smoothing time of 3 days. This smoothing time was chosen as it is the typical

response time of the NWIM to changes between upwelling and downwelling states

(McClain et al., 1986).

Geostrophic currents were calculated from thermal wind, using the detided glider

DACs as a reference velocity. The geostrophic approximation is commonly used

with glider datasets in upwelling regions (Todd et al., 2011a; Pietri et al., 2013),

with estimated uncertainties of 1 -2 cm s�1. Geostrophic currents calculated with
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this method compare well with ADCP data (Pietri et al., 2013). Bottom velocities

were nearest neighbour extrapolated to �ll gaps between glider sampling and

bathymetry over the shelf and slope, with no extrapolation past the maximum

measurement depth (1000 m). A Monte Carlo method was used to estimate

uncertainty in the alongshore transports by applying random Gaussian noise

with a standard deviation of 2 cm s�1 to the DACs, the largest source of error

in estimation of geostrophic currents from glider data. Ageostrophic velocities

are included in the dive average current estimated from the glider 
ight model.

We are not able to estimate the uncertainty introduced by the relatively slow

transects of the glider.

UI for the R��as Baixas is calculated by the Puertos del Estado at 6 hour

intervals using the FNMOC model (Puertos del Estado, 2019). Satellite sea

surface temperature (SST) are taken from CMEMS Atlantic European North

West Shelf Seas - Reprocessed SST Analysis - ODYSSEA from AVHRR

Path�nder v5.3, daily product 0.04 degrees resolution. Chl a satellite data are

from MODIS (Hu et al., 2012), daily product 0.0104 degree resolution.

Bathymetry from EMODnet is used in this study (EMODnet Bathymetry

Consortium, 2018).

We use units of conservative temperature and absolute salinity following IOC

and IAPSO (2010). All densities are potential density anomalies �� = potential

density - 1000 with units of kg m�3. Oxygen supersaturation, �(O2) is calculated

as

�(O2) =
c(O2)

ceq(O2
)� 1; (2.2)

where c(O2) is the measured O2 concentration and ceq(O2) is the O2 concentration

at an absolute pressure of 101325 Pa, calculated with potential temperature and

salinity (Garcia and Gordon, 1992, 1993). A positive value represents oxygen

supersaturation, a negative one represents oxygen undersaturation.

2.6 Results

2.6.1 Initial Conditions

Prior to upwelling (Figure 2.1d transects 1, and 2), conditions across the section

were typical of relaxation. Isopycnals were near horizontal, with a layer of warm

> 18 �C, low salinity < 35.9 g kg�1, low density �� < 26.0 kg m�3 water

occupying the upper 20 m over the shelf and slope (Figures 2.3c, 2.4a and 2.4b).

Vertical chlorophyll and �(O2) distributions were similar across the section,

with a subsurface chlorophyll maximum of 2.1 mg m�3 at 38 m and a �(O2)

maximum of 12 % from the surface to 25 m (Figures 2.5a and 2.5b). Water

above the �� = 26.9 kg m�3 isopycnal was supersaturated in oxygen, water
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Figure 2.3: Conservative temperature (a-d) and meridional velocity (e & f). (a
& b) Conservative temperature averaged over the uppermost 5 m, black ticks
mark the surfacing of the glider during the transect for that column. (e & f)
Meridional geostrophic velocity, negative velocity is equatorward. Density plotted
with black lines. (a,c,e) Transect 2. (b,d,f) Transect 6. Density isopycnals
mark the approximate boundaries between ENACWst and ENACWsp (�� =
27:1 kg m�3) and between ENACWsp and MEDW (�� = 27:3 kg m�3). Note
that the vertical scale changes at z = -200 m.

below this isopycnal was undersaturated. The greatest chlorophyll

concentrations and greatest �(O2) were at the eastern end of the section, over

the shelf. Below the pycnocline �(O2) was greater over the shelf break and

lower over the inner shelf, particularly near the sea 
oor where �(O2) of less

than -16 % was observed (Figure 2.5b).

During transects 3 and 4 (8-14 June), increasing wind speeds mixed the surface
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Figure 2.4: Evolution of conservative temperature (a,c,e,g,i) and meridional
geostrophic velocity (b,d,f,h,j) during the �rst upwelling event, transects 3-
7. (a,c,e,g,i) Contours are absolute salinity (g kg�1). (b,d,f,h,j) Contours are
density. UI on each �gure in m3 s�1 km�1 and is the value at the time the glider
crossed the shelf break. Black ticks at the top of �gures mark surfacings of the
glider.

waters, increasing the mixed layer depth from 5 to 15 m (Figure 2.4). Chlorophyll

in the upper 30 m increased by 0.8-1.6 mg m�3 and the subsurface chlorophyll

maximum shoaled to 27 m (Figure 2.5c). After transect 4, the subsurface �(O2)

maximum was not observed. Wind speed increased to 13 m s�1 during transect

4.

2.6.2 First upwelling event

The �rst upwelling event began on 14 June (YD 164, Figure 2.6). This occurred

during transects 4-7 of the deployment (Figures 2.4 and 2.5). The onset of

upwelling was �rst apparent in the increase in the equatorward current over the
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Figure 2.5: Evolution of chlorophyll a concentration (a,c,e,g,i) and oxygen
supersaturation (�(O2)) (b,d,f,h,j). (b,d,f,h,j) -10, 0 and 10 % �(O2) contours
in black. Annotations as in Figure 2.4.

outer shelf from 3 to 8 cm s�1 during transect 4 (14 June, Figure 2.6a). The

warm, low density surface waters were displaced 30 km o�shore in 4 days

(Figures 2.4a and 2.4c). The front between the warm surface water and cooler

upwelled water moved o�shore at approximately 0:1 m s�1, consistent with

previous observations of frontal translation during upwelling (Rossi et al., 2013).

This re
ects the large volume of water upwelled displacing the warmer, less

dense waters o�shore. This translation. speed was inferred from the observed

horizontal displacement of isopycnals between glider transects. Strong

equatorward currents at this time prevented the glider reaching its easter

waypoint during transect 4 (Figure 2.6). Because of this, we have no glider

observations for the shelf more than 14 km inshore of the shelf break for 10

days. This period coincided with the wind speed peak of the �rst upwelling

event. Satellite data show surface cooling and elevated chlorophyll a
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Figure 2.6: (a) Conservative temperature at 10 m depth. Black dashed line
demarcates glider track in time. Black lines are potential density anomalies in
kg m�3. Cyan vectors are detided dive average currents. (c) Satellite observed
SST with glider track overlaid. (b & d) Upwelling Index (UI) with glider transects
shaded and numbered as in Figure 2.1.

concentrations during this time period (Figures 2.6c and 2.7c).

