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Abstract

A novel Uncrewed Surface Vessel (Caravela USV) was successfully tested in its capacity as a

platform to measure ocean and atmosphere bulk variables for calculating air-sea heat fluxes.

These heat fluxes were then calculated using COARE 3.5 and used to investigate an ocean

mixed layer heat budget in a 10 x 10 km square in the Northwestern Tropical Atlantic,

as part of the EUREC4A campaign. An optimal estimate of net surface heat flux for the

region was made using a combination of observed shortwave, latent and sensible heat fluxes

from observed surface properties and ERA5 winds, and ERA5 longwave flux. Compared

with this optimal estimate, ERA5 net surface heat flux was biased with 30Wm−2 excess

heat loss to the atmosphere. I find that cloud cover representation, humidity and sea surface

temperature were contributors to this bias. Closure of the ocean mixed layer heat budget was

found to be better using surface heat fluxes alone (residual 0.06 °C) than when estimates of

horizontal advection and entrainment were included (residual −0.18 °C) over the nine whole

days spent in the study site, primarily due to uncertainties in the calculations of advection

and entrainment. At hourly or daily scales, the effects of horizontal advection become more

important to consider. Entrainment should not be neglected in this region at any time scale,

as it was responsible for additional heat gain in to the mixed layer due to the presence

of a temperature inversion in the barrier layer. The successful use of Caravela in this study

demonstrates the effectiveness of USVs for surface flux measurement and heat budget closure.

Better quantification of flux product biases at regional scales is evidently achievable with USV

technology, with implications for improved climate modelling and weather prediction.
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Introduction

Synopsis

In this introduction I provide an overview of our region of interest - the

northwestern tropical Atlantic, providing context to the importance of this

region in improving SST products. General ocean processes pertaining to the

ocean mixed layer heat budget are explained and the ocean mixed layer heat

budget itself defined. I discuss the EUREC4A campaign from which the data in

this thesis were obtained and describe mixed layer heat budget studies relevant

to the latter parts of this thesis. There are limited studies providing

’ground-truth’ observations on short timescales in the tropics. I focus the work

of this thesis on this gap in observational comparison, looking for biases in

air-sea fluxes in the region with the collected observations and investigating the

mixed layer heat budget to better understand SST evolution, which is not

accurately represented in models and reanalysis on small spatial scales. The

technology used to address this observational gap is an uncrewed surface vessel,

which in itself is an active area of development in terms of ocean observing

strategy. This chapter outlines gaps in knowledge in flux product

parameterisations and the need to supply in situ measurements for SST

validation, and it is within this research gap that I focus the work of this thesis.

1.1 Motivation

The uppermost layer at the ocean surface is known as the ocean mixed layer and is important

as it controls the relationship between the sea surface temperature (SST) and the atmosphere

through air-sea interactions (Treguier et al., 2023). Air-sea interactions encompass a wide

breadth of processes including the exchange of heat, momentum, moisture and gases. Here I
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focus mainly on the exchange of heat.

SSTs feed back into the atmospheric system as drivers of global scale processes and

teleconnections through ocean heating and cooling of the atmosphere. For example the El

Niño southern oscillation (ENSO) (Neelin et al., 1998) is a global climate variation related

to conditions in the tropical Pacific. Every 2-7 years, ENSO transitions between El Niño,

La Niña and a neutral phase. El Niño events exhibit reduced eastern boundary upwelling

with surface SST warming and La Niña is associated with eastern Pacific SST cooling and

stronger westward winds. As a global scale phenomenon, ENSO is able to excite other

modes of variability in the Indian and Atlantic oceans (Cai et al., 2019). However this is

not a one way system, variation in the Indian ocean SSTs can accelerate the transition from

El Niño to La Niña and SSTs in the Atlantic oceans can affect the spatial structure,

strength and evolution of ENSO (Cai et al., 2019). Another phenomenon affected by

tropical SSTs and fluxes is the Madden-Julian Oscillation (Madden and Julian, 1971;

Flatau et al., 1997; Matthews, 2004; Karlowska et al., 2024). High frequency, small scale

interactions are believed to be a part of complex climate feedback mechanisms which are

potentially important in climate systems at much larger spatial and temporal scales than

their own (Bernie et al., 2007; Hu et al., 2015; Seo et al., 2023).

Across the globe, tropical regions suffer from poor sampling of humidity and air temperature

near the surface as satellites cannot resolve this information with high vertical resolution

(Foltz et al., 2025). This is further difficult to rectify because the in-situ observations are

still limited for validating satellites and sparse in their own right. It is thought that many of

the relationships between satellite and in situ measurements are dependent on localised and

complex dynamics, such that it is difficult to correct humidity and air temperature remote

observations and results in uncertainty and biases in derived net heat fluxes in the tropics

(Yu, 2019; Cronin et al., 2019; Gentemann et al., 2021; Foltz et al., 2025).

To understand the importance of air-sea interactions, global flux products with quantified

biases are needed, alongside high spatial and temporal resolution observations of essential

ocean and climate variables. Quantifying and improving upon flux product biases allows for

the development of better flux algorithms, which has wider impacts on the improvement of

future climate prediction and extreme weather event predictions including tropical cyclones

and hurricanes (Black et al., 2007; Grist et al., 2010; Tilinina et al., 2018; Aristizábal Vargas

et al., 2024; Reshma and Singh, 2024). Ocean observations have directly improved extreme

weather event prediction (Mainelli et al., 2008; Dong et al., 2017), such that there are already
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direct socioeconomic benefits of improving ocean observation coverage.

1.2 Air-sea interactions

Within the context of this thesis, air-sea interactions describe the fluxes of heat between

the atmosphere and the ocean. There is currently only one method of measuring air-sea

heat fluxes in situ and this is the eddy correlation method (Crawford et al., 1993; Edson

et al., 1998). Whilst this method is able to provide in situ turbulent fluxes (turbulent fluxes

being latent and sensible heat fluxes which are driven by the turbulent motion of air), it is

a complicated and costly method. Flow distortion is a significant issue, such that specialist

buoys or vessels are needed to minimise this effect (Yu, 2019). Also there is the unavoidable

issue at sea of platform motion which requires high frequency sampling and rigorous quality

control to correct for (Edson et al., 1998). Unfortunately the specialist nature of the set-up

required for eddy correlation measurements means that it is not viable to provide global

coverage of air-sea turbulent fluxes (Landwehr et al., 2015). Most researchers instead turn to

a parameterisation to represent air-sea heat fluxes, in the form of the bulk flux approach. The

advantage of the bulk flux method is the wide availability of the essential ocean and climate

variables which are needed to run a bulk flux algorithm, through satellite remote sensing, ship

observations, autonomous technologies and numerical weather prediction models (Yu, 2019).

The bulk approach is fed with values of near-surface air temperature, SST or ocean skin

temperature depending on formulation, humidity, wind velocity and surface currents which

all can be modelled or observed (Cronin et al., 2019). If available, additional observations of

wave state can be input to improve bulk flux calculation (Edson et al., 2013), but this is not

necessary to run a bulk flux algorithm.

Bulk surface turbulent heat fluxes can be represented according to the following equations

Qsen = ρaircpCHS(Ts − Tair) (1.2.1)

Qlat = ρairLvCES(qs − qair) (1.2.2)

where Qsen represents the sensible heat flux and Qlat represents the latent heat flux. Of the

variables used to compute these quantities, ρair is the density of air; cp is the specific heat

capacity; CH is the sensible heat transfer coefficient; S the wind speed with respect to the

ocean surface current; Ts the sea surface temperature; Tair the air temperature; Lv is the
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latent heat of evaporation, CE is the latent heat transfer coefficient, qair the specific humidity

and qs the saturation humidity at the SST.

The inclusion of parameterised transfer coefficients in bulk flux algorithms relies on the use

of Monin-Obukhov similarity theory (Monin and Obukhov, 1954), which accounts for the

effects of atmospheric stability on fluxes. Transfer coefficients also account for ocean surface

roughness (Prakash et al., 2019). Transfer coefficients in bulk flux algorithms are obtained

in one of two ways. The first is by using eddy correlation measurements and ocean variable

measurements to directly derive and then parameterise said coefficients in bulk flux algorithms

(Cronin et al., 2019; Fairall et al., 1996b, 2003; Edson et al., 2013). The second way that

transfer coefficients can be obtained is by empirically derived flux profiles (Yu, 2019; Liu

et al., 1979).

There are two additional flux components important in calculating a net heat flux, the net

shortwave Qsw and net longwave Qlw flux. Below I show the formulations described by

Cronin et al. (2019) and Yu (2019). Qsw is the difference between downwelling and upwelling

shortwave radiation at the surface. The downwelling shortwave radiation includes direct

and diffuse solar radiation reaching a horizontal plane at the Earths surface. The upwelling

shortwave radiation is the component of that radiation reflected by the Earth’s surface. The

equation takes the form

Qsw = SW ↓ (1− α) (1.2.3)

where SW ↓ is the downwelling shortwave radiation and α the albedo representing surface

reflection.

Qlw is the difference between downwelling and upwelling longwave radiation at the surface.

The downwelling longwave radiation includes thermal radiation from the atmosphere and

clouds reaching the surface. The upwelling long-wave radiation includes an estimation of

thermal radiation is that emitted by the ocean and some reflected downwelling radiation.

Qlw = ϵσSBT
4
skin + (1− ϵ)LW ↓ −LW ↓ (1.2.4)

where ϵ = 0.97 represents emissivity and is assumed equal to absorptivity, σSB is the

Stefan-Boltzmann constant, Tskin the ocean skin temperature and LW ↓ the downwelling

longwave radiation. The ocean skin temperature is the temperature measured at a depth of

approximately 10 - 20µm and is cooler than the bulk SST due to heat loss from the ocean

surface to the atmosphere (Fairall et al., 1996b; Yan et al., 2023). In bulk flux algorithms,
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Tskin is often determined from input SSTs and used for calculation of more accurate

turbulent fluxes (Fairall et al., 1996b).

The net heat flux term Q0 between the atmosphere and ocean is the sum of the above four

components, accounting for the difference in direction for Qsw (positive downwards) and Qlw,

Qsen and Qlat (all positive upwards in the forms given above).

Q0 = Qsw −Qlw −Qsen −Qlat (1.2.5)

1.2.1 Flux Products

Various methods of parameterisation of the bulk fluxes exist, which result in a range of global

flux products with differing values for global ocean mean energy budget (visible in 1.1). This

figure shows global flux product budget closure between −20Wm−2 and 25m2 across 12

flux products, highlighting that many of the products are unable to fully close the energy

budget in their present forms. Places where flux products differ in their parameterisations

include the transfer coefficients, for example in the surface roughness relationships via the

Charnock parameter (Charnock, 1955). Some flux parameterisations include cool skin and

warm layer effects (Yan et al., 2023), which over 70 days in the tropics were found to reduce

heat loss to the atmosphere by 11Wm−2 and increase heat loss by 4Wm−2 respectively

(Fairall et al., 1996a). Some products account for effects of cloud cover and cloud types on

radiative fluxes more than others (Clark et al., 1974; Josey et al., 1997, 1999; Berry and

Kent, 2009). Each flux product also has its own biases in wind speed, temperature, humidity

and cloud cover, all of which contribute additionally to biases. Often the bulk variables fed

into flux products come with different uncertainties based upon their sources, which causes

further divergence in flux product results. Generally, reanalysis products each develop their

own bulk parameterisation schemes (Dee et al., 2011; Hersbach et al., 2020; Saha et al.,

2021). Satellite derived flux products are based upon the COARE algorithm (Fairall et al.,

1996b, 2003; Edson et al., 2013), which was developed following the tropical ocean global

atmosphere coupled ocean atmosphere response experiment (TOGA COARE). Meanwhile,

the NOC flux product (Josey et al., 1999; Berry and Kent, 2011) based on ship observations

uses the formulae of Payne (1972); Clark et al. (1974); Reed (1977); Smith (1988).

A ’correct’ flux product would have an annual global integration (a budget) of almost 0, to

obey the conservation of energy between heat flux gains and losses,assuming no net ocean

heating. Many flux products cover the global ice free ocean rather than the entire ocean; in
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Figure 1.1: Global ocean mean energy budget of 12 flux products. Abbreviations:
20CR, Twentieth Century Reanalysis; CERES, Clouds and the Earth’s Radiant Energy
System–Energy Balanced and Filled; CFSR, Climate Forecast System Reanalysis; ERA-
20C, European Centre for Medium Range Weather Forecasts Twentieth Century; ERA-
Interim, European Centre for Medium Range Weather Forecasts Interim; GPCP, Global
Precipitation Climatology Project; JRA-55, Japanese 55-Year Reanalysis; MERRA, Modern-
Era Retrospective Analysis for Research and Applications; NCEP, National centre for
Environmental Prediction; NOC, National Oceanography Centre; OAFlux-1 × 1, 1
◦gridded Objectively Analyzed Air–Sea Fluxes; OAFlux-HR3 and -HR4, high resolution
(0.25 ◦gridded) Objectively Analyzed Air–Sea Fluxes analysis computed from Coupled
Ocean–Atmosphere Response Experiment (COARE) version 3 and version 4, respectively.
The 2 - 3Wm−2 closure goal of a global ice-free surface budget is explicitly noted on the
axis. This figure was adapted from Cronin et al. (2019).

this case the global integral of net surface flux should be 2 - 3Wm−2 if these bulk

parameterisations were correct in their assumptions (Bengtsson et al., 2013; Yu, 2019).

Many flux products do not close the budget and so there must be biases within each flux

product. Figure 1.1 shows the global net heat budget closure for 12 flux products,

demonstrating significant variation in closure between different products. NCEP2 has the

best global ocean mean energy budget closure of the 12 flux products, with almost total

budget closure. However Cronin et al. (2019) and Yu (2019) note none of these 12 products

close the budget within the expected threshold whilst also achieving a 1:1 balance of

turbulent to radiative fluxes . This figure highlights the substantial effect of different

parameterisations on the budget closure, which further highlights the need for more in-situ

observations and validation experiments to improve these products budget closure.

The air-sea heat flux scientific community set out the aim for global flux resolution, which is a

10 km, 3 hourly heat flux over the global ice-free ocean with random uncertainty of 15Wm−2

and a bias of less than 5Wm−2 at 1 day time scales (Cronin et al., 2019). To do this,

significant developments in ocean and atmosphere observing systems are needed. Achieving
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these targets is only realistic with satellite coverage, but for this satellite coverage to be

accurately recording the essential flux variables, it must be paired with an in situ observing

network for reference measurements (Cronin et al., 2023). The need for bias quantification

and improved observations are the motivation for the work contained within this thesis.

1.3 Mixed layer heat budget

1.3.1 Equations and Assumptions

Air-sea interactions cause heat gain and loss into the ocean, which affects the ocean surface

mixed layer. The heat content exchange within this layer plays a significant role in

controlling the SST. To understand the temporal evolution of SSTs, a mixed layer heat

budget is often used to quantify the dominant processes contributing to heat exchanges in

the mixed layer (Stevenson and Niiler, 1983), where understanding these processes feeds

into better predicting climate and weather systems. Additional benefits are mapping SSTs

helps decipher the role of temperature stratification in biological productivity, and

temperature on atmospheric interactions and ocean dynamics. Many studies use mixed

layer heat budgets to investigate heat exchange on a variety of timescales, from changes

over a short observation period (Delnore, 1972; Godfrey and Lindstrom, 1989; Vijith et al.,

2020; du Plessis et al., 2022) to intra-seasonal (McPhaden, 2002; Halkides et al., 2015),

seasonal (Foltz et al., 2013; Roberts et al., 2017) and annual (Niiler and Stevenson, 1982;

Foltz and McPhaden, 2006) variation.

The ocean mixed layer heat budget consists of a three dimensional balance of multiple

processes, which affect the local SSTs. The mixed layer heat budget equation can be

written as

h
∂Ta

∂t
+ hva · ∇Ta +∇ ·

(∫ 0

−h
v̂T̂ dz

)
+ (Ta − T−h)×

(
∂h

∂t
+ v−h · ∇h+ w−h

)
=

Q0 − q−h

ρcp
(1.3.1)

where h is depth, T the ocean temperature, v is horizontal velocity, subscript a denotes the

average value between depth h and the surface, w is the vertical velocity, ∇ ≡ ( ∂
∂x ,

∂
∂y ), Q0

is the net surface heat flux, q−h diffuse heat flux at depth h, ρ the sea water density, cp

the specific heat capacity of seawater, v̂ is deviation from the vertically-averaged horizontal
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velocity where v = va + v̂ and T̂ the deviation from the vertically-averaged temperature

T = Ta + T̂ (Stevenson and Niiler, 1983; Moisan and Niiler, 1998). In the above equation,

the terms from left to right represent the local storage of heat, horizontal advection, vertical

temperature and velocity covariance, entrainment and the air-sea net heat flux adjusted

for penetrative shortwave radiation and turbulent mixing at the base of the mixed layer

respectively (Foltz et al., 2003).