After the o�shore advection of the warm low density water, near surface waters

over the shelf became cooler and more saline (Figures 2.4g and 2.4i). Temperature

near the surface decreased by as much as 3.0 �C at the eastern end of the section

(Figure 2.6a). An across slope temperature gradient of 0:1 �C km�1 in the upper

20 m was observed (Figure 2.3b) typical of a front between warm surface and cool

upwelled waters (Ferreira Cordeiro, 2018). Over the shelf, the �� = 27:1 kg m�3

isopycnal shoaled from 180 m to shallower than 100 m (Figures 2.4b and 2.4h). A

core of cool, saline water with temperature-salinity characteristics between those
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Figure 2.7: As Figure 2.6 for Chlorophyll a concentration.

of ENACWst and ENACWsp was upwelled onto the shelf during transects 6 and

7 (17-23 June, Figures 2.4g and 2.4i). The presence of this water on the shelf

suggests upwelling of waters from depths of greater than 190 m, as has been

observed previously (Huthnance et al., 2002). The change from near horizontal

isopycnals pre-upwelling to isopycnal slopes of 4 m km�1 across the shelf break

is pronounced (Figures 2.3c and 2.3d). The �� = 27:0 kg m�3 isopycnal shoaled

by 20 m over the shelf, similar to that observed during summer 2009 by Ferreira

Cordeiro et al. (2018). During the upwelling event, isopycnals outcropped over

the shelf break (Figure 2.3f).

Prior to the �rst upwelling event, average chlorophyll concentrations were

similar on the shelf and over the slope, though concentrations over the slope

exhibited more variability (Figure 2.8a). Chlorophyll concentrations increased

after the development of full upwelling, coincident with the decrease in near
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Figure 2.8: Mean vertical pro�les of chlorophyll concentration (a,c,e) and �(O2)
(b,d,e) before and during the �rst upwelling event. The green and blue lines are
the average of the water column over the slope, more than 5 km west of the shelf
break. The red and orange lines are the average of the water column over the
shelf, more than 5 km east of the shelf break. Uncertainty of 1 standard deviation
is shaded around each pro�le. Transect number, yearday of the transect and UI
during the transect are shown on each panel.

surface temperature (Figure 2.7). Higher chlorophyll concentrations were

observed over the shelf than the slope for the entirety of the upper 100 m

during transect 6 (Figure 2.8c). The subsurface chlorophyll maximum over the

shelf shoaled to 12 m and near surface concentrations surpassed 6.0 mg m�3

over the inner shelf more than 10 km inshore of the shelf break during transects

6-7 (Figure 2.7). The chlorophyll maximum changed in character from

subsurface to surface. �(O2) followed the same pattern as chlorophyll but
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Figure 2.9: As Figure 2.6a and 2.6b for �(O2). 20 % �(O2) contour in solid
black.

peaked during transects 8-9, 6 days later (Figures 2.7 and 2.9). �(O2) increased

most in the near surface over the shelf to greater than 28 %. during transect 8,

the greatest supersaturation observed during the deployment (Figures 2.8f and

2.9). Chlorophyll and �(O2) over the slope increased only slightly during the

same time period (Figures 2.8c-2.8f).

After peaking during transect 7, maximum chlorophyll concentration over the

shelf decreased to 2.3 mg m�3 and the subsurface chlorophyll maximum

descended to 43 m during transects 8 and 9. �(O2) over the shelf also

decreased, reaching a minimum during transects 10 and 11, 8 days later than

the minimum of chlorophyll in the near surface (Figures 2.7 and 2.9).

A brief period of strong equatorward wind around YD 188 (8 July, transects 10-

11) increased equatorward current speed on the shelf (Figure 2.6a). However, this

event was short lived and caused only a modest decrease in temperature on shelf

at the eastern end of the transect (Figure 2.6a). Small increases in chlorophyll

(0.5 mg m�3) and �(O2) (10 %) in the near surface were observed during the

following transects 12-13 (Figures 2.7 and 2.9). The e�ects of this period of

increased winds were mainly limited to the inner shelf, more than 10 km east of

the shelf break (Figures 2.6, 2.7 and 2.9). The lack of response to this period

of increased equatorward wind could be due to its short duration. The response

time of the margin is around 3 days (McClain et al., 1986). This event may have
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been too short to trigger a fully developed upwelling signal.

2.6.3 Partial relaxation and second upwelling event

A relaxation of the southward winds during YDs 191-194 (11-14 July, transect 13)

brought surface warming of 2.0 �C over the slope and a decrease in the strength of

equatorward 
ows (Figure 2.6). This relaxation was not su�cient to reverse the

equatorward 
ow on the shelf, as has been observed during periods of northward

winds in other years. (Ferreira Cordeiro et al., 2018) observed poleward 
ow

over the inner shelf during periods of relaxation. This could also be due to

observational limitations, as the glider was unable to reach the inner shelf where

water depths are less than 50 m 2.1). Chlorophyll concentrations over the slope

and shelf decreased (Figure 2.7).

During the �nal three transects of the deployment (21 July-8 August) a second

upwelling event developed. This second event followed a similar pattern to the

�rst with increased equatorward currents over the shelf and upwelling of cold,

dense water decreasing near surface temperature by 2.0 �C (Figure 2.6). During

the �nal transect, chlorophyll concentrations observed over the shelf increased

to similar levels as observed during the �rst upwelling event (Figure 2.7). The

highest chlorophyll concentration in the near surface were observed on the outer

shelf at 5 km east of the shelf break (Figure 2.7). Assuming a similar lag between

chlorophyll and �(O2) in the near surface as observed during the �rst upwelling

event, it is likely that �(O2) increased past the end of the deployment. The

second upwelling was not as strong as the �rst either in the decrease in surface

water temperature (Figure 2.6) or in the increase in chlorophyll (Figure 2.7).

This is despite the upwelling index being as great as during the �rst upwelling

event, and remaining above 500 m3 km�1 s�1 for longer. The upwelling index

cannot explain all of the variability of surface conditions and other factors, such

as advection by the strong and temporally varying meridional currents, may play

a role.

2.6.4 Geostrophic currents and transports

As expected for the NWIM, along slope 
ows dominated, as shown by the

DACs (Figure 2.6). During the deployment, the wind was primarily

perpendicular to the glider transect, so Ekman 
ow contributed little to along

slope velocities. After detiding and gridding (Section 2.5.2), we assume the

velocity structure we observe to be dominated by geostrophic 
ow. The DACs

include ageostrophic contributions from wind stress. The DACs estimated from

the glider 
ight model show very little cross shelf net velocity. There is clear

evidence for Ekman transport in the near surface translating the front o�shore

(Figure 2.4), this o�shore advection in the near surface must be compensated
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by water 
owing onshore at depth to replace it. Consequently, the dive average

currents have a zonal component of near 0.

The alongshore 
ow averaged horizontally and vertically over the entire section,

and over its shelf and slope subsections, was equatorward in every transect,

though poleward transport as part of eddies was present (Figure 2.6a). Average

equatorward transport was 0:17 (� 0:07) Sv over the shelf and 0:83 (� 0:6) Sv

over the slope. Averaged over the 17 transects (not shown) surface

intensi�cation of southward 
ow over the shelf is apparent, particularly at the

near-shore end of the section, with a maximum 
ow speed of 15 cm s�1 (Figures

2.4 b,d,f,h,j). A minimum in southward 
ow speed of 2 cm s�1 was observed

near the sea 
oor at the shelf break (Figure 2.3). Over the slope, equatorward


ow is strongest at 50-150 m, the typical depth of ENACWst. Equatorward 
ow

weakens with depth, reaching a minimum 
ow speed below 700 m, at the depth

of MEDW (Figure 2.3e and 2.3f).

During the 2 months of observation there was substantial variability in the

strength of the equatorward transport. During upwelling, current speed

increased over the shelf and the 
ow became more surface intensi�ed (Figures

2.4d, 2.4f and 2.4h). Transport on the shelf increased from 0:13 (� 0:04) Sv to

0:18 (� 0:08) Sv during the two upwelling events. This 
ow is strongest at the

near-shore end of the section (Figure 2.3f). The 
ow can be reasonably

expected to extend further inshore, as has been observed in previous upwelling

seasons on the NWIM (Rossi et al., 2013; Ferreira Cordeiro et al., 2018) and

therefore our transport is likely an underestimate.

Over the slope, a broad equatorward 
ow dominated in the upper 500 m (Figure

2.3e). This 
ow was observed to weaken at depth, with a sporadic poleward


ow below 500 m (Figure 2.3f). No relation was found between the UI and

meridional transport over the slope. Small eddies were observed in the near

surface throughout the deployment (Figures 2.4e and 2.4f). These moved o�shore

(westward) during the �rst upwelling event at 2 cm s�1, similar to the upwelling

event observed by Rossi et al. (2013).

2.7 Discussion

During June and July of 2010, the shelf and slope near Cape Silleiro

experienced summer upwelling similar in character to that of previous years,

but stronger (Relvas et al., 2007). In contrast to previous years, which featured

cycles of upwelling and relaxation (Rossi et al., 2013; Ferreira Cordeiro et al.,

2018), upwelling conditions dominated the observational period. A cross shore

temperature gradient between cool upwelled water over the shelf and warmer
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surface waters o�shore was present during the majority of the deployment

(Figure 2.6). Isopycnal outcropping was frequently observed over the shelf and

upper slope (Figure 2.4).

�T =
�TQLH
dcp�

(2.3)

During the �rst upwelling event, mean temperature of the upper 20 m of the

water column over the shelf decreased by 2:5 �C in less than 8 days (Figure

2.6). Latent heat loss to the atmosphere (QLH) averaged 120 W m�2 during this

period of increased wind speed (data from ERA5 Global Reanalysis (Copernicus

Climate Change Service (C3S), 2017)). Equation 2.3 shows how the temperature

change from latent heat loss to the atmosphere (�T ) during time period �t is

calculated from latent heat 
ux QLH thickness of mixed layer d (20 m), density

of seawater � (1018 kg m�3), and the speci�c heat capacity of water cp (4184

J kg�1 C�1). Over 8 days this latent heat loss to the atmosphere would cool

the uppermost 20 m of the water column by 1:0�C. Incorporating sensible heat

loss and incoming solar radiation, the net heat 
ux over the same period was

an order of magnitude smaller. The cooling can only be the result of upwelled

deeper water or horizontal advection of a temperature gradient. Previous studies

have established upwelling as the mechanism by which cool, nutrient rich water

reaches the near surface over the shelf (Relvas et al., 2007; Ferreira Cordeiro

et al., 2018). Heat 
uxes were calculated with an Eulerian reference frame, not

Lagrangian. However, satellite SST data show that cool water features centred

on the capes, including Cape Silleiro, expand and contract zonally but do not

migrate meridionally (not shown). This is strongly indicative of upwelling, not

advection. Surface cooling would not explain the observed changes in salinity,

chlorophyll, �(O2) and near surface currents which can only be the result of

upwelling.

Upwelling raised the subsurface chlorophyll maximum and increased chlorophyll

concentration throughout the mixed layer over the shelf and shelf break (Figure

2.8). The upwelled ENACW is relatively low in oxygen but the high nutrient

concentration promotes phytoplankton growth (Rossi et al., 2013). We take

elevated chlorophyll (Figure 2.7) and optical backscatter (not shown) to be

indicators of elevated primary productivity and biomass, whilst acknowledging

that processes such as photoacclimation or changes in pigment packaging and

ecosystem composition can in
uence chlorophyll without necessarily increasing

primary productivity and biomass (Cetini�c et al., 2015). Increased primary

productivity would account for the observed increase of �(O2) (Figure 2.8).

�(O2) peaked after chlorophyll (and optical backscatter at 650 nm, not shown)
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over the shelf, with a delay of approximately 6 days. Oxygen in the mixed layer

will also be a�ected by air-sea gas exchange, which will cause a further lag in

the peak response of c(O2) with respect to the chlorophyll concentration. This

measurable time delay is therefore an important result. Chlorophyll

concentration provides a convoluted signal of productivity and biomass, whereas

oxygen concentration is an integrated signal of production, giving cumulative

net community production. One would therefore expect the integrated signal of

oxygen to reach its maximum after the peak in chlorophyll, as is shown in our

glider observations.

During crossings 12 and 13, the local maxima of chlorophyll and �(O2) coincided,

as observed by the glider, (Figure 2.7 and Figure 2.9). This could indicate that

another mechanism a�ects the concentration of oxygen in near surface waters.

This could be a physical e�ect such as bubble injection, or a di�erent ecosystem

response to that which contributed to the delay between maxima in chlorophyll

and �(O2) observed after the �rst upwelling event. The absence of observed

lag could also be a result of the relatively long transect sampling interval; the

time between between crossings 12 and 14 over the inner shelf was 10 days. As is

apparent in Figure 2.7c, chlorophyll over the inner shelf can increase and decrease

in as little as 3 days. Taking satellite data into account, there is a short spike

in chlorophyll around yd 186-188 when the glider is o� the shelf (Figure 2.7c).