Building on eq 1.3.1, the mixing terms are explicitly resolved in the form of the equation of

Wells et al. (2009) based on the work of Stevenson and Niiler (1983), with derivation available

in Hadfield (2007).

h
∂Ta

∂t
+ hva · ∇Ta +∇

∫ 0

−h
v̂T̂ dz + (Ta − T−h)×

(
∂h

∂t
+ v−h · ∇h+ w−h

)
+ hkx,y · ∇2Ta + kz

∂2T

∂z2
=

Q0 −Qpen

ρcp
(1.3.2)

Here the horizontal diffusion of temperature hkx,y ·∇2Ta and vertical diffusion of temperature

kz
∂2T
∂z2

are defined, where kx,y and kz are the horizontal and vertical diffusion coefficients

respectively. The correction to the net heat flux is reduced to Qpen, which represents the

penetrative shortwave heat flux. Stevenson and Niiler (1983) and Moisan and Niiler (1998)

take the approach in which h is the depth of a chosen isotherm, in order to assess low

frequency SST variation (Stevenson and Niiler, 1983). The limitations of this approach fall

in both selecting an appropriate isotherm and the use of an isotherm deeper than the mixed

layer depth increasing the degree of error in the heat content over depth h (Hadfield, 2007).

An alternative approach identifies the mixed layer depth as depth h, (Hadfield et al., 2007;

Foltz and McPhaden, 2005). Alternatively, to simplify the equation, h can be chosen to be

the depth of the isotherm that has minimal heat transfer across it, where h lies deeper than

the main thermocline. In this circumstance, qh is then negligible and the entrainment rate

small as the bottom surface is treated as a material surface (Moisan and Niiler, 1998).

For clarity, the form of the budget equation which is used for the work within this thesis is

∂Ta

∂t
= −(va · ∇Ta)−

(Ta − T−h)

h
×
(
∂h

∂t
+ v−h · ∇h+ w−h

)
+
Q0 −Qpen

ρcph
(1.3.3)

where the terms excluded in analysis in this thesis have been removed. The justifications for

these exclusions are given in chapters 4 and 5. Within this thesis, I take h to be the mixed

layer depth.
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Figure 1.2: Schematic diagrams of the processes contributing to entrainment in the ocean
mixed layer. Red regions show relatively warm waters of the mixed layer, with relatively
colder water below in blue. MLD is the mixed layer depth and Isotherm denotes an isotherm
below the MLD. a) mixed layer depth tendency component with an example of mixed layer
deepening b) the lateral induction component with an example of mixed layer deepening.
U denotes a horizontal velocity. c) vertical velocity component showing vertical oscillation
of water mass. d) Example of MLD evolution due to the three combined components of
entrainment.

1.3.2 Entrainment

The entrainment term within the mixed layer heat budget consists of three components,

each representing the component of entrainment from a subtly different process. The total

entrainment is given by
(Ta−T−h)

h ×
(
∂h
∂t + v−h · ∇h+ w−h

)
.Figure 1.2 shows a schematic of

each of these processes. The first is ∂h
∂t which is the evolution of the mixed layer depth

with time at a location. The second and third component ’correct’ this for processes which

change the mixed layer depth, but are not necessarily due to the mixed layer itself evolving

at this location. The second term of the entrainment is the lateral induction term v−h · ∇h,



38 Chapter 1: Introduction

which represents the horizontal movement of water advecting a sloping mixed layer base.

To calculate the lateral induction, gradients of the mixed layer depth across the region of

interest are needed, along with the current velocity of the mixed layer base. The third term

contributing to entrainment is w−h, which represents the vertical velocity of the region. This

term accounts for processes like internal tides which will move the mixed layer base in the

vertical, but are not changing the water properties in the mixed layer itself. The vertical

velocity can be obtained by taking a fixed isotherm below the mixed layer and tracking its

depth evolution.

In most areas of open ocean, the entrainment will be responsible for cooling the mixed layer

as a stable water column often means water below the mixed layer is cooler than the mixed

layer. Exceptions to this include polar regions and estuaries. Sometimes circumstances are

described in which there is a sub surface temperature inversion below the mixed layer, which

causes mixed layer heating during entrainment. In this area of the tropics, one must be

mindful of the possibility of this occurrence, discussed more in section 1.4.2.

1.3.3 Horizontal Advection

The horizontal advection is described by −va · ∇Ta and is the horizontal movement of

water. To determine this quantity, one needs good spatial coverage of the region of interest

to determine temperature gradients. va is the sum of wind driven Ekman velocity and

geostrophic velocity and I do not separate these components within the scope of this thesis.

High vertical resolution over the upper ocean is needed to determine the horizontal

advection, as it is calculated as an average over the mixed layer.

Horizontal advection is thought to be an important process in the tropics. In the 10◦- 20◦

latitudes, the horizontal advection standard deviation is larger compared to the rest of the

tropical Atlantic, due to increased wind stress and spatial variation in Ekman currents (Foltz

and McPhaden, 2006). Horizontal advection has strong negative correlation with air-sea

fluxes in the NWTA due to strong meridional advection which is countered to some degree

by zonal advection (Foltz and McPhaden, 2006). The horizontal advection is therefore an

important process to be considered and should not be neglected from an NWTA heat budget.
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1.4 Ocean Features

1.4.1 The ocean mixed layer depth

Within an ocean surface mixed layer, temperature and salinity profiles are uniform with depth

due to the turbulent mixing from wind and wave input. There are many ways to define an

ocean mixed layer, as the definition itself is rather arbitrary. The definition chosen for a study

is often dependent on the timescales of the investigation being carried out (de Boyer Montégut

et al., 2004). Mixed layer depth varies spatially and temporally, with temporal variation

often due to ocean mixed layer processes i.e. surface forcing, lateral advection, internal waves

(de Boyer Montégut et al., 2004). In tropical regions mixed layers are of the order of 10

m - 100 m whereas they can reach depths around 500 m in the winter of subpolar regions

(Monterey and Levitus, 1997). Of the many ways to determine mixed layer depth, within

this thesis I focus here on threshold definitions. This involves finding the depth of a density a

given threshold amount away from that at a reference depth. Reference depths tend to be to

ocean surface or 10 m to avoid the effects of diurnal heating. Some examples of studies using

density thresholds are Monterey and Levitus (1997); Foltz et al. (2003); de Boyer Montégut

et al. (2004).

Similar to the MLD is the isothermal layer depth (ILD). The ILD is calculated using a

temperature based threshold method, again where there are many papers suggesting various

temperature threshold values (Monterey and Levitus, 1997; Kara et al., 2000;

de Boyer Montégut et al., 2004). Sometimes the temperature threshold condition is used to

represent the MLD, however density based criteria are generally regarded as more reliable

for the MLD (Lukas and Lindstrom, 1991). The temperature threshold criterion is known

to fail in regions with salinity barrier layers (Sprintall and Tomczak, 1992), which is

something one needs to be mindful of in the tropics. Inherently, the existence of barrier

layers shows that temperature criteria will not accurately represent a mixed layer depth,

such that a density threshold, gradient method or specific algorithm (Holte and Talley,

2009)) should be used to determine MLD.

1.4.2 Barrier layers

A barrier layer (BL) is an important ocean feature which can prohibit heat exchange between

the mixed layer and the deeper ocean. The barrier layer itself is the distance between the top
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of the thermocline and the bottom of the mixed layer (Sprintall and Tomczak, 1992) and is

found when the pycnocline, halocline and thermocline do not occur at the same depth. An

example of an ocean profile with a barrier layer is in Figure 1.3. Barrier layers are formed by

different mechanisms depending upon the region they are found, but are often attributed to

salinity stratification (Lukas and Lindstrom, 1991). Barrier layer thickness can be anywhere

between 10m and 50m (Sprintall and Tomczak, 1992). Typically the process of entrainment

will bring cold water into the mixed layer from below, however the presence of a barrier

layer can inhibit this process, bringing same temperature or potentially warmer water into

the mixed layer. A persistent BL affects the transfer of heat to the deeper ocean, causing

mixed layer SST anomalies which in turn affect air sea interactions (Fernández et al., 2024).

In the tropical North Atlantic (TNA), it is not uncommon for horizontal advection to then

dominate heat transfer to balance air-sea fluxes. Forced ocean and coupled ocean–atmosphere

models may have trouble reproducing the observed seasonal cycle of SST in the TNA if they

do not properly represent the barrier layer (Foltz and McPhaden, 2009). It is important

to obtain more observations of mixed layer depth and barrier layer thickness to accurately

model entrainment processes and capture SST evolution. The work carried out in this thesis

quantifies entrainment in a barrier layer region to help address this gap. The barrier layers

of the NWTA are discussed in more detail in section 1.6.

1.4.3 Diurnal warm layers

A mixed layer will experience daytime warming with the rise in solar insolation. Sufficient

turbulent mixing will redistribute this heating such that the temperature varies very little

with depth in the mixed layer. Under low wind, high solar insolation conditions, it is possible

a diurnal warm layer (DWL) to form (Kawai and Wada, 2007). Typical characteristics of a

DWL are 1 - 10 m depth and 0.1 ◦C to 1 ◦C SST anomaly from the bulk SST (Kawai and

Wada, 2007). A DWL formed under wind speeds below 2m s−1, with an exponential form,

can have a surface temperature anomaly from the bulk SST as much as 3 ◦C (Soloviev and

Lukas, 1997). A diurnal warm layer is a region in the upper few metres of the mixed layer in

which solar radiation absorption causes temperature stratification strong enough to suppress

mixing (Price et al., 1986; Fairall et al., 1996b). Thus the warm layer develops throughout

the day with strengthening stratification from continued solar input to the ocean and decays

overnight with turbulent mixing when the solar input is not present. Even though the diurnal

warm layer decays over night, it raises daily mean SST compared with no diurnal warm layer

formation (Mujumdar et al., 2011). A higher daily mean SST will affect air-sea interactions,
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Figure 1.3: Example profile of a barrier layer from Seaglider data in the EUREC4A campaign,
where the barrier layer also contains a temperature inversion. The mixed layer (ML), mixed
layer depth (MLD), isothermal layer depth (ILD) and barrier layer (BL) are labelled.

so it is important to quantify this feature in an air-sea interactions context. A Seaglider

study in the equatorial Indian ocean found daily mean SSTs could increase by 0.2 ◦C in the

presence of a diurnal warm layer and that diurnal warm layer formation typically occurred

with wind speed less than 6m s−1 (Matthews et al., 2014).

1.5 Ocean observing systems

To improve understanding of the interplay between oceanic and atmospheric processes and

the heat exchanged between them, high resolution observations from the ocean and

atmosphere interface are needed (Domingues et al., 2019; Cronin et al., 2019; Yu, 2019). As
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technology advances, various networks are able to provide in-situ ocean and lower

atmosphere measurements for validation of satellite measured variables and flux products.

Notable observing strategies include satellites (Zhang et al., 2004; Wallcraft et al., 2009;

Zhang et al., 2009; Rodŕıguez et al., 2019; Nagamani et al., 2012); buoys (Bourlès et al.,

2008; Johns et al., 2021); ocean gliders (Rudnick, 2016); the ARGO network (Roemmich

et al., 2019); surface drifters (Hansen and Poulain, 1996); ships (Kent and Berry, 2005;

Kent et al., 2007) and uncrewed surface vessels (USVs) (Patterson et al., 2025).

Given that USVs are the platform investigated in this thesis, it is pertinent to review them

in more detail.

1.5.1 USVs

An expanding area of technological advancement for ocean and atmospheric essential variable

measurement is the USV. Whilst some USVs are powered with an engine which supplements

power supply and allows constant motor use, these USVs are not the focus of this work.

Here I am interested in renewable USVs, i.e. those powered by solar and propelled by wave

motion and possibly supplemented by a thruster system. There are many USVs of this

type being developed around the world, where some literature about these USVs includes

Caccia et al. (2005); Hine et al. (2009); Fer and Peddie (2013); Gentemann et al. (2020);

Siddle et al. (2021). In the ocean observing world, although USVs are a relatively new

technology, they have already proven their use in many scientific disciplines. Successful

use cases include hurricane measurement (Foltz et al., 2022), tropical cyclone measurement

(Lenain and Melville, 2014), volcanic area monitoring (Tada et al., 2024) and Antarctic

circumnavigation (Nicholson et al., 2022). USVs are able to measure many of the Global

Ocean Observing System (GOOS) essential ocean and climate variables, such that they have

the potential to form a global network which could provide the desired monitoring capability

requirements for air-sea fluxes. Of the published USV deployments, Zhang et al. (2019)

demonstrate the ability of a singular USV to provide a vast amount of observations pertaining

to air-sea interactions though the deployment of a Saildrone USV, which observed 18 different

essential variables in the SPURS campaign. There is a rapidly growing list of studies in which

USVs have successfully undertaken air-sea interaction studies around the globe (Wills et al.,

2023; Iyer et al., 2022; Sivam et al., 2024; Zhang et al., 2019; Grare et al., 2021; Nagano et al.,

2022; Thomson and Girton, 2017; Swart et al., 2019).

The specific advantages of using USVs over other ocean measurement platforms and networks
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include the ability to measure close to the air-sea interface with minimal flow distortion

compared with a ship. As USVs have some form of forward propulsion system, they can

move around the ocean to target areas of particular interest or follow a pertinent feature.

This brings a freedom to the ability to measure the air-sea interface not found with moored

buoys, more control over the area studied than drifters and lower cost than ships. It also

allows USVs to intentionally be sent into hazardous conditions without risk to life. Another

great cost advantage of USVs, depending on the study location, is that USVs can be deployed

from and returned to land, which avoids the costly, environmentally damaging and restrictive

time dependence on ship availability. Some sensors on USVs will require more detailed quality

control (QC) due to vessel motion than others, but vessel motion correction is well established

on ships and similar principles can be applied to USVs. However there are few guidelines in

the USV community for quality control, and no cross platform standardisation. Methodology

and implementation of QC varies between vessel types and individual users. If USVs are

to become a global network to aid in satellite validation and flux product development,

the hurdle of first forming a USV community to tackle regulation of scientific use must be

addressed (Patterson et al., 2025). Research is emerging to establish guidelines on common

USV measurements, for example downwelling radiation (Riihimaki et al., 2024).

Whilst there are many plus sides to USV use, one must also acknowledge the potential for

limitations. For USVs operating over a satellite network, operation range is a non-issue,

however a local communications network can limit range of operations to a few km or less.

The ability of the USV to recognise obstacles becomes important if out of sight of the operator.

Some USVs support cameras, but for many this is a resource too power consuming to support.

AIS (Automatic Identification System) can be used to warn nearby vessels, but is reliant upon

other vessels having AIS capability. Radar, the most popular system of conventional vessels

may struggle to pick up a USV (Liu et al., 2016). Use location is another issue, with limited

solar irradiance at high latitudes proving challenging for solar-powered USVs and further

constraining available power. There are also challenges associated with the physicality of a

USV. Being sent into more dangerous conditions than manned vessels brings greater risk of

damage, however USV have been shown to successfully record inside of hurricaines (Zhang

et al., 2023). Lastly on the physical nature of a USV, the proximity to the water surface

of sensors compared to a ship is a scientific advantage, but can bring the potential for salt

contamination and water damage. Additionally, quality control of sensor data to account

for wave motion on the vessel must not be overlooked. Regulation in USV use can also be

an issue depending on the nation under which one operates. The rules around USV use are
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rapidly evolving and users must ensure they are up to date with the latest regulations before

undertaking operations.

A global community with the desire to address these challenges has formed under the

United Nations Decade of Ocean Science for Sustainable Development programme, called

The Observing Air–Sea Interactions Strategy (OASIS) (Cronin et al., 2023). In April 2025.

further global progress on the coordination and collaboration of USV use was made through

endorsement by the GOOS Observations Coordination Group under UNESCO-IOC of ’SUN

Fleet’ as an emerging ocean observing network. The work described in this thesis is

intended to feed into the establishment of widely agreed USV protocols for data collection

and quality control.