This spike precedes the oxygen maximum observed by the glider around yd 192.

This pattern of a short chlorophyll peak preceding a broader peak of �(O2) as

observed during the �rst upwelling event.

During the �rst upwelling the chlorophyll maximum and near surface

temperature minimum were observed at the eastern (inshore) end of the section.

During the second upwelling event, the chlorophyll maximum and near surface

temperature minimum were observed 5 km east of the shelf break by the glider.

The observations of minimum near surface temperature and maximum

chlorophyll near the shelf break during the second upwelling event may be due

to observational limitations. During the second upwelling event the glider was

travelling slowly due to biofouling. The glider reached the shelf break more

than a day after its �nal sampling of the inner shelf. Satellite SST and

chlorophyll data support this interpretation (Figures 2.6c and 2.7c). The bloom

initiating with the second upwelling event spread further o�shore than the �rst

bloom (Figures 2.7a and Figures 2.7c). Westward DACs over the outer shelf

and shelf break may have contributed to this o�shore spreading of chlorophyll

(Figure 2.6a).

In deeper water (> 50 m) over the shelf, �(O2) decreased during and after

upwelling events (Figure 2.8). A potential cause is the advection of low oxygen
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ENACWsp onto the shelf. The upwelling of ENACWsp is visible in the

temperature and density transects (Figure 2.3) in the shoaling of the

�� = 27:1 kg m�3 isopycnal over the inner shelf. Biological activity also

contributes to low oxygen values in deeper water (Rossi et al., 2013). During

upwelling, nutrients depleted by near surface phytoplankton are replenished at

depth by microbial remineralisation, consuming oxygen (�Alvarez-Salgado et al.,

1997; Rossi et al., 2013). Our observations of decreased �(O2) below 50 m over

the shelf agree with observations of near-bottom low-oxygen layers by Rossi

et al. (2013).

The persistence of equatorward 
ow over the shelf throughout the deployment

is atypical for the NWIM. Prior studies of the summer upwelling season have

observed a reversion to poleward 
ow over the shelf during relaxation of

equatorward winds (Peliz et al., 2002; Rossi et al., 2013; Ferreira Cordeiro

et al., 2018). The absence of poleward 
ow over the shelf in our observations

may be due to the time taken for the glider to return to the shelf. After the

relaxation of the southward winds during YDs 191-194 (11-14 July), the glider

was not present again over the shelf until YD 199 (19 July Figure 2.6). Ferreira

Cordeiro et al. (2018) noted poleward 
ows from a relaxation period of only 5

days of weak winds. The shelf could have experienced poleward 
ow during the

5 days that the glider was o� the shelf. Alternatively, the dominance of

upwelling favourable winds in summer 2010 may explain this absence of

observed poleward 
ow (Figure 2.2). No downwelling events were observed

during the deployment.

Geostrophic 
ows matched the typical upwelling season 
ow regime of NWIM,

with a near-shore surface intensi�ed upwelling jet and equatorward 
ow over the

shelf break and upper slope (e.g. the schematic shown by Ferreira Cordeiro et al.

(2018)). Our observed equatorward transport over the shelf 0:17 (� 0:07) Sv

is greater than the seasonal transport of 0.09 Sv for June and July from the

numerical modelling study of Teles-Machado et al. (2015). This is expected as

the 0.09 Sv is based on a climatology of the years 1989-2008, which all had lower

median values of UI than 2010 (Figure 2.2). Our observations of poleward 
ow

near the sea
oor over the shelf during upwelling (Figure 2.3f) are in agreement

with previous studies observing a poleward countercurrent during upwelling at

this location (Ferreira Cordeiro et al., 2018; Teles-Machado et al., 2015).

O�shore of the shelfbreak, a strong equatorward 
ow persisted throughout the

deployment. We do not observe the poleward 
ow of the Iberian Poleward

Current seen in models (Teles-Machado et al., 2015) and observations (Ferreira

Cordeiro et al., 2018; Torres and Barton, 2007). This could be because the

glider does not sample far enough o�shore, turning around at 9.7 �W over
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bathymetry of 2000 m, midway down the slope (Figure 2.1). An observational

campaign in June and July of 2009 only observed the poleward 
ow west of

9.8 �W (Ferreira Cordeiro et al., 2018). Earlier observational studies have

shown a similar pattern of poleward 
ows in the upper 200 m west of 9.8 �W

during the summer months (Torres and Barton, 2007). The observed pattern of

equatorward 
ow dominance over the shelf and upper slope would be expected

during upwelling conditions, with the upwelling jet keeping the IPC o�shore as

has been suggested by Nolasco et al. (2013).

The slow speed of the glider resulted in considerable time lapse between

transects (6 days on average). Due to this, the glider did not observe some

events apparent in the satellite chlorophyll data such as the increases in near

surface chlorophyll concentration over the shelf YDs 188-190 and 205-208. The

time gap between observations of the shelf limited our ability to constrain the

timing of some events, such as the lag between the chlorophyll and �(O2)

maxima (Figures 2.7a and 2.9a). The strong currents over the shelf also

prevented the glider from reaching its eastern waypoint during the development

of the �rst upwelling event. The glider’s short section limited our observations

of alongshore currents over the deep slope and of upwelling features inshore of

the 160 m isobath. Future glider deployments in the region will need to consider

the trade o� between section length and the frequency of observations at either

end of the section. Alternatively, multiple gliders could be deployed

concurrently.

2.8 Summary

An autonomous ocean glider was used to observe the 2010 summer upwelling

season over the NWIM. Upwelling of cold ENACW from below 190 m contributed

to an increase of near surface chlorophyll concentrations from less than 1 mg m�3

to greater than 7 mg m�3. The increase in primary production contributed to a

near surface increase of �(O2) of 16 %, 6 days after the chlorophyll maximum.

Decreasing �(O2) was observed near the sea 
oor over the shelf during upwelling.

The 2010 summer upwelling season featured atypically strong upwelling

favourable winds. Persistent net equatorward 
ow was observed on the shelf

throughout the two month deployment, a phenomenon not previously observed.

Equatorward 
ow increased and became more surface intensi�ed during

upwelling and a sporadic, weak poleward jet was observed over the shelf break.

The high variability of currents, particularly over the inner shelf, show that this

region cannot be adequately characterised by sporadic research cruises.

This was the �rst, and to date only, deployment of a glider to observe summer
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upwelling over the NWIM. This study highlights some of the challenges of using

gliders to study shelf break regions, particularly when the length of time between

observations over the shelf is longer than the time period of current reversals on

the shelf. Despite these di�culties, a single glider was able to occupy a cross

shelf section for two months, without the need for a costly ship based campaign.

This study serves as a demonstration of the potential for a regularly occupied

glider observatory on the NWIM. The major challenge of slow crossing speed

and substantial deviation from the intended track due to the force of alongshore

currents suggests that a coastal speci�c glider with a greater variable, and hence

speed, would be a better platform to conduct this work. Future studies should

plan to use a faster, more energy intensive, pro�ling strategy to cross the shelf

more rapidly and maintain the transect.

2.9 Acknowledgments

Glider data are held at the British Oceanographic Data Centre (Rollo et al.,

2020b), https://www.bodc.ac.uk/data/published_data_library/

catalogue/10.5285/9b3b453b-2afb-0abd-e053-6c86abc0a59c/. Wind speed

and Upwelling Index data were accessed from the Puertos del Estado database

(Puertos del Estado, 2019)

http://www.indicedeafloramiento.ieo.es/HBaixas/uitimeseries.ui.

Bathymetry data from EMODnet Bathymetry Consortium (2018)

https://portal.emodnet-bathymetry.eu/?menu=19. Heat 
ux data from the

ERA5 Global Reanalysis was accessed via the Copernicus Climate Change

Service Information (Copernicus Climate Change Service (C3S), 2017) https:

//cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.bd0915c6.

Sea surface �elds from CMEMS Atlantic European North West Shelf Seas

https://resources.marine.copernicus.eu/?option=com_csw&view=

details&product_id=NORTHWESTSHELF_ANALYSIS_FORECAST_BIO_004_002_b.

This study has been conducted using EU Copernicus Marine Service

Information.

The glider deployment, and investigators JK and KJH, were supported by

NERC grant NE/H012532/1. Ship work by the RV Mytilus was funded through

the multidisciplinary project \Canaries-Iberian Marine Ecosystem Exchanges

(CAIBEX)" (CTM2007-66408-C02-01/MAR)(Spanish Ministry of Education

and Science). CR was supported by the Natural Environment Research Council

(Grant NE/N012070/1) and the Engineering and Physical Sciences Research

Council, via the NEXUSS Centre of Doctoral Training in the Smart and

Autonomous Observation of the Environment.

We thank Liz Creed (formerly of iRobot, now at Hydroid) for her help during

https://www.bodc.ac.uk/data/published_data_library/catalogue/10.5285/9b3b453b-2afb-0abd-e053-6c86abc0a59c/
https://www.bodc.ac.uk/data/published_data_library/catalogue/10.5285/9b3b453b-2afb-0abd-e053-6c86abc0a59c/
http://www.indicedeafloramiento.ieo.es/HBaixas/uitimeseries.ui
https://portal.emodnet-bathymetry.eu/?menu=19
https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.bd0915c6
https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.bd0915c6
https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=NORTHWESTSHELF_ANALYSIS_FORECAST_BIO_004_002_b
https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=NORTHWESTSHELF_ANALYSIS_FORECAST_BIO_004_002_b


2.9 Acknowledgments 53

the deployment and piloting. We thank the crew and scientists of the RV Mytilus

who made this deployment possible. Also thanks to the piloting team at UEA

who kept the glider 
ying on UEA’s �rst scienti�c glider mission.

The comments of three anonymous reviewers greatly enhanced this manuscript.

All plots were created with Python matplotlib (Hunter, 2007), Figure 2.1 also used

cartopy (Elson et al., 2020). Filled contour plots used the cmocean perceptually

uniform colourmaps developed by Thyng et al. (2016).



54
Chapter 2: Glider Observations of the Northwestern Iberian Margin During an

Exceptional Summer Upwelling Season



3

Glider Observations of Thermohaline

Staircases in the Tropical North

Atlantic using an Automated

Classi�er



56
Chapter 3: Glider Observations of Thermohaline Staircases in the Tropical

North Atlantic using an Automated Classi�er

This chapter was submitted to the European Geosciences Union journal

Geoscienti�c Instrumentation, Methods and Data Systems in October 2021.

Key points

� We developed a classi�er to identify thermohaline staircases in glider data.

This builds on the work of van der Boog et al. (2021b) with increased

generalisation and 
exibility.

� We identi�ed two periods of thermohaline staircasing and breakdown during

a month of measurements in the tropical North Atlantic.

� We hypothesise four criteria that must be met for extensive staircases to

form and persist in this region.

Abstract

Thermohaline staircases are stepped structures of alternating thick mixed layers

and thin high gradient interfaces. These structures can span several hundred

meters vertically, containing mixed layers several tens of metres thick.

Thermohaline staircases are associated with double-di�usive mixing.

Thermohaline staircases occur across broad swathes of the Arctic and

tropical/subtropical oceans and can increase rates of diapycnal mixing by up to

�ve times the background rate, driving substantial nutrient 
uxes to the upper

ocean. In this study, we present an improved classi�cation algorithm to detect

thermohaline staircases in ocean glider pro�les. We use a dataset of 1162 glider

pro�les from the tropical North Atlantic collected in early 2020 at the edge of a

known thermohaline staircase region. The algorithm identi�es thermohaline

staircases in 97:7 % of pro�les that extend deeper than 300 m. We validate our

algorithm against previous results obtained from algorithmic classi�cation of

Argo 
oat pro�les. Using �ne resolution temperature data from a fast-response

thermistor on one of the gliders, we explore the e�ect of varying vertical bin

sizes on detected thermohaline staircases. Our algorithm builds on previous

work with improved 
exibility and the ability to classify staircases from pro�les

with poor salinity data. Using our results, we propose that the incidence of

thermohaline staircases is limited by strong background vertical gradients in

conservative temperature and absolute salinity.

3.1 Introduction

Thermohaline staircases consist of subsurface layers of near homogeneous

salinity and temperature (referred to here as mixed layers), separated by thin

layers with large temperature and salinity gradients (gradient layers). Staircases

formation and growth are driven by double-di�usive processes that arise from
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the di�erence between the molecular di�usivities of heat and salt. Heat di�uses

100 times faster than salt (Stern, 1960). Thermohaline staircases form where

the vertical gradients of temperature and salinity have the same sign. These

conditions most commonly occur in the Arctic, where cool fresh waters overlie

warm salty waters, and tropical/subtropical regions where warm salty surface

waters overlie cool, fresh waters. Previous work by Schmitt et al. (2005)

estimated that thermohaline staircases raise diapycnal mixing rates in the

tropical North Atlantic by a factor or �ve. Mixing rates control critical

oceanographic processes including nutrient 
uxes (Oschlies et al., 2003) and the

meridional overturning circulation (Kuhlbrodt et al., 2007). Due to their e�ect

on mixing, the global incidence of thermohaline staircases, and the mechanisms

that govern them, are the subject of ongoing research.