1.6 The Northwestern Tropical Atlantic

The tropical Atlantic is of interest due to its SST variability directly influencing hurricanes in

the USA and regional rainfall and droughts in Africa and Brazil (Bourlès et al., 2008), making

the study of the region beneficial both scientifically for global climate understanding, and

societally for extreme weather event prediction. As discussed earlier and visible in Figure 1.4,

this region also has significant SST variability and capturing this will be useful in improving

flux products through satellite validation, in situ measurements feeding into global reanalysis

products and process studies from the observations themselves.

1.6.1 Oceanography

To understand the temperature gradients and currents of the NWTA for calculation of

horizontal advection, one must first be aware of the broad scale regional circulation. The

NWTA area has a complex ocean current system (Figure 1.5). The westward flowing North

Equatorial Current (NEC) forms part of the North Atlantic Subtropical Gyre and is forced

by the trade winds. The Equatorial Undercurrent (EUC) and North Equatorial

Undercurrent (NEUC) are eastward zonal flows which may also be supplied by a branch of

the NEC (Bourles et al., 1999). The EUC is a strong eastward current on the equator

whereas the NEUC is a comparatively weak eastward current in the region of the North

Equatorial Counter Current (NECC). The North Equatorial Counter Current (NECC) falls

south of the NEC, and is a retro-flection of the North Brazil Current (NBC) occurring

between 3 °N and 10 °N (Hormann et al., 2012). The NECC disappears from the surface
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Figure 1.4: (caption on next page)
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Figure 1.4: Figures of average SST and wind field for a 30 year February mean (top) and
February 2020 (middle). Wind and SST anomaly for February 2020 compared to 30 year
climatology (bottom). Red box denotes the study site measured in February 2020 and used
in this thesis. Black cross shows location of NTAS buoy. Data from Hersbach et al. (2023).

Figure 1.5: Schematic map showing the major surface currents of the western tropical Atlantic
Ocean, where solid lines are surface currents and dashed lines subsurface.

between January and May such that surface flow is westward everywhere in the western

tropical Atlantic (Philander, 2001), due to changing position of the Inter Tropical

Convergence Zone (ITCZ) towards the southern hemisphere. The Guiana current continues

from the NBC along the coat of South America towards the Caribbean. Another important

feature of the NWTA is the discharge of the Amazon and Orinoco rivers. Most fresh surface

waters in the western tropical Atlantic can be attributed to Amazon run-off (Pailler et al.,

1999). These fresh waters affect the upper ocean salinity distribution, causing the NWTA

to be a particularly heterogenous area of the ocean, which has consequences for the ocean

mixed layer budget through stratification.

Looking at the anomaly in Figure 1.4 in the context of the ocean currents, there is a strong

influence and abnormally warm North Equatorial Current flow in 2020. Warmer SSTs along

the North Brazil and Guiana Currents are also visible, entrapping a cooler SST region in the

centre of the TNA. Winds around the study site are similar to the climatology, but stronger

than the average when looking North of 20◦ and East of 50◦. This figure also highlights a

stark difference in conditions between the study site and the NTAS buoy (discussed in section

1.8). The study site has SSTs around 0.2 ◦C above the climatologic mean, whereas the NTAS

buoy sits in a region where SSTs transition west to east from above to below climatological

mean. The NTAS buoy is a vital mooring in providing air-sea interactions data for the
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tropics. Yet the spatial heterogeneity of Figure 1.4 highlights the need for observations to

facilitate air-sea interacts study in more NWTA locations.

Across the wider NWTA, 6 different surface water masses were identified in the Jan-Feb

period of 2020 (Fernández et al., 2024; Olivier et al., 2022). Of these 6 water masses, the

dominant water mass seen in the location of this thesis’ study site is North Atlantic

Subtropical Water (NASW). It is characterised by SSS < 36.07 g kg−1 and SST centred on

26.72 ◦C, representing the coldest surface waters of the NWTA (Fernández et al., 2024). A

conservative temperature - absolute salinity diagram of the top 250 m using Seaglider data

in February 2020 is shown in Figure 1.6. The top 70 m show the water contained in the

mixed layer, with the shallowest waters having characteristics consistent with North

Atlantic Subtropical Water. Below this (expected around 50-200 m) (Fer et al., 2010;

Sheehan et al., 2023) there are characteristics of Subtropical Underwater (STUW) with a

characteristic salinity maximum layer below the mixed layer. Subtropical underwater is

defined as 22-25 ◦C and 37-37.6 g kg−1 (Rollo et al., 2022). Water masses for the region from

various EUREC4A platforms show similar characteristics (L’Hégaret et al., 2023).

A 30 year mean of SSTs (Figure 1.4) shows variation across the ocean basin from 19 ◦C in the

northeast to 25 ◦C and higher in the west of the basin. Warmer waters are advected along

the coast of South America by the NBC, particularly visible in February 2020 in Figure 1.4.

The work of this thesis is concerned with a study carried out in the red box of Figure 1.4

during February 2020, such that I anticipate observing ocean surface temperatures on the

order of 27 ◦C.

Barrier layers are an important feature in this region, with the 50 - 60 ◦W, 15 - 20 ◦N

region in boreal winter dominated by 50 m thick barrier layers, decaying to thicknesses of

10 - 25 m in boreal summer (Sprintall and Tomczak, 1992). The formation mechanism of

barrier layers in the coastal and western NWTA is thought to be due to surface freshwater

advection from river outflow being advected northwestward towards the Caribbean (Foltz and

McPhaden, 2008) with the assistance of the Guiana current in boreal summer and autumn

(Hu et al., 2004). Meanwhile subduction of high-salinity, warm waters from the Northern

Hemisphere Subtropical Gyre occurs, with the river outflow remaining at the surface forming

a wintertime barrier layer (Sprintall and Tomczak, 1992; Balaguru et al., 2012; Tanguy et al.,

2010). BLs centred around 18 °N, 60 °W are treated as a separate BL system with strong

winter temperature inversions (Mignot et al., 2007). These BLs are thought to be due to

advection of freshwater into the region by the North Brazil Current, by anticyclonic eddies



48 Chapter 1: Introduction

Figure 1.6: Conservative temperature - absolute salinity diagram using Seaglider data from
the EUREC4A campaign in the northwestern tropical Atlantic in February 2020, showing the
top 250 m of the ocean in this region. Grey lines denote potential density contours and the
diagram is coloured by depth of measurement. NASW (North Atlantic Subtropical Water)
and STUW (Subtropical Under Water) are water mass labels.

and northward Ekman currents (Mignot et al., 2007). With a maximum advection in summer

and autumn, the warm waters below the advected fresh water are then trapped at these times,

resulting in the subsurface temperature inversions seen in the region (Mignot et al., 2007;

de Boyer Montégut et al., 2007). In winter, the stratification in salinity is maintained and the

surface temperature cools through poleward transport of fresh equatorial mixed layers. The

wind-induced mixing leads to a deepening of both the MLD and ILD, but the two deepen at

different rates and a BL is maintained in-between (Mignot et al., 2012). Due to the strong

winter and summer BL formation in the NWTA, the subsurface temperature can exceed

the surface temperature by up to 1 ◦C (Mignot et al., 2012). These BL are shown in the

observations discussed later in this thesis.

1.6.2 Meteorology

The winds in the region east of Barbados are known colloquially as the trades. These

consistent surface trade winds are typically north-easterly winds in the January, February
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period (Acquistapace et al., 2022). This consistent wind is due to Hadley cell circulation of

air in the atmosphere, where convergence of air at the ITCZ results in rising air forming

deep convective clouds as it cools and leading to localised precipitation. The Hadley cell

results in dry air sinking in a region of high pressure around 30 °N. Along the ocean surface,

air flows from this region of high pressure to low, resulting in the southward component of

the flow in the trade winds. The westward component is due to the Coriolis force acting

upon the air parcel and results in a total southwestward flow. In Boreal winter, to

redistribute higher seasonal solar insolation in the southern hemisphere, the ITCZ shifts

southwards, which leaves consistent winds and less precipitation in the TNA. Consistent

with the trade winds expected from movement of the ITCZ, both the 2020 and 30 year

means (Figure 1.4) show winds on the order of 10m s−1 with a mostly westward and small

southward component near to our study region marked in red.

Cloud cover is another important consideration in air-sea fluxes and is at the core of the

EUREC4A campaign (discussed in section 1.7). In the NWTA, broken shallow clouds form

within the lowest kilometres of the atmosphere called trade-cumuli, where the base of these

clouds are influenced by the warm moist air below (Bony et al., 2017). Figure 1.7 shows

examples of cloud cover in the NWTA from 2 days of the EUREC4A campaign using

images from NASA worldview (https://worldview.earthdata.nasa.gov/) (NASA Worldview

Snapshots, 2020). Cloud cover is very variable in this region with 4 distinct cloud types

identified (Stevens et al., 2020). An understanding of the cloud cover of the region has

important implications on surface radiative fluxes and can result in downwelling solar biases

if not correctly parameterised in flux products. This thesis looks for biases in ERA5 surface

fluxes and considers whether cloud cover representation may be responsible for any bias

found.

1.7 The EUREC4A campaign

The EUREC4A (Elucidating the Role of Cloud-Circulation Coupling in Climate) project

was designed to investigate the relationship between trade-cumuli in the tropical Atlantic

and their interactions (Bony et al., 2017). EUREC4A developed from a Barbadian-French-

German collaboration led by Bjorn Stevens, Sandrine Bony and David Farrell. The project

expanded across multiple sub projects, national funded research projects and collaborations

to encompass multiple themes and ended up with the following experimental facets (Stevens

et al., 2021):
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(a) (b)

Figure 1.7: Images from NASA worldview snapshots
(https://worldview.earthdata.nasa.gov/) (NASA Worldview Snapshots, 2020), showing
cloud structure over the region 10 - 20 ◦N and 61 - 45 ◦W for the (a) 9th and (b) 14th
February 2020. The coastline of Barbados and some of the Lesser Antilles is included in the
left of the figure for spatial context.

• (i) quantify the relative role of micro and macrophysical factors in rain formation;

• (ii) quantify different factors influencing the mass, energy, and momentum balances in

the sub-cloud layer;

• (iii) identify processes influencing the evolution of ocean mesoscale eddies;

• (iv) measure the influence of ocean heterogeneity, i.e., fronts and eddies, on air–sea

interaction and cloud formation;

• (v) provide benchmark measurements for a new generation of both fine scale coupled

models and satellite retrievals.

The core research of EUREC4A took place between 20th January 2020 and 20th February

2020 based from Barbados, expanding as far south as 5 °N and as far east as 50 °W.

One of the collaborations which occurred alongside EUREC4A was the ATOMIC (Atlantic

Tradewind Ocean-atmosphere Mesoscale Interaction Campaign) project, a US project let by

NOAA. ATOMIC ran from 7th January to 11th July 2020 between Barbados and 51 ◦W

(Quinn et al., 2021). The overall collaborations between EUREC4A , ATOMIC and many

other project led to the use of four ships, four research aircraft, the Barbados cloud

observatory and multiple autonomous platforms, isotopologue measurements, satellite

measurements and models (Stevens et al., 2021).

Within the campaign, the University of East Anglia (UEA) team stationed Caravela

(discussed in chapters 2 and 3) at the intersection between the HALO aircraft’s planned

flight circle, and the planned transect of the R/V Meteor. Caravela and the Seagliders
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deployed into the same location were then available to provide an SST validation time series

at the bottom of the atmospheric profile, to aid the overall cloud-circulation coupling

investigation of EUREC4A (Vogel et al., 2022). For our own investigations with Caravela ,

the R/V Meteor would occasionally pass by, providing validation opportunities. The

proximity of the NTAS buoy to the Eurec4a project was also a benefit. The NTAS buoy is

one of a handful of air-sea interactions buoys around the world,is an OceanSITES Ocean

Reference Station, and is World Meteorological Organization station number 48401. It is

capable of meteorological and oceanographic measurements and was conceptualized to

study local air-sea interactions (Weller et al., 2022).

1.8 Historical Analysis of the Tropical North Atlantic

When discussing other published research, I try throughout this thesis to maintain a

consistent sign convention of positive flux representing heat gain by the ocean.

A relevant study to this thesis was the use of SWIFT drifters were alongside Wavegliders to

investigate SST gradients and air-sea fluxes (Iyer et al., 2022). The average latent and sensible

heat fluxes of Iyer et al. (2022) were −157Wm−2 and −6.6Wm−2 respectively. Multiple

fronts were observed in the Iyer et al. (2022) study with the average temperature gradient

over a front 0.008 ◦Ckm−1, standard deviation 0.005 ◦Ckm−1. Another study to come out

of the EUREC4A campaign which is relevant to this thesis is the work of Fernández et al.

(2023, 2024). They use ship and Saildrone data to investigate the latent heat flux variations

between January and April 2020 of the NWTA with the COARE 3.5 algorithm. In terms

of flux product biases, ERA5 had a bias of the order −10Wm−2 in latent heat flux based

on ERA5’s own flux parameterisation compared with inputting ERA5 bulk variables into

COARE 3.5 (Fernández et al., 2023). These studies are of a similar time frame and location

to the work of this thesis, providing an independent comparison to ascertain that potential

biases identified in the flux product are due to the flux product and not the observations.

Generally at short timescales of days to a week, turbulent heat flux spatial variation is due to

spatial differences in SSTs, where warm SSTs perturbations result in heat loss from the ocean

(Seo et al., 2023). Much of the existing regional literature is on substantially larger spatial

scales and longer timescales. Changes in ocean temperature and heat content in the North

Atlantic on seasonal timescales are dominated by air-sea interactions and local heat storage

with horizontal advection playing a significant role (Böning and Herrmann, 1994; Wang and
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Carton, 2002). On inter annual timescales, SST anomalies are thought to be caused by air-

sea interactions (Dong and Kelly, 2004). Model studies run over the NWTA suggest annual

changes of the tropical ocean heat content are dependent upon both air-sea interactions and

ocean heat transport with equal importance (Grist et al., 2010). A 28 year monthly mean

surface heat flux of the NWTA is approximately −15Wm−2 (Bishop et al., 2017). A bias of

50Wm−2 in air-sea interaction representation is responsible for a 0.5 ◦C SST anomaly in the

tropical North Atlantic (Wen et al., 2017). Typical fluxes using the NTAS buoy in the NWTA

for February averaged between 2001 and 2012 are approximately latent flux −170Wm−2;

sensible −7Wm−2; shortwave 220Wm−2 and longwave −60Wm−2, with net flux between

0 and −50Wm−2 (Bigorre and Plueddemann, 2021). It is clear that heat budget processes

are highly dependent on time and spatial scale, which makes comparing studies of various

seasons, lengths and regions somewhat difficult. Scale variation must be accounted for in

any comparison made, but quantifying the exact effects of these differing scales is not usually

possible. The disagreement and difficulty comparing between studies over various scales is

the reason more heat flux studies are needed, particularly in an important heat uptake area

like the tropics. One could use a flux product to investigate spatial heterogeneity, but the

literature identified that flux products contain a host of biases which are not well quantified

at the regional level. There is a distinct need for additional observations of bulk variables

to calculate fluxes, for quantification of biases in flux products, for validation of observing

remote observing systems to enhance observational capacity and understanding of processes

contributing strongly to the mixed layer heat budget. These open areas of further study

brings us to the scope of this thesis.

1.9 Research Scope of this Thesis

The University of East Anglia developed a bespoke USV called Caravela in conjunction with

AutoNaut Ltd, to investigate air-sea interactions and transport an autonomous underwater

vehicle (AUV). The purpose of this thesis is to investigate the capabilities of this Caravela

platform, in both a technical and scientific capacity.

The specific questions posed to investigate in this thesis are as follows:

1. Can an adapted autonomous surface vessel provide a viable platform for air-sea interaction

studies?

2. How do observational heat fluxes compare to global reanalysis product ERA5?
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3. How well do observed surface processes alone close the heat budget?

4. Considering air-sea interactions and ocean processes, can we close the heat budget on a

local scale?

This thesis is structured as follows

Chapter 2 provides an overview of the deployment of Caravela in the EUREC4A campaign

(as published in ’Weather’), together with dataset descriptions. Chapter 3 discusses the

Caravela vessel and its data management and quality control; this chapter addresses question

1. Chapter 4 investigates the air-sea fluxes calculated from EUREC4A and compares them

with ERA5, addressing questions 2 and 3. Chapter 5 revisits the calculations of chapter 4,

with additional terms of the mixed layer heat budget; it addresses question 4. Chapter 6

provides a summary of the thesis alongside recommendations for future work.
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Research motivation and overview

Synopsis

This chapter was published as the article ‘First measurements of ocean and

atmosphere in the tropical North Atlantic using Caravela , a novel uncrewed

surface vessel’, in the RMETS journal ’Weather’ . I supplement this with section

2.5 to describe datasets used for analysis in this thesis and for clarity within the

context of the thesis.

2.1 Introduction

In the tropics, air–sea interactions are an important driver of weather and climate variability

and can seed extreme weather events. Robust, accurate and widespread observations at

the air–sea interface can improve our understanding of air–sea interaction, help to validate

coupled climate models and improve the initial conditions for weather forecasts. A crucial

component of the air–sea interaction is the exchange of heat and moisture at the surface.

When observing these fluxes, satellites and vessels can only take us so far. To make the next

step in understanding air–sea interactions, a comprehensive network of flux measurement

platforms, able to sample for extended periods of time, is needed (Cronin et al., 2019).

Nowadays, there are a range of instruments spread across global oceans to capture in situ

measurements as part of systems like the Global Ocean Observing System (GOOS) and

the EUMETNET Surface Marine Programme. Some examples relevant to the collection of

observations at the air–sea interface include the Argo network, moored and drifting buoys,

and ships. However, these systems have their limitations: vessels are costly and thus only

provide sparse coverage, while moorings rely on deployment and maintenance from a ship,

another costly procedure. Argo floats have provided a step change in global coverage of
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ocean observations, but they typically only surface at 10-day intervals and so are unsuited

to studying air–sea interactions on short time scales. Drifting buoys also require deployment

by vessel and cannot be targeted to a region of interest, and most drifting platforms only

measure near-surface ocean temperature and atmospheric pressure, in addition to recording

their position. There are efforts to incorporate a range of meteorological and ocean sensors

onto drifters (Centurioni et al., 2019) but their Lagrangian nature still limits their use when

a set location is to be studied.

The development of autonomous surface vessels allows targeted measurements of a wide suite

of surface ocean and atmospheric data in particular regions of interest, over long time periods.

These vessels will be a key component of future global in situ arrays of observation platforms

for air–sea fluxes with high spatial resolution and minimal reliance on ship time. Ideally,

these surface vessels would be non-polluting and powered by renewable resources, such as

waves, wind and sun.

2.2 Autonomous vehicles

The use of autonomous vessels in air–sea interaction studies allows for measurements very

close to the water surface, with minimal disturbance to the surrounding air and water parcels.

Other advantages include: the ability to launch and recover the vessels from the shore,

cutting down costs and reliance on ship time for study; the lack of emissions and low carbon

footprint; and the ability to reach previously inaccessible areas. Examples of autonomous

vessel deployments to date include Saildrones as part of the SPURS-2 campaign (Zhang et al.,

2019), to demonstrate their feasibility as air–sea interaction observational platforms, a wave

glider studying air–sea interaction in Drake passage (Thomson and Girton, 2017) and the

OCARINA platform developed by Bourras et al. (2014), deployed off the west coast of France

as part of FROMVAR. It is apparent that the use of surface vehicles in flux determination

is still in its very early stages. The focus is currently on data acquisition, quality testing

and determining the combinations of conditions under which autonomous surface vehicles

struggle to operate.

2.2.1 AutoNaut

Following these studies, the University of East Anglia (UEA) worked with AutoNaut Ltd to

develop an uncrewed surface vessel, named Caravela . Previous uses of AutoNaut vessels
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include scientific deployments (Johnston and Pierpoint, 2017),surveillance (Johnston and

Poole, 2017) and environmental campaigns through AutoNaut’s involvement in The Ocean

Cleanup. 1

The UEA’s Caravela is a 5m-long surface vessel (shown during deployment in Figure 2.1

and described in Figure 2.2), with 0.8m draft and 1.5m high mast. AutoNaut’s Wave Foil

Technology generates the vessel’s forward motion. This uses sprung foils at the front and aft

of the vessel, which articulate to draw energy from the vessel’s pitch and roll (Johnston and

Pierpoint, 2017). The larger the waves, the more energy generated and the faster the forward

motion of the vessel. An auxiliary thruster is also fitted on the aft foil to aid propulsion in

difficult conditions. Caravela is a robust vessel, designed to withstand rough ocean conditions

and in the event of capsize, self-right. Caravela can be operated in three different ways

depending on proximity to the pilot. Up to 200 m from the pilot, a joystick can be used

to drive Caravela and engage the thruster, to allow for controlled movement at launch and

retrieval sites. Up to around a kilometre from the pilot, Caravela can operate under ‘local

controls’ in which the pilot sends commands from the piloting interface (called RCW) to

Caravela over UHF radio. Finally, when beyond line of sight, the pilot can send commands

from RCW over the Iridium satellite network. Within these piloting regimes, Caravela can

operate under three modes: station mode, where Caravela circles a location at a specified

radius, typically 25 m; heading mode, in which a heading is set and kept regardless of course

over ground; or track mode in which a series of waypoints are set and Caravela automatically

adjusts heading to reach these points. This large range of operational modes opens many

possibilities for meteorological and oceanographic measurement with an AutoNaut vessel.

Caravela has a modular monohull, allowing for integration of different sensor types and

minimising risk of damage in case of water ingress. Four lithium-ion batteries recharged

by three solar panels spanning Caravela ’s surface are responsible for powering the onboard

computer and sensors. The sensor package fitted on Caravela was selected to support the

determination of air–sea fluxes and is described in Table 2.1, with locations on the platform

shown in Figure 2.2.

1https://theoceancleanup.com/
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Figure 2.1: Photograph of Caravela (an AutoNaut vessel) in front of the German R/V Meteor
during the EUREC4A campaign. (Credit: Callum Rollo.)
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Figure 2.2: Labelled photograph of Caravela and a Seaglider, describing the locations of
meteorological and oceanographic sensors. The Nortek Signature1000 ADCP is not included
in the figure but would be mounted below Caravela , level with the CTD.
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Instrument Measurements

Apogee Pyrgeometer SL-510-SS Incoming longwave radiation (5 - 30 µm)

Apogee Pyranometer SP-110-SS Incoming shortwave radiation (360 - 1120 nm)

Rotronic Hygroclip HC2A-S3 humidity probe Air temperature, Humidity

Airmar 120 WX weather station Wind velocity, Air temperature, Barometric pressure

Nortek Signature1000 ADCP Near surface current velocity

Valeport MiniCTD Sea surface temperature (SST), Conductivity, Water pressure

Table 2.1: Description of the parameters measured by Caravela during the EUREC4A deployment and the associated sensors.
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Caravela’s novel aspect is its ability to transport and release a profiling ocean glider,

specifically a Seaglider. The Seaglider is a separate underwater autonomous vehicle piloted

over Iridium, capable of profiling the ocean to 1000 m through changes in its buoyancy. The

Seaglider is visible inside Caravela’s release mechanism in Figure 2.2. The benefits of

developing a Seaglider transport system are that the Seaglider can be deployed in a remote

or challenging area, without the cost of sending a ship or endangering personnel.

Additionally, the Seaglider can rest in Caravela ’s glider release mechanism for a long

period of time without significant battery wastage. This opens the opportunity to time the

deployment of a Seaglider to study an event, like a monsoon or phytoplankton bloom, again

without reliance on ship availability for deployment. The release mechanism does not allow

for Seaglider recovery to Caravela , so it is still necessary to consider ship availability to

collect the Seaglider. However, this provides many more opportunities for deployment than

if a ship was needed for both deployment and recovery.

2.3 Deployment of an AutoNaut – data quality

The first full scientific deployment of Caravela took place from January to March 2020, as

part of the EUREC4A campaign (Bony et al., 2017; Stevens et al., 2021). EUREC4A was

developed to investigate the coupling between clouds, circulation and climate but expanded

to cover many themes within meteorology and oceanography that feed into climate research.

UEA’s contribution involved the preparation of Caravela in Barbados, where the vessel was

deployed with the aid of the Barbados Coastguard on 22nd January 2020.

Caravela travelled from Barbados to the study site and back over 33 days. This included 11

days occupying a 10 km wide hourglass-shaped sampling pattern at the study site (upper right

of Figure 3). On the outward journey, Caravela covered approximately 150 km before the

Seaglider was released to travel independently to the study site. Average speed over ground

was approximately 0.34m s−1 whilst carrying the Seaglider, compared with 0.49m s−1 across

the whole deployment. Unfortunately, we suspect entanglement of the Seaglider in Sargassum

slowed Caravela , hence releasing the Seaglider earlier than planned on the outward journey.

Fortuitously, Caravela and the Seaglider arrived separately at the study site within a day

of one another, giving us an almost co-located dataset between the two platforms during

outward transit.

The Airmar 120WX (Airmar) and Rotronic Hygroclip HC2A (Hygroclip) both measured
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Figure 2.3: Track taken by Caravela during the EUREC4A campaign, coloured by days
since deployment from Barbados. The study site is labelled at the top right, where Caravela
repeated the same bowtie pattern for 11 days. The release location of the Seaglider from the
transport system below Caravela is marked in the Figure. Bathymetry is shown in blue with
contours at 1000 m depth intervals.

air temperature on Caravela . When analysed, we discovered these instruments showed

poor agreement.The timeseries of these air temperatures and comparison to the R/V Meteor

are visible in Figure 2.4 and Figure 3.6. The complete time series taken from the R/V

Meteor during the campaign is not always in the vicinity of Caravela . Using only when

the R/V Meteor and Caravela are within 10 km of one another, the mean difference of the

Hygroclip is 0.33 ◦C larger than the R/V Meteor, with RMS 0.48 ◦C. For the Airmar, the

mean difference is 1.39 ◦C less than the R/V Meteor with RMS 1.50 ◦C. Both instruments

on Caravela were shaded and well ventilated. The Airmar is situated at the top of the

mast (1.5m), approximately 0.5m above the Hygroclip. Comparisons with data from the

R/V Meteor (Figure 2.4) shows consistency with the Hygroclip sensor. The Hygroclip time

series stopped on 18th February due to sensor failure but we are satisfied with the quality

of data obtained from the Hygroclip before failure. However, the Airmar does not provide

the accuracy required to detect small temperature variations important in heat fluxes. It is

often used as a sailing or fishing instrument and whilst useful for these applications, is not

appropriate for our needs in terms of air temperature measurement. The Airmar instrument

is also responsible for apparent wind data. This analysis is in progress so comprehensive

assessment of the quality of Airmar wind data will be addressed in subsequent publications.

A time series of Caravela’s SST whilst at the study site was compared with Seaglider SST

data (Figure 2.5). This uses three different Seagliders deployed in the study site throughout
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Figure 2.4: Comparison of air temperature measurement between a weather station on the
R/V Meteor and Caravela ’s Hygroclip instrument, when the vessels are within 10km of
one another. The median Hygroclip temperature value per minute was matched to the R/V
Meteor data. From this we see that Caravela ’s Hygroclip data agrees well the R/V Meteor
and does not require correction.

EUREC4A , the one released from below Caravela and two deployed from the R/V Meteor.

We would expect to see a diurnal cycle in SST, which is clearly visible between 10th - 14th

February. The measurements from the two platforms are consistent, albeit with substantial

spatial and temporal variability evident. Downwelling longwave (5 - 30 µm) and shortwave

(360 - 1120 nm) radiation were measured by Caravela throughout the EUREC4A campaign

because accurate measurements of these parameters are vital for heat flux estimation. The

total air–sea heat flux is the sum of four fluxes: net longwave and shortwave radiative

fluxes; surface latent heat flux; and sensible heat flux. Variability in incoming solar

radiation throughout the day impacts surface heat flux and causes the diurnal cycle in SST

(Figure 2.5). Figure 2.6 shows the diurnal cycle in shortwave (i.e. solar) radiation. We see

significant variation of around 100Wm−2 in the longwave radiation (Figure 2.6).

2.4 Future work

Caravela offers continuous measurements of surface fluxes and surface conditions that are

co-located with the HALO aircraft’s flight circle during the EUREC4A campaign, as well
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Figure 2.5: Time series of sea surface temperature (SST) data from Caravela , measured 0.2 m
below the surface with data from three Seagliders at the same study site. The Seaglider data
shows one measurement per dive, recorded nearest to the surface as the Seaglider ascended.
Clear diurnal cycling in both Seaglider and Caravela data between 10th and 14th February
can be seen, with spatial and temporal variability.

as complements the measurements taken from the R/V Meteor on a meridional transect at

57◦14.7′ W. Caravela’s data will be valuable outside of our heat and momentum flux research,

providing a stationary time series in EUREC4A where many other platforms had large spatial

coverage. Having Caravela provide measurements in the marine boundary layer, co-located

with flights by the HALO aircraft, will enhance atmospheric analysis within the wider scope

of EUREC4A by providing true data at sea level. Without this, much coarser resolution

satellite data or ship data further up from the sea surface would have been relied upon. This

has scope to enhance the quality of boundary layer heat fluxes and understanding of the

impacts on clouds at a local scale in the wider campaign.

UEA’s future work with Caravela will first build on the observations from EUREC4A ,

calculating local heat and momentum fluxes between the ocean and atmosphere. Using time

series of upper ocean heat content from the profiling gliders, we will estimate an upper ocean

heat budget at the study site with the purpose of determining the dominant SST variability
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Figure 2.6: Time series of measured downwelling longwave (top) and shortwave (bottom)
radiation on Caravela during the EUREC4A deployment. These instruments performed
well on Caravela ; investigation into the impacts of vessel motion on these measurements
is ongoing.

driver in the region. This would allow us to differentiate between SST variability based

on surface heat fluxes and subsurface processes like mixing, entrainment or advection. We

intend to do this work with observations alone, utilising data from Caravela , the Seaglider

transported to the study site by Caravela and the two other Seagliders that were deployed

from the R/V Meteor. Deriving the ocean mixed layer heat budget based solely on ocean

and atmosphere observations is rare. If the analysis is successful, we intend to undertake a

similar deployment in Antarctica, where in situ observations are even more scarce. We hope

this work will provide a foundation for future air–sea interaction research based only on the

use of autonomous observations.
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2.5 Wider thesis datasets

Whilst this research is predominantly based upon observations recorded during the EUREC4A

campaign, investigations are supported by reanalysis products, allowing for cross validation

and a picture of the regional ocean behaviour. A brief overview of the reanalysis data within

this thesis is given below:

2.5.1 ERA5

ERA5 is an atmospheric reanalysis product from European Centre for Medium-Range

Weather Forecasts (ECMWF), replacing the ERA5-Interim product. Available resolution is

31 km spatially with 1 hour time resolution (Hersbach et al., 2018, 2020; Copernicus

Climate Change Service, 2023). ERA5 is forced at the ocean interface with SST from the

HadISST2 dataset prior to 2007, and the Operational Sea Surface Temperature and Ice

Analysis (OSTIA) after this time. ERA5 can be accessed from the Copernicus Climate

Data Store and is available at various temporal resolutions (hourly, daily, monthly). The

product used within this thesis is the ERA5 hourly data on single levels from 1940 to

present. This dataset is used in chapter 4 and 5.

2.5.2 GLORYS12V1

GLORYS12V1 is the Global Ocean Physics Reanalysis product (shorthand GLORYS)

including daily and monthly temperature, salinity, currents, sea level, mixed layer depth

and ice parameters throughout the full ocean depth. GLORYS is available on a regular grid

at 1/12° (approximatively 8 km) and on 50 standard levels. This is an eddy-resolving

reanalysis product with the model component being NEMO. The ocean surface is driven by

atmospheric conditions from ERA-Interim, but this has more recently been exchanged for

ERA5 (Jean-Michel et al., 2021). This dataset is used in chapter 5.
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The Caravela Cookbook: Recipes for

Vessel Upkeep and Scientific Use

Synopsis

This thesis uses a range of data derived from ocean platforms and reanalysis.

Whilst processing of Seaglider data is fairly well established, handling data from

the AutoNaut surface vessel is comparatively less established. Seagliders have

been used scientifically for the last two decades, with a range of literature

investigating the impact of Seaglider motion on data quality from their sensors.