The e�ects of thermal expansion and haline contraction on seawater are critical

to the formation of thermohaline staircases. The e�ects of these are often

represented by two derived properties, the density ratio R� = ��z=�Sz and the

Turner angle Tu = tan�1 (��z � �Sz; ��z + �Sz), where � is the thermal

expansion coe�cient, � is the haline contraction coe�cient, �z and Sz are the

vertical gradients in conservative temperature and absolute salinity (Ruddick,

1983). The density ratio can be calculated from the Turner angle with

R� = �tan(Tu + 45�) (You, 2002). The Turner angle categorises the water

column into sections that are statically unstable, prone to salt �ngers, prone to

di�usion-convection or doubly stable (Ruddick, 1983).

In this study of the tropical North Atlantic, warm salty Subtropical Underwater

(22 - 25 �C, 37.0 - 37.6 g kg�1) overlies cooler fresher Antarctic Intermediate

Water (4-6 �C, 34.7-35.0 g kg�1) (Fer et al., 2010). In this case, the mechanism

driving mixing in the gradient layers is salt �nger instability (Radko, 2005). This

instability can spontaneously transform smooth, statically stable pro�les into

stepped patterns such as those in Fig. 3.1. This instability can occur where 45� �
Tu � 90� (Figure 3.1.c). Laboratory and theoretical studies have concluded that

diapycnal mixing rates of heat and salt are elevated in thermohaline staircases

(Schmitt, 1981 & Radko and Smith, 2011). This study aims to improve detection

and quanti�cation of thermohaline staircases using ocean gliders. Ocean gliders

are used as they can collect more CTD pro�les than a single research vessel.

However, these observations are only useful if staircases can be accurately and

e�ciently identi�ed.

Ocean gliders are useful platforms for the observation of thermohaline staircases

as they can occupy a virtual mooring far more cheaply than a ship, enabling

collection of more pro�les. Unlike Argo 
oats, gliders can hold station, collecting

a time series of temperature and salinity pro�les at a �xed location. As we are
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Figure 3.1: Example thermohaline staircase from Argo 
oat 6901769 at 8.9� E,
37.9� N. Grey line is 1 dbar averaged temperature (a) and salinity (b), with blue
and orange lines marking the identi�ed steps of the staircase. (c) Corresponding
pro�les of Turner angle and density ratio.

interested only in the large scale structure of thermohaline staircases, the reduced

accuracy of an umpumped glider CTD compared to a pumped ship based system

is not a hindrance. Ships are better suited to synoptic studies such as that by

Schmitt et al. (1987) as they can rapidly cover a large area. Argo 
oats have

been used to great e�ect to analyse large scale trends in thermohaline staircases

van der Boog et al. (2021b). Gliders are most useful for holding station in a region

of interest, such as the tropical North Atlantic, and collecting a long timeseries

of pro�les.

The tropical North Atlantic has been known to host thermohaline staircases

since the 1970s (Schmitt et al. (1987), and references therein). Using ship CTD

casts and expendable bathythermographs (XBTs) from ships and aircraft,

thermohaline staircases were identi�ed over an area exceeding one million

square kilometres by the C-SALT experiment (Schmitt et al., 1987). Staircases

were observed at depths of 420-650 m, with individual steps 5-30 m thick.

Subsequent studies using a fast-response thermistor chain (Marmorino et al.,

1987), tracer release and �ne-structure high resolution pro�lers (Schmitt et al.,

2005), seismic oceanography (Fer et al., 2010) and Argo 
oats (van der Boog

et al., 2021b), henceforth VDB, have observed staircases with similar bulk

statistics in this region. See Table 5 of VDB for more details. The area

identi�ed as strong or weak staircase by Schmitt et al. (1987) appears to be
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consistent in time, with subsequent studies by Marmorino et al. (1987) and Fer

et al. (2010) observing breakdowns of steps at the edges of these zones. The

extent of the thermohaline staircase zone is de�ned by thermohaline properties.

Thermohaline staircases are not observed outside of the area where R� < 1:7

(Schmitt et al., 1987).

While the exact formation mechanisms of thermohaline staircases are still a topic

of discussion (Radko, 2020), VDB, several key conditions have been identi�ed.

Firstly, the Turner angle must fall in the regime favourable to double di�usive

processes of di�usion-convection (�90� � Tu � �45�) or salt �nger (45� � Tu �
90�). Secondly, the density ratio must be within a critical range. The lower

bound for R� is 1, where the gradients in salinity and temperature balance and

there is no density strati�cation. Bryden et al. (2014), Schmitt et al. (1987) and

Fer et al. (2010) all observed well ordered staircases up to R� = 1:7, with irregular

\steppy" pro�les up to R� of 2.0 or greater. Theoretical work by Radko (2005)

suggests that staircases can only form at R� < 2. Fer et al. (2010) consider

the range 1 < R� < 2:5 as conducive to forming thermohaline staircases in

the tropical North Atlantic. Energetic features such as velocity shear, slope

currents and internal waves can prevent the formation of staircases (Fer et al.,

2010; Bu�ett et al., 2017); though in some cases, the staircases are strong enough

to resist breakup (Schmitt et al., 1987), and can even dampen internal wave

activity (Radko, 2020). In this paper we suggest that strong vertical gradients

in salinity and temperature also reduce the maximum size of mixed layers in

thermohaline staircases.

To explore the incidence and structure of thermohaline staircases in the tropical

North Atlantic, we analysed over 1000 pro�les collected by three ocean gliders in

early 2020. Gliders have previously been used to observe thermohaline staircases

in the Tyrrhenian Sea in the Mediterranean, primarily to relate seismic re
ectors

to thermohaline structures (Bu�ett et al., 2017). However this study is, to our

knowledge, the �rst of its kind in the tropical North Atlantic. This is also the

�rst study to identify thermohaline staircases in glider pro�les algorithmically.

The large number of pro�les collected necessitate an automated classi�er, rather

than the manual classi�cation previously used on glider datasets. Data collection

is detailed in Sect. 3.2. The thermohaline classi�er is described in Section 3.2.2.

Results are presented in Section 3.3 and discussed in Section 3.4, with subsections

on scale sensitivity and classi�er limitations in Section 3.4.2 and Section 3.4.3.