However, surface vessels are an emerging technology. At the time of writing,

there is no community standard for data processing from uncrewed surface

vessels. This chapter looks at data throughout testing and use of the AutoNaut

vessel since 2019, considers changes made to ease data handling and usability, as

well as sensor upgrades to improve confidence in the data. I discuss sensor data

quality control, what worked and what did not, with the aim that this

information is helpful for future users of the vessel. Scientific analysis and

conclusions drawn from the data are discussed in later chapters.

3.1 An Introduction to USVs

Uncrewed surface vessels (USVs) describe a group of vessels which sit on the ocean surface

with varying degrees of autonomy, and often rely on a human pilot or captain to oversee the

vessels’ operation (Patterson et al., 2022). These vessels are cost effective, safer (Bai et al.,

2022) solutions to the high cost and demand for scientific ship time. Depending on design,

USVs can be deployed and recovered from a larger ocean vessel or from land, enhancing

global observational programmes and filling gaps in spatial and temporal ocean coverage.
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The development of USVs spans multiple industries including scientific, defence, wind farm

management, fisheries management (Osen et al., 2019; Handegard et al., 2024) and coastal

monitoring (Zaghi et al., 2016; Kum et al., 2018). Because of the broad range of applications,

USVs are an important emerging technology. USV uptake has been hampered by high upfront

costs, difficult and disparate legal frameworks and sometimes limited customer confidence

in the technology (Patterson et al., 2022), as well as further development needed for safe

widespread use of USVs (Nemoto, 2024).

There are many variations of USVs. Saildrone vessels are large, including a 5m wing above

water and 2.5m draft, with an extensive sensor suite described by Gentemann et al. (2020).

Meanwhile the Waveglider incorporates an underwater tethered glider with a surface float,

using wave energy for forward propulsion (Hine et al., 2009). Saildrone takes a more unusual

approach to their use, with the Saildrone company owning the vehicles and selling the data

to scientists. Many other manufacturers sell the USVs to be owned and operated by facilities

carrying out the science. The large range of vessels, uses and designs continues to grow with

uptake in USVs, and vessels are continually innovated to meet new needs. I focus this chapter

on the AutoNaut USV owned by the University of East Anglia.

3.2 Caravela : An AutoNaut Uncrewed Surface Vessel

Following on from the overview in chapter 2, Caravela is a product of a partnership between

the UEA and AutoNaut Ltd, to enhance the capabilities of the standard AutoNaut USV to

transport and deploy a Seaglider autonomous underwater vehicle. The Seaglider is a separate

autonomous underwater vehicle piloted over Iridium, capable of profiling the ocean to 1000m

depth through changes in its buoyancy. The benefits of developing a Seaglider transport

system are that the Seaglider can be deployed in a remote or challenging area, without the

cost of sending a ship or the risk of endangering personnel. Additionally, the Seaglider can

rest in Caravela ’s glider release mechanism as long as is required by the user. This opens the

opportunity to time the deployment of a Seaglider to study an event with uncertain timing,

like a tropical cyclone or phytoplankton bloom, again without reliance on ship availability for

deployment. The release mechanism does not allow for Seaglider recovery to Caravela , so it

is still necessary to consider ship availability to collect the Seaglider. However, this provides

many more opportunities than if a ship was needed for both deployment and recovery. This

set up could lead to a change in the way missions are planned, i.e. rather than an open ocean

mission, projects could be designed unidirectionally, from remote release of a Seaglider in
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the open ocean, transiting to a coastal region for recovery by a small boat. The other main

difference between Caravela and a standard AutoNaut vessel is the rear foil system. As the

Seaglider needs to be deployed from under the aft of the vessel, it is not possible to have a

standard aft foil system. Instead the aft foil has been replaced by a triangular rig, where

the bottom of the triangle still acts as a wave foil and the two upward-pointing sides act as

angled rudders (Figure 2.2). The Seaglider passes through the centre of this triangle and is

gripped inside a band further forward on the hull. This transport of the Seaglider does slow

the vessel compared with a standard AutoNaut system (see chapter 2), however the benefit

of the ability to deploy the glider outweighs the loss in speed over ground.

3.3 Vessel sensors

Caravela’s sensor configuration and data storage has evolved during the time of this PhD

project. Through this chapter I will cover noteworthy changes to the data storage protocols

and data quality control methods from Caravela deployments - namely our short trials

deployments and the EUREC4A (Elucidating the role of clouds-circulation coupling in

climate) (Stevens et al., 2021) project deployment. Caravela was also deployed on the

PICCOLO (Processes Influencing Carbon Cycling: Observations of the Lower limb of the

Antarctic Overturning) project, however this deployment falls outside the scope of this

thesis.

Caravela is designed to study the fluxes of heat and momentum between the atmosphere

and ocean. Therefore, I take measurements of radiative fluxes (shortwave and longwave)

and the bulk parameters enabling turbulent flux calculations. Sensors are summarised in

Table 3.1 and Table 3.2. All meteorological instruments on the vessel are located on the

mast, at various heights as depicted in Figure 2.2 and Table 3.2. Measurement heights are

defined as height above the vessel’s waterline with the mast aligned vertically in flat water,

unless otherwise specified, and do not account for pitch or roll of the vessel changing the

height above the sea surface. Measurement heights and depths should be reverified with

each campaign as a change in payload or ballast on the vessel will affect the waterline and

sensor heights are variable on the mast. The sensor package on Caravela was chosen to

give a cost effective and accurate picture of bulk parameters which feed into air sea fluxes

(for more detail on the bulk formulation of fluxes, see chapter 4). The turbulent fluxes

require high precision SSTs, available from a fixed CT sail (Conductivity Temperature sensor)

under the vessel hull. Wind measurements are available relative to the vessel hull from an
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Airmar unit, which also provides air temperature. Further air temperature and humidity

measurements are available from a Rotronics HygroClip HC2-S3 probe (henceforth referred

to as HygroClip). To determine radiative fluxes, Caravela measures downwelling shortwave

and longwave radiation with Apogee sensors. There is some redundancy built in with the

meteorological measurements, in that the HygroClip probe measures air temperature as well

as the Airmar system, however this is the only measurement with redundancy. All other

variables do not have a back up system.
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Measurement Instrument Depth

Sea Temperature Valeport miniCTD 0.27m from waterline

Seabird SBE 49 FastCAT 0.43m from deck

Salinity Valeport miniCTD 0.27m from waterline.

Seabird SBE 49 FastCAT 0.43m from deck

Current Nortek Signature 1000 ADCP 0.5m

Table 3.1: Ocean measurement capabilities of Caravela

Measurement Instrument Height relative to ocean surface Frequency

Wind Speed and direction Airmar 120WX 1.25m 2Hz

Relative Humidity Hygroclip HC2A - S3 0.67m 1 Hz

Air temperature Airmar 120 WX 1.25m 1 Hz

Hygroclip HC2A - S3 0.67m 1 Hz

Downwelling Longwave radiation Apogee SL-510 Pyrgeometer Variable height on mast 1 Hz

Downwelling Shortwave radiation Apogee SP-110 Pyranometer Variable height on mast 1 Hz

Table 3.2: Meteorological measurement capabilities of Caravela
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3.4 An overview of processing development and sensor

evolution

Multiple short test missions, and the EUREC4A campaign mission are used to critically

review the set up of Caravela (Table 3.3).

Date Event description Location

September 2019 UEA team training Oban, Scotland

November 2019 Sensor testing Chichester, England

January 2020 EUREC4A East of Barbados

April 2022 Sea trials 1 Littlehampton, England

June 2022 Sea trials 2 Chichester, England

June 2023 Sea trials 3 Oban, Scotland

Table 3.3: Timeline of Caravela deployments and tests.

3.4.1 Oban 2019 training

Early experience of the vessel and training in hands-on use happened during the 2019 trials

in Oban, Scotland. The vessel was successfully built with assistance from the AutoNaut

team and collected data for short periods between 2nd and 6th September 2019 in the

coastal waters around the Scottish Association for Marine Science (SAMS). At this stage,

the sensor suite was not fully integrated, see Table 3.4. The main purpose of this

deployment was to develop familiarity with vessel piloting among the UEA team, so lack of

data was not an immediate concern. The functioning sensor suite did include the Valeport

miniCTD and Airmar 120WX. Some navigational data were also returned over Iridium. A

comparison of Airmar air temperature against the nearest available data; the Met Office

weather station in Dunstaffnage, Scotland was carried out (Figure 3.1) Dorling (2019). This

weather station is an automatic station located at 56.451◦ N, 5.439◦ W, 3 m above sea level

near to the SAMS site (Figure 3.2). Data was provided by private communication. Caravela

air temperature measurements were on average 2.2 ◦C lower than Dunstaffnage weather

station, however Caravela recorded a higher temperature than Dunstaffnage at 13:40 on 4th

September. The limited time of deployment and variable distance from the weather mean it

is difficult to deduce much about the sensor from this comparison, but it justifies the need

for further sensor validation described in section 3.4.2. The SST was compared with near

surface measurements from a handheld CTD device (Dumont, 2019) used in the vicinity of
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Figure 3.1: Comparison of air temperature measured from the Dunstaffnage weather station
(pink) and Caravela ’s Airmar sensor (blue).

Figure 3.2: Map showing track taken by Caravela on 3rd September 2019 (red), locations
of CTDs taken on 3rd, 4th and 5th September 2019 (blue) and location of the Dunstaffnage
weather station (black X)
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UEA
team training

Sensor
testing

Eurec4a
Sea trials

1
Sea trials

2
Sea trials

3

Apogee Pyrgeometer
SL-510-SS

X X X X X

Apogee Pyranometer
SP-110-SS

X X X X X

Rotronic HygroClip
HC2A-S3 humidity probe

X / X X X

Airmar 120 WX
weather station

X X X X X X

Nortek
Signature1000 ADCP

X X X X

Valeport MiniCTD X X X

Seabird Fastcat CTD X X X

Table 3.4: Shows which sensors were available during each deployment, marked by X.
Deployments where a sensor failed are marked by /.

Caravela whilst on Loch Linnhe, visible in Figure 3.2 (data provided by private

communication). There are 11 handheld CTD measurements across the 3 days in the water

at 0.15m depth, comparable to the Valeport miniCTD depth. The handheld CTD

consistently measured higher temperatures than Caravela ,with a mean difference of 0.17 ◦C

and standard deviation of 0.03 ◦C. The calibration status of the handheld device is

unknown and so it is possible that it is this responsible for the offsets rather than Caravela

. To assess this further, I include the temperature data from Seaglider SG579 in Figure 3.3.

The Seaglider temperature was believed at this stage to be correct and raised concerns over

a temperature offset in Caravela ’s CT sail, however it was later found that the SG579 CT

sail used in this deployment and EUREC4A had a temperature offset (discussed in chapter

4). Measurements of salinity between the Seaglider and Caravela are consistent, Figure 3.4,

however there is some offset to the handheld CT. It is much more likely that the handheld

CTD was the victim of sensor drift than the new Caravela CT, especially since the Seaglider

was in good agreement of Caravela . Of note, there is some large and unrealistic salinity

spiking in the Caravela data which should be quality controlled in future deployments.
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Figure 3.3: Time series of in-situ water temperature measurements from Caravela (blue), a
handheld CTD and Seaglider SG579 (black).
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Figure 3.4: Time series of practical salinity measurements from Caravela (blue), a handheld
CTD and Seaglider SG579 (black).

3.4.2 November 2019 Sensor Testing

The November 2019 sensor trials involved on-land testing of sensors to interrogate the data

return and handling. Functioning sensors included the Valeport miniCTD (used in air),

Airmar 120WX, Hygroclip and both Apogee radiation instruments. The Acoustic Doppler

current profiler (ADCP) was not available for testing at this point. Measurements often

began when Caravela was indoors, before being moved outside of the facility to start its

land measurement period for a few hours each day. The vessel was brought back indoors

during the afternoon. During these indoor/outdoor transitions, sharp temperature changes

are visible (Figure 3.5). At 9 am 6th November 2019, the Airmar sensor initially recorded

higher temperatures than the HygroClip. Whilst it is difficult to explain why the airmar

read higher temperatures inside the building than the HygroClip, the slower response to

being moved outside can be assumed to be a combination of the vessel supplying 10 minute

averages for the Airmar sensor and the lower quality of the sensor. The Airmar accuracy
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Figure 3.5: Time series of air temperature measurement from the Airmar, Hygroclip and
CTD on land in Chichester, November 2019.

is ±1.1 ◦C at 20 ◦C and the HygroClip ±0.1 ◦C at 23 ◦C. Comparison of air temperature

measurements across sensors using raw 1 Hz HygroClip data and 10 minute averaged airmar

data files showed an offset between the Airmar and HygroClip, with the HygroClip sensor

routinely recording higher than the Airmar sensor. There is a difference in positioning on

the mast, but this height difference is on the order of 0.5m and would not account for this

temperature difference between sensors. The HygroClip is inside a ’beehive’-style radiation

shield, which should reduce the effects of direct solar heating on the sensor. The lower

temperature of the Airmar than HygroClip indicates that direct heating of the Airmar sensor

was not a significant issue here (Figure 3.5). The CTD was turned on whilst the vessel was

in air, so the CTD temperature has been included for interest. Whilst the Hygroclip is the

better instrument for our air temperature requirements in terms of accuracy and response

time, an independent air temperature validation would still be beneficial.

During this trial, it became apparent that the data output could be made more user-friendly

in that the .csv delimiters ( marker used to separate values or columns of data within the file)

were inconsistent and data files did not all contain accurate headings or metadata. AutoNaut

provided updates to the vessel to include data headings and a consistent comma delimiter

for all .csv data files in subsequent deployments.

3.4.3 Barbados 2020 - EUREC4A Campaign

The first full scientific deployment of Caravela took place from January to March 2020, as

part of the EUREC4A campaign (Bony et al., 2017; Stevens et al., 2021). EUREC4A was

designed to investigate the coupling between clouds, circulation and climate but expanded

to cover many themes within meteorology and oceanography. A more detailed description of

EUREC4A is provided in chapters 1, 2 and 4. The Caravela vessel was deployed with the

aid of the Barbados Coastguard on 22nd January 2020. Caravela traveled from Barbados
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to the study site and back over 33 days. This included 11 days occupying a 10 km wide

hourglass-shaped sampling pattern at the study site, seen in chapter 2 Figure 3. Below I

cover in more detail some of the specific technological investigations and calibrations that

took place during this campaign.