We summarise our conclusions and recommendations for future avenues of study

in Section 3.5.
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Figure 3.2: (a) Glider survey map. Red dots are CTD casts conducted
during the C-SALT experiment in Spring 1985 (Schmitt, 1987). Diagonal and
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3.2 Data collection and processing

3.2.1 Glider data

During January and February 2020, the RV Meteor surveyed the tropical North

Atlantic, 200 km ENE of Barbados (Figure 3.2), as part of the EUREC4A

campaign (Stevens et al., 2021). During this cruise, the UEA glider group

deployed three Seagliders. Seagliders are small buoyancy powered autonomous

vehicles with wings that dive with a sawtoothed pro�le (Eriksen et al., 2001).

Seagliders dive to a maximum of 1000 m with a vertical speed of around

0.1 m s�1. In contrast to Argo 
oats, gliders are capable of manoeuvring to

maintain position or follow a survey pattern. Here, each glider dive limb is

treated as a separate pro�le, so that a single descent-ascent cycle yields two

pro�les. The temporal overlap and dive depths of the three gliders are shown in

Figure 3.3. All glider dives were completed within the 10 km wide bowtie
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Figure 3.3: All thermohaline staircases detected in glider pro�les. (a, c & e) data
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pattern shown in Figure 3.2 except SG579, which was deployed 150 km SW of

the bowtie and arrived on yearday 36, February 6. Gliders SG579, SG620 and

SG637 completed 295, 131 and 155 dive cycles respectively, yielding a total of

1162 pro�les for analysis. The gliders sampled every 5 seconds, for a vertical

resolution of approximately 0.5 m. Owing to a shallow dive slope, SG637 stalled

during dives 22, 23, 41, 42, 43, and 47. Glider stalling reduces water 
ow

through the unpumped CT sail, a�ecting temperature and conductivity

measurements. We removed these dives from the dataset, as can be seen in the

gaps in Figure 3.3.e.

Glider pro�les were processed using the UEA Seaglider Toolbox (Queste, 2014).

This included tuning the hydrodynamic 
ight model following Frajka-Williams

et al. (2011) and thermal lag corrections following Garau et al. (2011). After

processing the glider pro�les, temperature and salinity pro�les were compared



62
Chapter 3: Glider Observations of Thermohaline Staircases in the Tropical

North Atlantic using an Automated Classi�er

22
23 24

25

26

27

28

29

35.0 35.5 36.0 36.5 37.0 37.5
Absolute salinity (g kg 1)

5

10

15

20

25

Co
ns

er
va

tiv
e 

te
m

pe
ra

tu
re

 (
C)

100

101

102

103

100

101

Figure 3.4: Observation density of SG637 temperate and salinity measurements
(blue) and identi�ed mixed layers (red). Spacing of the grid is 0.01 g kg�3 in
absolute salinity and 0.1 �C in conservative temperature. Colour scales are the
number of observations in each grid cell. Black lines are isopycnals.

with CTD casts conducted by the Meteor (black vertical lines in 3.2.d). Quality

controlled CTD pro�les were provided by D. Baronowski (Baranowski, 2020). At

the bowtie, SG637 dived to 750 m for 25 days, completing a dive approximately

every 4 hours. SG579 only dived to 250 m and SG620 was recovered after 13

days. As SG637 recorded the most comprehensive set of observations, it is used

for the majority of the subsequent analysis.

To apply the thermohaline staircases classi�er to the dataset, we require data at

regular depth intervals to ensure that features are consistently identi�ed

throughout the dataset. To achieve this, each pro�le was binned into 1 m depth

bins using the median value of samples within the bin. We chose 1 m vertical

gridding initially for comparability with VDB’s results. The e�ects of varying

bin thickness are discussed in Section 3.4.2. Derived variables including the
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Figure 3.5: The same Argo pro�le shown in Figure 3.1 classi�ed three times.
Three lines on this plot are (i) VDB’s result, (ii) our classi�er on default settings,
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in maximum permitted density gradient. The �rst pro�le is at the correct
temperature, subsequent pro�les are o�set by 0.2 �C

Turner angle, density ratio and vertical gradients in salinity and temperature

were calculated at 1 m intervals using a 50 m vertical bin to ensure smooth

pro�les, following the methods of VDB. A 50 m averaging interval is used as a

smaller depth interval can be in
uenced by individual staircase steps (Shibley

et al., 2017). Throughout this paper, temperature refers to conservative

temperature, salinity refers to absolute salinity and density refers to potential

density. All were calculated using the gsw toolbox implementation of TEOS-10

(Mcdougall et al., 2010; McDougall et al., 2011). Yeardays are used throughout

the paper. Yeardays start at 0 on the �rst of January 2020. Figure 3.2.d uses

both yeardays and calendar dates for comparison.
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3.2.2 Thermohaline staircase classi�er

To evaluate thermohaline staircases in glider pro�les, we wrote a classi�er

following VDB. VDB’s detection algorithm, identi�es thermohaline staircases in

a CTD pro�le using �ve steps:

1. Parts of the pro�le with vertical temperature, salinity and density gradients

below a threshold value are classed as mixed layers.

2. Sections between mixed layers are preliminarily classed as gradient layers

3. Gradient layers are excluded if they exceed a maximum thickness, are

thicker than the neighbouring mixed layers, or exhibit less variability in

salinity and temperature than neighbouring mixed layers. This ensures

that mixed layers are separated by thin, steep interfaces.

4. Gradient layers are classi�ed into a double di�usive regime: salt-�nger if

the overlying mixed layer is warmer and saltier than the underlying mixed

layer, di�usive-convective if the overlying mixed layer is cooler and fresher

than the underlying mixed layer.

5. Staircases are identi�ed as uninterrupted series of steps in the same

di�usive-convective regime. This step removes thermohaline intrusions.

VDB’s algorithm was designed to classify a global database of Argo pro�les. It

performs this duty well, but was speci�cally written to ingest Argo formatted

pro�les at 1 dbar vertical resolution. Due to hard coded aspects of VDB’s

algorithm, it was not possible to apply it directly to our glider dataset. In

particular, we aimed to test the e�ect of varying the vertical bin thickness on

the classi�cation of staircases. This is explored in Section 3.4.2. To identify

staircases in our dataset, we built our own classi�er (Rollo, 2021a) following the

steps outlined in VDB, with the following adaptations:

� Able to process pro�les at any regularly spaced step in pressure or depth.

� Optional user-de�ned maximum mixed layer height.

� Optional plotting to show which layers are identi�ed and discarded at each

of the steps outlined by VDB in Section 3.

� Option to classify step shape using only vertical variation in temperature,

rather than temperature, salinity and density. This is useful if salinity data

are poor or recorded as a lower frequency than temperature, as is the case

when using a fast-response thermistor.

� Each processing step as a separate, documented function.
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� Software tests and validation against synthetic and �eld data.

� Software published in version-controlled repository (GitHub) to retain full

development history.