Distance Traveled

Calculation of distance traveled by Caravela during the deployment is not a simple task,

and depends greatly on the time interval between gps fixes over which the distance is being

calculated. Caravela tracks are not straight, and have many small adjustments and loops

which add to the actual distance traveled between two points. The back up location supply

(yellowbrick system) was located inside Caravela and could be used to give a distance traveled

using approximately hourly location fixes. When the Caravela GPS was used, I opted to

calculate distance traveled using GPS fixes every two minutes. Take for example the distance

traveled between deployment from Barbados and the release of the Seaglider. Using location

map from the yellowbrick, I approximate this distance at around 150 km. However if the

higher resolution locations are taken from the Caravela GPS, the total distance traveled to

glider release is calculated as 296 km. This is a substantial difference in distance traveled

estimates, which will in turn affect the accuracy in calculations of speed over ground. Care

should be taken to consider the reason behind needing a distance traveled, as the distance

calculated is highly dependant on the GPS fix interval. Average speed over ground was

approximately 0.34m s−1 whilst carrying the Seaglider, compared with 0.51m s−1 without

the Seaglider, when calculated using the the speed over ground reported in NMEA strings in

the GPS SystemTime 01 files. The aforementioned ’loops’ in Caravela ’s track were observed

by the pilots during the campaign. It was observed that Caravela traveled slowly whilst

transporting the Seaglider, speeding up after the glider was released and travelling faster

again on the transit back from the study site to Barbados. This return leg to Barbados

aligned more so with the easterly trade wind, whereas the outward transit was against these

trade winds. It is likely that the alignment with wind and waves has a significant affect on

the speed and manoeuvrability of the vessel, and this should be carefully considered in future

mission planning.
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Glider Transportation

Whilst a glider is being transported inside the release mechanism of Caravela , it needs to

be ready to perform as if it had been launched from a ship. This means the glider undergoes

its usual testing and sealaunch routine before being loaded into the release mechanism on

land. Whilst inside the release mechanism, the glider will repeatedly try to call the Iridium

satellite service (unaware that it is trapped underwater) at a set interval (given by a value

called T RSLEEP). Each of these failed attempts to make a call will use some of the gliders

battery. To estimate the battery consumption of the glider whilst in the Caravela release

mechanism, I take the last battery measurements available during pre-deployment preparation

and the first available battery measurement during the EUREC4A deployment, which is at

the end of the gliders first dive. For the 24V battery,1.097Ah were consumed in the period

between battery measurements (15th Jan to 28th Jan), with approximately 0.83Ah of this

attributable to the gliders first dive. For the 10V battery, 2.976Ah were consumed in this

same period, with approximately 0.03Ah attributable to the gliders first dive. The battery

usage should be taken as upper bound of what was used while the glider was within the glider

mechanism, as some useage may be due to final checks between 15th Jan and deployment of

the systems of 22nd Jan. For context, in the 295 dive deployment, the 24V battery used a

total of 41.928Ah and the 10V battery 27.813Ah. The total capacity available to the glider

from each battery is 145Ah for the 24V battery and 95Ah for the 10V battery. Assuming

all useage was attributable to the 6 days the glider spent inside the glider mechanism at

sea from the 22nd to 28th Jan and no useage occured in 15th to 22nd Jan, then these calls

used 3.1% of the gliders 10V battery capacity 0.2% of the gliders 24V capacity. Whilst this

battery useage was not significant on this mission, it raises need for careful mission planning

for a longer deployment where the glider may need to stay in the release mechanism for

many weeks. This can be mitigated by extending the period the glider is asleep between

call attempts. The above campaign used a sleep period of 60 minutes. If the glider battery

conservation was a concern, this could be reduced to every few hours or even once a day, so

long as the gliders release could be planned to occur just before the call is due. Overall the

development of the Caravela glider release mechanism improves the endurance of a Seaglider

mission, reducing the battery use from having the glider dive to reach a target location. With

careful pre-planning, a glider could be held in a release mechanism for multiple weeks and

launched for a notable oceanic event, which is often not possible with conventional ship work.
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Matching Sensor Data

Data from Caravela ’s sensors is often stored under a set of files per sensor. To be able to

use data across multiple sensors together, the data taken and the time needs to be matched

together and paired to a location. I do this using the timestamp of the data. During

analysis of this deployment, discrepancies in the timestamps between the two sensors

providing GPS locations were identified. The vessel set up at this time involved a Veethree

GPS receiver and a Garmin GPS receiver. According to the data storage manual, the

timestamp in the GPS SystemTime files is the payload PC time, and that it is synchronised

to within one second of the GPS time. We found these timestamps were often not

synchronised to within one second and that there were instances were the timestamps

differed as much as seven minutes. Not having a consistently correct timestamp on the GPS

means we cannot accurately match sensor measurements to a location, which is problematic

for any spatial analysis of the measurements onboard Caravela . Investigations by

AutoNaut uncovered that there were buffering instances in the onboard PC which caused

these timestamp discrepancies. By only using GPS data from the Garmin unit, we could

overcome this issue. Extracting the data from the Garmin GPS is unfortunately non trivial.

The data is contained in Caravela ’s Serial export directory, file nomenclature example

Serial Export 01 2020 01 15 12.dat . These files contain lines of NMEA strings. Each of

these NMEA strings can be thought of as a sentence holding comma delimited characters,

followed by a checksum. Whilst investigating these timestamp issues, we also decided that a

more accurate positioning system was needed to accurately correct the relative wind

measurements and the ADCP. The vessel was later upgraded with a GNSS system which

should be used when correcting wind and ADCP in future deployments.

Wind Measurements

Unfortunately it was found within the EUREC4A deployment that there was the ability for

physical rotation of the meteorological sensor mast. Whilst this should have had limited

impact on all other sensors mounted on the mast, it leaves scope for large uncertainties in the

wind measurements. Wind measurements were reported relative to the heading of the vessel,

so I needed to have confidence in both the relative wind angle and vessel heading to derive

observed winds. Subsequently the design of the mast was changed to pin the mast in place

and reduce the chances of the wind sensor angle becoming offset for future deployments. It is

worth noting to future builders of the vessel that the alignment of the Airmar sensor needs to
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be checked before deployment. The sensor notch should align forward, parallel to the centre

line of the vessel. Given the uncertainty in the mast alignment during deployment, issues in

synchronising the GPS units with timestamps and knowledge of the need for a more accurate

GPS systems for correcting wind measurements, it was chosen that ERA5 winds would be

used to supplement analysis of Chapters 4 and 5. I may have been able to average out the

effects of the timestamp matching problem and have tested a calculated ’true’ wind against

ERA5 or the R/V Meteor. Instead it was determined that the limited time the ship was close

by to Caravela , the difference in measurement height between the ship and Caravela and

time constraints of the thesis also favoured the use of ERA5 reanalysis data for this variable

in chapters 4 and 5.

Air Temperature Validation

The Airmar and HygroClip air temperature measurements show poor agreement, which was

previously noted in the trials deployments (Figure 3.5). Comparisons with measurements

from the R/V Meteor show consistency with the HygroClip and not the Airmar sensor. The

stated accuracy of the Airmar (±1.1 ◦ C at 20 ◦C) is much lower than that of the Hygroclip

(±0.1 K @ 23 ◦C) so some discrepancy was expected, but not as much as shown in Figure

3.6. The lower air temperature measurements reported by the Airmar in both this and the

Chichester deployment indicate an offset in the Airmar sensor. This has not been further

investigated or corrected as I instead utilise the HygroClip air temperature. I recommend

the use of the HygroClip temperature values for any scientific purposes in future campaigns.

To validate the HygroClip temperature measurements, I select measurements where the

distance between Caravela and the R/V Meteor was 1 km, averaging the data using the

median at 1 Hz (Figure3.7). The Caravela HygroClip measurements show similar trends to

the temperature data available from the R/V Meteor. On 5th February there are rapid

decreases in temperature readings at 16:30 and 17:15 from Caravela which are not present

in the ship data. 11 days later there is a second period of co-location of the vessels. The

HygroClip sensor does appear to be reading somewhat higher than the ship. I instead used

measurements from a 10m weather station on the front of the R/V Meteor bow to further

validate the HygroClip sensor (Figure 2.4). These meteorological station data were provided

by private communication. Based on the agreement with the Meteor weather station data

in Figure 2.4, I decided a correction to the HygroClip air temperature was not required.

The Hygroclip time series stopped on 18th February due to sensor failure. The Hygroclip
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Figure 3.6: Time series of air temperature measurement during EUREC4A . Red and green
points describe the R/V Meteor port and starboard measurements respectively.

sensor has since been repaired and is recommended be used for air temperature measurements

in future campaigns.
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Figure 3.7: Time series of air temperature measurement during EUREC4A . Orange and
green points describe the R/V Meteor port and starboard measurements respectively and
blue Caravela ’s HygroClip sensor. 1 minute medians are shown, where the two vessels are
less that 1 km apart.

CTD

The CT sail used in this deployment was an unpumped CT sail. There is spiking in the

conductivity values from this CT sail, I investigate the possibility that there is some link

between this spiking and Caravela ’s motion in Figure 3.8. It appears that times where the

vessel speed over ground spikes, the conductivity measured by the CT sail also spikes. This

indicates a relationship between the vessel speed and accuracy of the conductivity

measurements. Whilst I do not know the exact cause, it is likely that the flow rate over the

CT sail is contributing to the conductivity spiking. To combat this, a pumped CT sail was

later installed instead to regulate flow rate and hopefully improve measurement quality.
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Figure 3.8: Timeseries of Conductivity values from Caravela (top panel) and speed over
ground as reported by the vessels onboard estimates (bottom panel)

Downwelling Radiation

EUREC4A was the first deployment in which I could independently verify the radiation

measurements from Caravela . To do this, I use data from the Barbados Cloud Observatory

(BCO) (Stevens et al., 2016) available through the EUREC4A data repository

(https://eurec4a.aeris-data.fr/) (Jansen et al., 2021). At the end of the campaign, Caravela

was piloted along north, south, east and west legs toward the south of Barbados for

approximately one day. It is these measurements in close proximity to Barbados that I use

to compare to the BCO.

Figure 3.9 shows the timeseries of downwelling shortwave radiation from Caravela , the BCO

and ERA5. The magnitudes of downwelling shortwave radiation are consistent across datasets

on the 21st February, however Caravela reports lower values on 22nd February. Caravela also

detects a midday decrease in longwave radiation. The BCO radiation is broken down into

diffuse and direct components (not shown). The diffuse component also shows a midday

decrease in measured radiation on 21st February, but not on the 22nd. These downwelling

radiation observations do have some differences, but the general similarities in measurement
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Figure 3.9: Downwelling shortwave radiation measured by Caravela (red), the Barbados
Cloud Observatory (green) and ERA5 (black)

Figure 3.10: Downwelling longwave radiation measured by Caravela (red), the Barbados
Cloud Observatory (green) and ERA5 (black).

magnitude gives us confidence that the measurements from Caravela are reasonable.

The downwelling longwave radiation measurements are also compared to ERA5 and the BCO

(Figure 3.10). On average, Caravela measurements of downwelling longwave are 35W/m2

higher than the BCO. The much better agreement of the BCO to ERA5 than Caravela
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indicates that there is some kind of offset in Caravela ’s longwave measurements. This is

discussed more so in chapter 4.

3.4.4 Littlehampton Sea Trials 2022

The Littlehampton trials involved a day at sea with Caravela , completing the manufacturer

required acceptance tests after changes to the data handling and boat hardware. The main

upgrade in the preceding period was the addition of a VectorNav GNSS system for more

accurate vessel heading, pitch and roll and GPS location than the Garmin and Veethree

GPS units. The biggest driver for this was accurate calculation of the vessel’s heading for

derivation of true wind velocity from the Airmar and true current velocity from the ADCP.

AutoNaut also updated the data pathway such that the Airmar 120WX NMEA strings now

report to the payload PC onboard the Caravela , under the directory NMEA LOGGER 02.

During this sea trial, we used an empty Seaglider faring within the release mechanism. During

tow out of the harbour the Seaglider faring slipped out of the release mechanism and surfaced

unexpectedly. To install a glider into the release mechanism, Caravela must be on land/deck

where the mechanism can be accessed. By the time we had returned to harbour after the rest

of the tests, the tide was too low to repeat the release mechanism testing. It is likely that

the accidental release is due to not winding the Seaglider release mechanism tightly enough.

From experience, we have found that the mechanism needs to be a few turns tighter than the

manual describes. A small strip of rubber was also added to the glider release mechanism

to improve friction with the glider body and limit the chance of accidental release in rough

conditions.

Whilst at sea, we had some trouble getting Caravela to travel as expected when transferring

from SSSCP to Iridium. When transferring from one communications method to the next,

the vessel would change dorection by 180◦ without being instructed to do so. This was

subsequently addressed by AutoNaut after the campaign and was an issue with the

configuration of the heading after the new GNSS install.

There was also a fault with the CTD cable so the new Seabird CTD could not be tested.

As a result of revealing these issues, we concluded that a further round of testing should be

conducted before on the upgraded vessel.
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3.4.5 Chichester Sea Trials 2022

These trials were a continuation of those in Littlehampton two months prior, to address some

handling issues noticed during the in-water testing at Littlehampton. After this Chichester

deployment, Caravela performed well and was fit for use from the UEA team’s perspective.

Following on from mast alignment concerns in EUREC4A , we had identified a free axis of

rotation where the mast was connected to the hull which was rectified with additional grub

screws. The Airmar unit had also worked loose on top of the mast, which is detrimental to

wind measurements. All wind measurements are relative to the centre line of the vessel, so

the sensor needs to stay aligned to the centre line both by the mast join the the hull, and its

own seating on the mast. The Airmar was tightened on the mast and marked with a dash

for forward alignment. Care should be taken to confirm the mast and Airmar are secure and

aligned with every use in the future.

3.4.6 Oban 2023

This sea trial involved user tests of the vessel to verify that she was fit for use prior to

the PICCOLO Antarctic deployment. No significant issues were identified during this test,

however the joystick communications did appear unreliable. Our primary use of the joystick

up to this point had been steering the vessel whilst she is towed during launch and recovery.

If the rear rudder system is disconnected, the vessel can be towed behind without need for

active steering and this was demonstrated successfully.

3.4.7 PICCOLO

Analysis of the PICCOLO deployment falls outside of the scope of this thesis.

3.5 Data Processing

Due to the relatively recent growth of the uncrewed surface vessel industry, at the point of

writing there is no agreed community standard for data handling and processing. As a result

of this, data quality control and handling have been implemented based upon the research

needs of the science discussed later in this thesis. An overview of how science sensor data

have been managed is given below.
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It is unknown whether there is a sensor lag between triggering of a sensor recording

measurement and the data being recorded. Given that the sensors record data individually

and the vessel’s maximum speed will be no more than a few m s−1, any issue due to

measurement lag should be negligible compared with the limit of accuracy of a GPS

location, therefore this is not investigated further and assumed to not be an issue when

aligning sensor measurements.

3.5.1 Quality Control

Quality control was applied to raw sensor data during post processing. Below I outline the

methods applied to the data. Table 3.5 outlines QC markers that can be used on Caravela

data. The following QC description was trialled on Caravela ’s CTD data.

Flag Value Description

0 Unprocessed data

1 Data has passed all processing applied to this dataset

2 Value beyond chosen upper limit

3 Value below chosen lower limit

4 Value identified as bad during median filter despiking

Table 3.5: Flags used to identify spurious data within the Caravela observations

Data is flagged with a 0 before processing and data that passes all checks is given a flag of 1.

Note only one ’flag identifier’ is retained per data point, although it is possible that a data

point has been flagged for multiple other reasons. For example, a data point with a flag 4

identified during median despiking may have earlier been flagged with a 2 for being outside

the defined upper bound, but only the last flag applied during processing remains visible, i.e.

flag value 4.

Despiking was carried out using a median filter method (Brock (1986)), assessed to be the

most versatile despiking method for large scale standardized surface-atmosphere exchange

data (Starkenburg et al. (2016)). To improve processing, data beyond the feasible upper

and lower bounds are removed before despiking begins. Initially a first pass filter is applied

using a rolling median value at position i over 2N+1 values, such that N is the order of

the pass. When i is either the first or last values in a dataset, the raw measurements are

used as there is not enough data to form a rolling window. All data is retained during this

median calculation. The difference, Di, between the measured data and median is computed.

The values of Di are represented in a histogram, where the bin size should be twice the
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measurement resolution and the number of bins odd such that they centre on Di = 0 (Brock

(1986)). The first empty bin in the distribution of Di is identified as the threshold and Di

values beyond these threshold as spikes. It is worth noting the limitation of this method is

that spikes longer in duration than 2N+1 cannot be identified but that passes of order N =

3 or higher risk removing valid signal fluctuations (Brock (1986)).

In application to Caravela CTD data, the high frequency of the data means that spikes can

be larger than a 7 point window of an N=3 filter pass. Points which appear as anomalous

spikes by eye are thus not identified by the algorithm. Realising that this method may

not in fact be appropriate without running at much higher order and risking elimination of

real data variation, it is recommended for future work to consider development of a more

robust despiking algorithm specific to each sensor. A simpler approach of identifying data

like flagging data using standard deviations from the mean may capture the most extreme

part of a spike, but also risks identifying data within the generally accepted variability range.

Another method that could be applied is that used in Argo floats where a measurement

change of a certain quantity within 500 dbar is considered a spike (Wong et al. (2023)). This

is defined as

Test value = |V 2− (V 3 + V 1)/2| − |(V 3− V 1)/2|

where V2 is the measurement being tested, and V1 and V3 are the values above and below

(Wong et al. (2023)). For this thesis, I opt instead to calculate 10 minute median values

from all sensors. Whilst this is not the most robust method of quality control, it ensures

elimination of outlying data and preserves resolution to enough of a degree for the scope of

heat budget analysis (chapter 4 and 5). By using 10 minute medians, this also eliminates most

instances of the earlier discussed mismatching timestamps issue (section 3.4.3) experienced

with the data in the EUREC4A campaign. It is possible that using a 10 minute median is also

removing some real small scale fluctuations, hence the recommendation of a future despiking

algorithm. It is hoped that wider community push towards surface vessel inter-comparability

in the future brings standardised processing and guidelines for surface vessel data.

3.6 Summary

This Chapter looked to address the first question posed in this thesis Can an adapted

autonomous surface vessel provide a viable platform for air-sea interaction studies?. Given

the successful deployment of the EUREC4A and PICCOLO campaigns, this question can
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quickly be answered with a yes. It is certainly possible to gather the necessary essential

ocean and meteorological variables required for bulk-flux calculations of air-sea interactions

with an autonomous surface vessel. In addition, a vessel adapted to carry a Seaglider and

facilitate complimentary underwater studies, such as Caravela , brings a new and novel way

to plan and conduct air-sea interaction studies,with more possibilities for studies beyond

research vessel based work.

Uncrewed surface vessels are still an emerging and developing technology. At the time of

writing, the scientific community is coming together to develop recommendations for best

practice and data handling, but there is no standardised way of using or processing surface

vessels sensor data. It is up to the user or manufacturer to facilitate data output

appropriate to the scientific niche of each USV. We have worked alongside AutoNaut to

enhance the usability and improve the sensor suite of the USV Caravela , such that it

should be a robust vessel for measuring physical air-sea interaction processes. As with any

cutting edge technology, there is still scope for improvements in sensor quality and data

handling. Additional learnings, recommendations for future work and improvements on this

vessel that fall outside of the scope of the body of this thesis are discussed in Chapter 6. A

short summary of important findings not in the manuals for Caravela users are included

below.

3.7 Specific recommendations for future Caravela users

Here is a ’highlight’ list of recommendations/ checks from this authors experience with the

Caravela vessel.

• Prior to deployment, align the mast such that the Airmar 0◦ reference is parallel to the

Caravela vessel centre line. Wind is reported relative to the vessel so the alignment

matters.

• Sensor heights and depths should be rechecked for a deployment, as a change in payload

or ballast will change the vessel waterline for sensor depths. For the meteorological

sensors, the sensor height should be measured prior to deployment, as the position on

the mast can change for all except the Airmar.

• If deploying a Seaglider, do not use the number of turns of the glider mechanism stated

in the original manual. Turn until the mechanism feels secure around the glider, but
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do not overtighten.

• Ensure the ADCP is correctly aligned within the vessel housing. At the time of writing,

the ADCP has never been processed. Alignment of the output with the GNSS system

will be needed to utilise the ADCP data.

• The pumped CTD system has been run on Caravela but not independently tested, the

best available dataset to do this will be PICCOLO campaign data, and this should be

checked by the next user.

• Sensor calibration dates should be checked well in advance of the next deployment.

The CTD is likely to need calibration and I recommend the longwave radiation sensor

is returned to manufacturer for calibration based on the offsets found in the EUREC4A

campaign.



4

Upper Ocean Mixed Layer Heat Budget

Synopsis

In this chapter I quantify the air-sea heat fluxes using observations from the

EUREC4A project, as well as an ERA5 reanalysis product. Biases are identified

in the ERA5 heat fluxes in the surface net heat fluxes. The mixed layer heat

budget is calculated with observations and I assess how well the heat budget can

be closed using the net heat flux term only.

4.1 Introduction

The upper ocean mixed layer heat budget is an important tool for discerning the dominant

heat transfer processes driving SST variability in a region (see chapter 1 for more detail).

Historic assessment of ocean mixed layer heat budgets in the tropical North Atlantic have

shed light on the dominant processes of the region. Yu et al. (2006) found that the dominant

driver of annual SST evolution north of 10 °N was air-sea heat flux. More specifically, north of

10◦N, the dominant flux component was the shortwave radiative flux. North of 8◦N, evidence

suggests SST changes are driven by seasonal changes in shortwave radiation and latent heat

loss (Foltz et al., 2003). The whole western tropical Atlantic heat budget was investigated

by Nogueira Neto et al. (2018), where a site in the northwestern zone between 10 ◦N and

20 ◦N, west of 35 ◦W captured the North Equatorial Current and Counter Current and

a year-mean net surface heat flux of −21.2Wm−2, which dominated the mixed layer heat

budget. In a complementary study to EUREC4A , Iyer et al. (2022) finds sensible heat flux

of −6.6Wm−2 and latent heat flux of −157Wm−2, for January to February 2020, using

COARE 3.6. Bigorre and Plueddemann (2021) evaluated annual averages from the NTAS

buoy in the tropical North Atlantic. The NTAS buoy lies approximately 690 km from the

study site, visible in Figure 1.4.Extracting February only from the period 2001 - 2012 for
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comparison with my observations, the sensible and latent heat flux were around −7Wm−2

and −170Wm−2 respectively. Whilst not in the tropical North Atlantic, Vijith et al. (2020)

gives the first mixed layer budget closure from observations alone and its methodology is

applicable to the tropical Atlantic. If air-sea heat fluxes dominate SST variability in the

NWTA, then it is vital to identify any biases in flux products in this region, such that SST

variability can be better represented. Whilst air-sea interactions over large time and space

scales are reasonably well studied, the effects of submesocale and mesoscale processes on the

atmosphere and air-sea interactions are less well understood (Seo et al., 2019). Individual

observational studies can provide high spatial resolution over a small area, to help elucidate

the effects of small scale SST variability on air-sea interactions, and are highly desirable in

addressing this knowledge gap.

Multiple studies have assessed and quantified the difference between observations and

reanalysis products in terms of air-sea heat fluxes around the globe (Josey, 2001; Song,

2020; Han et al., 2022; Al Senafi et al., 2019). Most reanalysis products contain biases, but

ERA5 and its predecessor ERA-Interim have been shown to perform best in terms of

surface flux biases (Sanchez-Franks et al., 2018; Pokhrel et al., 2020). Josey (2001)

investigated a region of the northeastern tropical Atlantic and observed an underestimation

of net heat gain into the ocean, by ERA-Interim of 32 ± 9 Wm−2, predominantly due to

underestimated shortwave flux gain to the ocean and overestimated latent heat loss

compared with buoy observations. The reanalysis product ERA5 was shown to

underestimate the magnitude of turbulent fluxes in the Bohai Sea, China, with ERA5

reporting average sensible heat flux as only 70% of that measured by a buoy. (Song, 2020).

In the East China Sea, ERA5 overestimated the magnitude of all four flux components

compared with observations, the largest being a 45.3Wm−2 overestimate of the latent heat

flux magnitude (Han et al., 2022). These few studies highlight air-sea flux biases in

ECMWF fluxes in various locations, with the magnitude of biases in each flux component

dependant upon location and temporal scale investigated. It is therefore important to

increase capacity to calculate bulk fluxes from in-situ measurements across global oceans,

such that the regional drivers of flux biases can be better quantified, and hopefully

improved in future ECMWF products.

This chapter will use a bulk formula approach to investigate a region of the NWTA, where

ocean heat budget analyses and observations are historically limited. I will investigate

whether variability in mixed layer temperature and therefore SST can largely be accounted

for by surface fluxes and quantify biases in the surface fluxes given by the ERA5 reanalysis



4.2 Observations and Methodology 93

Figure 4.1: a) Locations at the end of each glider dive. b) Locations of 1 hour, 1 m interpolated
glider data. SG579 is blue and SG637 is green.

product for this region.

4.2 Observations and Methodology

The EUREC4A campaign was introduced in section 1.7. Within the scope of the research

in this chapter, I base all analysis on the 10 km x 10 km site, restricted to 6th February

2020 12:30:00 - 16th February 2020 08:30:00, where the two Seagliders and Caravela were

inside this site. The following sections describe data handling methods applied to make the

Seagliders, Caravela and ERA5 comparable. All analysis was carried out using UTC date

times. Comparisons of Caravela observations to observations from the EUREC4A campaign

are discussed in Chapters 2 and 3.

4.2.1 Seagliders

This section explains the data processing of the SG579 and SG637 to enable calculation of

equation 4.2.3, specifically the temperature tendency term, mixed layer depth and verify the

specific heat capacity.

Three Seagliders were used during this campaign, one deployed from another autonomous
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system (Caravela , see Chapters 2 and 3) and two Seagliders deployed from the R/V Meteor

into a 10 km square henceforth referred to as the ’study site’. SG579 completed a bowtie

pattern, SG637 completed a complementary pattern at 90◦ to SG579 (Figure 4.1a). Figure

4.1b shows the glider locations after processing onto a regular grid, described further in

this section. SG620 acted as a virtual mooring at the central intersection of the other two

Seagliders. SG620 was recovered on 5th February 2020 and plays little role in the scope

of this research. This heat budget study focuses on data collected in the study site after

recovery of SG620.

Data from Seagliders SG579 and SG637 were passed through the UEA Seaglider toolbox

commit version 3f16640, available from

https://bitbucket.org/bastienqueste/uea-seaglider-toolbox/src/toolbox/. Raw engineering

files from the glider were uploaded into the toolbox and manually flagged for anomalous

values in the temperature and conductivity or salinity profiles. As part of the toolbox, a

hydrodynamic flight model regression (Frajka-Williams et al. (2011)) was applied to the

dataset and a conductivity thermal lag correction was calculated and applied (Garau et al.

(2011)). After processing through the toolbox, glider data underwent a second round of

quality control (QC) to deal with unrealistic near surface data where the gliders were

performing surfacing manoeuvres. Salinity values below 32 on the practical salinity scale

were removed, as these are unrealistic for this region in February according to data in the

World Ocean Atlas (Reagan et al., 2023, 2024). All glider descents were removed to

eliminate the possibility of solar heating and lack of CT sail flushing during the surface

manoeuvre. A pressure geometry correction was applied to the conductivity and salinity

measurement depths to account for the distance between CT sail and pressure sensor within

the Seaglider. For SG579, any CT measurements associated with depths above the surface

(0m) were removed, as these are unrealistic based on the behaviour of a Seaglider during its

surface manoeuvre. For the top 10 m of both gliders, temperature, conductivity and

absolute salinity data points more than two standard deviations away from top 10 m

median were also flagged. This decision was made due to a wide spread of anomalous data

at the surface, particularly in the conductivity and salinity due to the reduced flushing of

the CT sail during the surface manoeuvre of the Seaglider. All flagged data points were

removed before further analysis and the remaining data are shown in Figure 4.2 panels a

and b and Figure 4.3 panels a and b.

For each Seaglider, data were initially processed by profile. The conductivity and in-situ

temperatures (with flagged data removed as described above) were linearly interpolated onto
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(a) (b)

(c) (d)

Figure 4.2: Conductivity measured by SG579 (left) and SG637 (right). a,b after removing
data points that failed quality control. c,d after linear fit applied and missing near-surface
values extrapolated from this fit.

a 1 m regular depth grid, starting at a depth of 0.5 m. These are shown in Figure 4.3 c, d

for temperature. Missing near surface values were then filled using a fit of the clean data of

the top 10 m (4.3 e, f) and (4.2 c, d); this procedure will now be explained.

Profiles were fitted with a linear approximation for conductivity. For temperature I used

both a linear and exponential fit to the glider data points after flagged data were removed,

to consider the possibility of diurnal warm layer formation in the region. In this region, it is

important to consider the possibility of diurnal warm layers due to the effects on surface fluxes.

Increased daytime SST, for example due to a diurnal warm layer, increases the longwave and

turbulent fluxes thus decreasing net flux into the ocean and causes cooling of the mixed

layer. On average, reduction in net flux due to this process in the North Atlantic is 5Wm−2

(Cornillon and Stramma, 1985; Bellenger and Duvel, 2009) and on daily scales, diurnal warm

layers can perturb fluxes above 10Wm−2 (Bellenger and Duvel, 2009). On the other hand,

our location in the NWTA’s trade wind region has winds in the region of 10ms−1 according

to ERA5. At winds of 7ms−1 or above, I expect minimal to no diurnal warm layer formation
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.3: (caption on next page)
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Figure 4.3: SG579 (left) and SG637 (right) in situ temperature data cleaning methodology.
(a,b) data that passed quality control. (c,d) after cleaning and interpolation. (e,f) after
surface extrapolation. (g,h) difference in temperature when using linear fit vs exponential fit
as exponential minus linear (shown only for values derived from the exponential fit).

(Figure 10 of Matthews et al. (2014)). However, Matthews et al. (2014) do detect a residual

diurnal cycle in high wind, low solar radiation conditions. In February, average diurnal SST

amplitude variation is less than 0.2 ◦C for the NWTA (Bellenger and Duvel, 2009).

To investigate the possibility of diurnal warm layer formation, I apply two different fits to the

surface temperature measurements. When extrapolating the Seaglider data to the surface I

use a linear fit over the top 10m and an exponential of the form:

(be(−x/c)) + a (4.2.1)

based on the representation of diurnal warm layer formation (Matthews et al., 2014)

Tdh(d) = Tdh0e
−d/H + ϵ (4.2.2)

where Matthews et al. (2014) define Tdh(d) as the magnitude of diurnal warming at depth d,

and Tdh0 at corresponding depth 0, i.e. SST, H the scale depth and ϵ a residual constant. I

take a to represent the foundation SST, whereas Matthews et al. (2014) use ϵ as a residual after

removal of the 6am SST. The foundation SST is the temperature at the base of the diurnal

temperature gradient experienced in the mixed layer, assuming the previous days diurnal

stratification has decayed. Otherwise, b is comparable to Tdh0 and c comparable to the scale

depth. The exponential fit of this form was generated for each Seaglider profile individually.

For every glider profile, a root mean square error (RMSE) was produced alongside a linear

and an exponential fit. For any glider profile with an exponential fit that did not converge

using equation 4.2.1, the linear fit was used to produce surface temperatures. For profiles

where both a linear and exponential fit converged, the fit with the lowest RMSE was used

(Figure 4.4) such that the possibility of diurnal warm layer formation is included in the

processing. Additionally, the linear fit extrapolation was used for profiles that had limited

data in the top 2m as the the accuracy of a fit could not be verified (Figure 4.4 b). In

excluding the possibility of an exponential fit where there is little data available in the top

2m, I remove the possibility of producing exponentially-fitted surface values where the profiles

exponential fit produces surface temperatures 0.1 ◦C larger than the profiles linear fit. The
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(a) (b)

Figure 4.4: Examples of exponential fits to test for near surface diurnal warm layers. a)
shows a successful implementation of a diurnal warn layer exponential fit. b) shows an
example where I manually reject the exponential fit due to lack of near surface data.

inclusion of these exponential fit produced values on profiles with no near surface data would

increase error in the heat budget by falsely raising the mixed layer temperature. Many

profiles where temperature data is available through most of the top 10m (Figure 4.4 a) have

a difference of tenths or hundredths of a degree between the linear and exponential surface

fit, indicating that most profiles do not contain diurnal warm layers, consistent with what I

expect from Matthews et al. (2014). For SG579, 135 missing near surface temperature values

were approximated with the linearly fitted function and 17 by the exponential approximation.

For SG637, 201 missing near surface temperature values were approximated with the linearly

fitted function and 16 by the exponential approximation. The difference in temperature

between the linear and exponential fitted values are visible in Figure 4.3 g,h, the difference

between the two approximations being no larger than 0.02 ◦C.

Profiles are linearly interpolated at each depth level (0.5m to maximum dive depth) onto

hours, marked by half past the hour, to give a 1m, 1 hour resolved dataset. Both glider

time series are cut to the date time range 6th February 2020 12:30:00 - 16th February 2020

08:30:00, which begins when both these gliders and the surface vessel Caravela are inside

the EUREC4A study site and ends when the gliders are changed to shallow dives, ready for

recovery to the ship.

Inter-comparison of temperature data from Caravela and the two gliders (not shown) raises

concerns that SG579 may have an offset in the temperature observations. Using 0.5m

temperature from both Seagliders, SG579 has a mean difference more than Caravela

temperatures of 0.06 ◦C, whereas SG637 mean difference is 0.02 ◦C, such that 637 is in

better agreement with Caravela . To quantify and correct for this offset in SG579,
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Figure 4.5: Difference in temperature (SG579 - SG637) at each 1 m depth after Seaglider
data processing (described in text), shown as a boxplot over all data points where the gliders
are within 1 km of each other. Each box spans the 1st to 3rd quartile with an orange line
at the median. Whiskers extend to the furthest datapoint 1.5 times inside the interquartile
range from the box. Circles highlight datapoints outside of this range. a) shows all data
within the varying depth mixed layer, b) shows the top 40 m with a depth mean temperature
offset(red) and depth median temperature offset (blue).

temperature measurements are compared where SG579 and SG637 are within 1 km of each

other (Figure 4.5a,b). SG637 in-situ temperatures are subtracted from SG579 in-situ

temperatures at every time and depth. A boxplot over the temperature differences is

plotted for the top 75m depth in Figure 4.5a. Throughout the time period, the mixed layer

depth (calculated and discussed later in this chapter) varies by 30m. This study is

interested in correct representation of the ocean mixed layer, so I determine the in-situ

temperature correction by taking depths which consistently fall with the mixed layer, ie the

top 40m. The median temperature difference over the top 40m is 0.038 ◦C. This value is

subtracted from all SG579 in-situ temperature values assuming a fixed relationship between

depth and temperature offset.