These adaptations were driven by a need for greater 
exibility in the classi�er,

and requirements imposed by the glider pro�les. Substantial salinity spikes were

present in the salinity pro�les from all three gliders (Figure 3.7.b orange line).

To remove these spikes, a 5 m mean boxcar moving average �lter was applied to

the salinity pro�les fed to the classi�er (Figure 3.7.b, green line). This removed

the spikes, but smoothed the edges of the steps that the classi�er identi�es. To

resolve this problem, we made the classi�er able to identify the shape of steps

using only temperature pro�les. In this mode, salinity pro�les are used to classify

the staircase into the salt �nger regime or the di�usive-convective regime. The

classi�er includes software tests to ensure that this use of temperature only for

initial classi�cation does not change the identi�cation of staircases.

There were no Argo 
oats in the vicinity when our gliders were deployed, so we

could not compare the output of our algorithm and VDB’s algorithm on pro�les

from the EUREC4A campaign. Instead, we applied our classi�er to the Argo

pro�le used as a demonstration of VDB’s algorithm by VDB Figure A2. The

results of this comparison are shown in Figure 3.5. The threshold values used by

VDB identity most of the steps in the pro�le, however, we found that a 10 %

decrease in step height ratio and a 4 % decrease in maximum density gradient

successfully classi�ed the deepest, shallow gradient layer at 950 m and correctly

classi�ed the smaller steps at the upper reaches of the staircase (Figure 3.5 iii).

These threshold values are location dependant and some adjustment must be

made to make the best classi�cation possible.

Our classi�er identi�ed 14205 thermohaline steps in the glider pro�les. The glider

dataset comprised 1162 vertical pro�les recorded over 56 glider days. To make

quantitative comparisons across the dataset, we use bulk statistics to analyse how

the staircases changed over time. We de�ne total thickness of mixed layers to be

the total vertical extent of the pro�le identi�ed as a part of a mixed layer in the

thermohaline staircase, as shown in Figure 3.1.a. Mean mixed layer thickness is

similarly calculated on a per-pro�le basis. Calculating these bulk values enables

us to evaluate the temporal evolution of thermohaline staircases, and visualise

datasets too large to plot directly.

3.3 Results

Thermohaline steps were identi�ed in 97.7 % of pro�les that extended below

300 m. In pro�les with at least one mixed layer, the mean number of mixed
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Figure 3.6: Mean thermohaline staircase mixed layer thickness observed by SG620
and SG637.

layers per pro�le was 14.3. However, coherent series of large steps were more

restricted, both temporally and spatially. Staircases with more than three steps

greater than 20 m were only observed at the bowtie, and only on two occasions:

Yearday 23-25 (Figure 3.3.b) and yearday 40-44 (Figure 3.3.d). The changing

thickness of steps is represented in Figure 3.6 which shows the two events of

strong staircasing as peaks in mean mixed layer thickness and total mixed layer

thickness. The small di�erences between values recorded by SG637 and SG620

can be attributed to the distance between the two gliders, typically � 5 km

(Figure 3.2).

SG579 observed few steps at its deployment location. As SG579 travelled

eastward larger staircases were encountered and the minimum observed depth of

staircases decreased. A front was observed by SG579 as the glider passed over

the continental slope on yearday 34. Decreases of 0.5 �C and 0.2 g kg�3 in the

uppermost 3 m coincided with a peak in chlorophyll a 
uorescence and a broad

along-slope current of 15 cm s�1. Once past the front and over the abyssal

plain, SG579 observed larger and more coherent staircases similar to SG620 and

SG637 (Figure 3.3.a). Total mixed layer thickness increased from 58 � 25 m to

90 � 26 m after yearday 34. Total thickness of mixed layers quanti�es the

amount of the water column that will experience the e�ects of increased

diapycnal mixing rates Schmitt et al. (2005). In the salt �nger regime, the

magnitude of property change between steps does not a�ect e�ective
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Figure 3.7: (a) Temperature pro�les from Meteor CTD, SG620 CT sail and fast-
response thermistor. (b) Salinity from Meteor, salinity from SG620 and SG620
salinity smoothed with a 5 m mean window. The pro�le from the Meteor was
taken at the same location 24 hours before the glider dive. As in Figure 3.5 the
�rst pro�les is correct, subsequent vertical pro�les are o�set by 1 �C or 0.1 g kg�3

di�usivities, only the vertical extent is important (van der Boog et al., 2021a).

SG637 observed a sloping front later in the mission. First observed at 200 m on

yearday 35, the front reached 750 m, the maximum dive depth of the glider, on

yearday 40 (Figure 3.8 a&c). Previous observational studies also observed fronts

in the area at depths of 200 - 700 m Marmorino et al. (1987). The passage of this

front was followed by the second period of large, coherent staircases at 400-600

m, with total mixed layer thickness increasing from 60 � 23 m during the passage

of the front to 146 � 38 m in the three days following yearday 40.

Using the observations of all three gliders, we calculated bulk statistics

following VDB. Ranges quoted are the 2.5 and 97.5 percentiles: Depth 277-858

m, temperature steps 0.01-0.69 �C, salinity steps 0.001-0.12 g kg�3, gradient

layer thickness 1-12 m, mixed layer thickness 1-21 m. The smallest features

resolvable within our dataset are 1 m thick. 73 % of the steps identi�ed were in

the salt-�nger regime. Mixed layer thickness varied with R� (Figure 3.11), the

largest staircases were observed around R� = 1.7, with a thick tail of steps at
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Figure 3.8: (a) Gridded mean conservative temperature from SG637. (b) Mean
conservative temperature pro�le with uncertainty of 1 standard deviation shaded.
(c & d) as (a & b) for absolute salinity. (a & c) gridding is 1 m vertically performed
on a per-pro�le basis. (e) Daily mean of the dive average current (DAC).

larger values of R�. No steps were observed at R� < 1 (Figure 3.11).

Staircases in the salt �nger regime require a Turner angle between 45 and 90

degrees (red area of Figure 3.9a) and a density ratio between 1 and 2.5 (Figure

3.9b). These constraints alone do not explain the distribution of thermohaline

staircases in the glider pro�les we collected. The absolute vertical gradients of

temperature and salinity (Figure 3.9.c & d) partially account for this di�erence

between the expected distribution of staircases and the observed distribution.

The vertical gradients are calculated over 50 m to prevent individual

thermohaline steps from a�ecting the results, in the same manner as the Turner

angle is calculated (Shibley et al., 2017). Using the critical values of Turner

angle and density ratio, as well as upper limits of temperature and salinity

gradient, we construct masks of where we expect thermohaline staircases to
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