All other physical parameters subsequently used were calculated on 1 hour, 1m resolved

dataset using properties calculated using the TEOS-10 GibbsSeaWater package (McDougall

and Barker, 2011). From here onwards, I use Conservative Temperature Θ and Absolute

Salinity SA. Time series of these and potential density anomaly σΘ from SG637 and SG579

are shown in Figures 4.6 and 4.7 respectively.
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Figure 4.6: SG579 1 m 1 hour processed dataset, showing a) potential density anomaly, b)
conservative temperature and c) absolute salinity in the top 100 m.

Processing described in text.

For investigation of the mixed layer heat budget (section 4.5), the study site is treated

as a point location and the mixed layer heat budget investigated with a time series. To

have a single time series of the ocean state for this thesis, the hourly average of the in-situ

temperature and conductivity from the processed SG579 and SG637 observations is taken.

Ocean variables of interest are derived with GibbsSeaWater in the same way as the individual

glider methodology and this is thus referred to as SGavg.
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Figure 4.7: SG637 1 m 1 hour processed dataset, showing a) potential density anomaly, b)
conservative temperature and c) absolute salinity in the top 100 m.

Processing described in text.
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Figure 4.8: Conservative temperature glider average SGavg (see text). Mixed layer depth
definitions are Foltz et al. (2003) (black line), Kara et al. (2000) (brown line) and Monterey
and Levitus (1997) (grey line).

The Mixed Layer Depth

The mixed layer depth (MLD) is important in defining the bottom of the surface ocean mixed

layer used in a mixed layer heat budget. In this thesis, the mixed layer is calculated using

the SGavg dataset from Seaglider observations. Three approximations of the MLD were

tested (Figure 4.8) according to different temperature and density based mixed layer depth

thresholds. The scheme of Foltz et al. (2003) was deemed inappropriate for this study as the

temperature based threshold (depth at which temperature is 0.5°C below SST) captures the

sub surface temperature inversion in the barrier layer. For the purposes of investigating heat

exchange and fluxes, I prioritise a definition that captures the actively mixing layer. Thus

the mixed layer depth was calculated using a density based threshold of 0.125 kgm−3 from

the surface, according to (Monterey and Levitus, 1997) and a density based criterion using

the density difference found from a temperature difference ∆T = 0.8◦C (Kara et al., 2000).

The calculated MLD’s are visible in Figure 4.8c. For simplicity, I take the Monterey and

Levitus (1997) definition of MLD. This definition gives a time varying MLD between 43m

and 73m on SGavg.

Mixed layer observations using the above definition are plotted in Figures 4.9 and 4.10. This

allows us to examine the representation of study site mixed layer by the SGavg dataset
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compared to the individual glider observations. Throughout the time series Figure 4.9 ,

both SG579 and SG637 observe a diurnal cycle in the mixed layer temperature. From the

start point to 11th February, transitions between warmer and cooler waters are seen at

different times between SG579 and SG637, indicating the presence of a front. Increased

variation in SST is also seen in Caravela observations (section 4.3) until 10th February.

Meanwhile in Figure 4.10, absolute salinity of the mixed layer varies on 6th and 7th February

on both Seagliders, supporting the assumption that a front passes through the study site.

After this point, salinity measurements are consistent for each individual glider until 10th

February where SG579 sees a brief 1 day increase in absolute salinity. An increase of the

same magnitude is seen again by this glider between 12th and 14th February. In SG637,

from 7th February onwards, mixed layer salinities are consistent, apart from a short period

of salinity increase on 14th February. The mixed layer depth will be revisited later in section

4.5 when calculating the mixed layer heat budget.

4.2.2 Caravela

To enable comparability with the Seagliders and ERA5 later in this work, hourly median

data from Caravela was generated. This was defined as data points up to and including the

hour, with the label being the right hand side of the hour interval, such that a 15:00 data

point is a median of all data 14:00-15:00, and inclusive of 15:00.

For Caravela ’s CTD data, a simple quality control regime based on realistic physical limits of

ocean measurements was applied before the hourly median was generated. This was used to

remove wildly unrealistic conductivity values thought to occur when the vessel speed affected

CTD flushing. By using a median over an hour of 2Hz data, I ensured any spiking due to

inadequate CTD flushing was not seen in the analysed dataset. For all other parameters, an

hourly median was sufficient in removing erroneous data.

Caravela wind data were not used here (see chapter 3). Instead, ERA5 10m wind velocity

data were used for the analyses described in this chapter and chapter 5. ERA5 will be

described moreso in section 4.2.3.

Turbulent fluxes were calculated from Caravela observations using the bulk formulae in the

form of the COARE 3.5 algorithm (Fairall et al., 1996b, 2003). COARE 3.5 python was used,

in which the warm layer and surface wave options are unavailable. I anticipate very little

impact from warm layers in our study, as investigated above with the Seagliders. Surface
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Figure 4.9: Conservative temperature with colour bar range restricted to mixed layer
temperature values a) SG579, b) SG637 and c) SGavg. For SGavg, observations below the
mixed layer depth are not shown. Mixed layer depth (black lines) were calculated for glider
individually as well as SGavg.
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Figure 4.10: Absolute Salinity with colour bar range restricted to mixed layer temperature
values a) SG579, b) SG637 and c) SGavg. For SGavg, observations below the mixed layer
depth (black line) are not shown. Mixed layer depths were calculated for glider individually
as well as SGavg.
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wave data are not available from Caravela . The COARE 3.5 bulk formula is designed to

process surface relative winds. The inclusion of surface currents for a surface-relative wind

would reduce the heat flux if current is assumed to flow parallel to mean wind speed, however

this may not hold with eddying or upwind currents(Song, 2020). In the Bohai Sea with an

upwind flow, monthly mean turbulent heat flux increases 2Wm−2 for surface relative wind

compared to absolute wind, with a 10Wm−2 difference at the hourly scale (Song, 2020) so

it is important to consider the surface current effects on fluxes as intended in the COARE

algorithm. Within the scope of this thesis, ERA5 absolute winds are used. surface currents

are assumed small (according to model data are less than 0.22m s−1, see chapter 5) and thus

neglected. It is acknowledged that based on literature findings of surface current correction

there could be a component of error in the fluxes from this assumption.

When calculating radiative fluxes, the longwave flux should be calculated using skin

temperature. As the observations from Caravela were of bulk SST not skin temperature,

this bulk SST was used in calculating the upwelling component of longwave radiative flux

and so will be an addition source of error in the net heat fluxes presented here.

4.2.3 ERA5

An overview of the ERA5 reanalysis product is available in section 2.5.1. This thesis uses the

’ERA5 hourly data on single levels from 1940 to present’ product (Hersbach et al., 2018, 2020;

Copernicus Climate Change Service, 2023). The main parameter of interest from ERA5 is the

average net heat flux at each hour, for validation of fluxes derived from observations. ERA5

accumulated fluxes are provided in Jm−2, the net flux Q0 is calculated in Wm−2 by summing

the four heat flux components in Wm−2 and calculating the average flux over the preceding

hour at each time step (ECMWF, 2024). The spatial resolution of ERA5 is relatively coarse

for the 10 km square of our observations. For each ERA5 parameter, I calculate the mean of

values at the four ERA5 grid points surrounding the study site (Figure 4.11). The difference

in using a median vs mean over the points surrounding the study site is very small, the mean

being average of 0.25W/m2 larger than the median, with root mean square difference of

2.3W/m2.

ERA5 winds were used to supplement observations and observational fluxes calculated in this

thesis. The ERA5 wind time series is visible in Figure 4.12 where the mean wind speed is

9.8ms−1 and direction north-easterly. The mean of the four ERA5 grid points shown above

was again used.
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Figure 4.11: ERA5 grid point locations used in comparison (blue) and Caravela ’s track
around the study site (red).

Figure 4.12: a) 10 m wind speed from ERA5 with magnitude (green), u component (red)
and v component (blue) where positive values are northerly and easterly. b) direction wind
comes from at 6 hour intervals, with the time series corresponding to the base of the arrow.
Arrow length has no meaning.
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4.2.4 Heat Budget Calculation

The ocean mixed layer heat budget consists of a three dimensional balance of multiple

processes, which affect the local SSTs. A detailed discussion of the full equation can be

found in chapter 1. In this chapter, I neglect all processes other than the air-sea net heat

flux component of the ocean heat content equation, such that an assessment of the heat

budget closure is based on the following equation:

∂Ta

∂t
≈ Q0 −Qpen

ρcph
(4.2.3)

where the term on the left represents the temperature tendency. The term on the right

the net air-sea heat flux adjusted for penetrative solar radiation, where Ta is the average

temperature of the mixed layer, Q0 the sum of the four surface heat flux terms, also called

the net surface heat flux, Qpen the flux of solar radiation penetrating through the base of the

mixed layer, ρ the seawater density, cp the specific heat capacity (3997 J/kg/K) and h the

mixed layer depth. Many studies have used this equation (or similar versions excluding Qpen)

to investigate seasonal and annual SST changes and their relationship to air-sea interactions

(Yu et al., 2006, 2007; Virmani and Weisberg, 2003; Pinker et al., 2020).

4.3 Results: Air-Sea Heat Flux

To assess the mixed layer heat budget, observations and ERA5 are used to calculate the

terms in equation 4.2.3. In this section, the focus is on the net heat flux Q0 term, shown as a

sum of its components in equation 1.2.5. For clarity in the rest of this section, ERA5 fluxes

will be henceforth denoted by Qxxx−e and fluxes calculated from observations by Qxxx−o,

where xxx refers to the relevant flux component, i.e. net (net), latent (lat) , sensible (sen),

longwave (lw) or shortwave (sw).

4.3.1 Shortwave fluxes

The sea surface albedo is typically assumed to be 6% for this region of the tropical Atlantic

(Foltz et al., 2003; Cogley, 1979) and this value was used to calculate observational fluxes.

The mean ERA5 albedo for the study period was back-calculated to be 0.063, consistent with

the chosen 6% value.
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Figure 4.13: Air-sea heat flux components of the upper ocean heat budget derived from
Caravela temperatures, humidity and radiation measurements with ERA5 winds (red lines),
ERA5 fluxes at the four grid points surrounding the study site (grey lines), and mean of
these four locations (black line). (a) Net surface heat flux, (b) shortwave radiative flux, (c)
longwave radiative flux, (d) sensible heat flux, and (e) latent heat flux. Black and red circles
in (a) are daily averaged net fluxes, marked at 12:00 UTC of the day.
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The time series of the net shortwave fluxes Qsw−o and Qsw−e are visible in Figure 4.13b.

During the 12th, 14th and 15th of February, ERA5 clearly overestimates Qsw−e compared to

Qsw−o with a maximum hourly difference of 356Wm−2, 350Wm−2 and 350Wm−2 within

each respective day. The downwelling shortwave estimation in ERA5 will be impacted by

representation of local cloud cover , supported by Figure 4.14. There is notable difference in

the clear sky and downwelling solar radiation fluxes reported by ERA5 on the 14th and 15th

February, which are two of the three aforementioned days Caravela observations show less

downwelling radiation than ERA5. It is known that the surface irradiance bias of ERA5 varies

with the cloudiness, where ERA5 overestimates surface irradiance with cloudy conditions

and slightly underestimates with clear-sky conditions (Urraca et al., 2018). In the Bermuda

region (the closest site available in this study), these cloudy overestimates are in the order

of 0 to 40Wm−2 and clear sky underestimates 0 to 30Wm−2. This thesis’ results suggest

that ERA5 is overestimating net shortwave radiation flux, therefore overestimating surface

irradiance and underestimating cloud cover, on these three stated days. Over these three

days, the mean daily Qsw−e is 197Wm−2 larger than Qsw−o . Within the daytime hours

of the remaining time series, the first five days show decreases in Qsw−o during the middle

of the day that are missing inQsw−e . This implies a transient cloud cover increase in the

observations, again not captured within ERA5 reanalysis. Given the observations are able

to capture cloud cover variation missed in the ERA5 reanalysis, I use Qsw−o in subsequent

analysis.

4.3.2 Longwave fluxes

When estimating radiative bulk fluxes, skin temperature was unavailable directly from

observations so SST has been used instead. Surface emissivity of 0.97 is assumed, in line

with other near-surface studies (Bellenger and Duvel, 2009).

Figure 4.13c shows differences between the ERA5 and observational hourly-averaged net

longwave flux, with a maximum of 82Wm−2, with Qlw−o being smaller in magnitude (more

positive value) than Qlw−e. Qlw−o observations change between positive and negative flux

contributions throughout the time series, whereas Qlw−e is a consistently negative

contributor (heat transfer from ocean to atmosphere). To investigate further, the upwelling

and downwelling components of the longwave fluxes are plotted in fig 4.15. The upward

component of the longwave flux is the first two terms of equation 1.2.4. Upwelling longwave

from ERA5 is calculated as the difference in the net and downwelling longwave radiation
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Figure 4.14: Timeseries of observed downwelling solar radiation from Caravela (red),
downwelling solar radiation for ERA5 (black) and clear sky downwelling solar radiation from
ERA5 (green).

variables because upwelling radiation was not available for download. ERA5 and observed

upwelling longwave fluxes are always within 5Wm−2 of one another, whereas the

observations in downwelling longwave flux are on average 47Wm−2 larger than ERA5.

This difference is not consistent throughout the time at the study site, nor is the variability

in the difference between ERA5 and observations consistent. This could in part be

explained by the underestimation of scattered cloud cover in ERA5. However, based on a

comparison of downwelling longwave fluxes to the Barbados cloud observatory, Section

3.4.3, the bias appears to be in the observations from Caravela . Causes of biases in the

Caravela measurements could be due to salt contamination and sea spray with proximity of

the sensor to the ocean surface, however similar contamination would then be expected in

the other meterological sensor on the vessel. Due to the onset of the COVID pandemic and

logistical challenges, the vessel was not accessable for many months after the deployment,

meaning there was no post calibration available to assess this data. I take the ERA5

estimate of longwave flux to be the more reliable of the two. Therefore this will be used

henceforth for the heat budget calculations.
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Figure 4.15: a) Upwelling component of longwave radiative flux from observations (red) and
four ERA5 locations surrounding the study site (grey) with the mean of ERA5 (black), b)
downwelling longwave radiative flux

4.3.3 Sensible heat Flux

Sensible heat flux output calculated using the COARE 3.5 algorithm (Fairall et al., 1996b)

is visible in Figure 4.13d. Over the time spent in the study site, mean hourly Qsen−e was

11Wm−2, standard deviation 6Wm−2, while mean Qsen−o was 4Wm−2 with standard

deviation 6Wm−2. Qsen−e predominantly estimates larger heat losses to the atmosphere

than Qsen−o. There are instances in the Caravela time series of short term positive sensible

heat fluxes in the daytime (Figure 4.13). These align with times where observed air

temperature is larger than the SST in Figure 4.16b,c,d on 7th and 9th February. ERA5

and Caravela have similar SSTs (Figure 4.16b except for 12th February to 14th February,

where ERA5 SST are an average of 0.15 ◦C less than Caravela observed SST. ERA5 2m air

temperature is compared to Caravela Hygroclip air temperature observations ( 0.67m) in

Figure 4.16c. Observed air temperature is on average 0.68 ◦C warmer than ERA5, except

for two instances on the 8th and 10th February, where observed air temperature briefly

decreased below ERA5. The instances on 8th February and 10th February correspond to

where Qsen−o has larger losses to the atmosphere than Qsen−e. Increases in observed
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humidity are also noted in Figure 4.16a on these two days. This may be associated with an

atmospheric front or cold pool passing through the study site, which ERA5 may not well

represent on short timescales. There are notable differences in the observed and ERA5

sensible flux until 12th February, where observed sensible heat flux is on average 9.7Wm−2

larger than ERA5 ( less negative value and thus less heat loss to the atmosphere). After the

12th February, the difference reduces to Caravela observing an average of 3.8Wm−2 larger

value (less heat loss to the atmosphere) than ERA5. Observed SSTs were cross-validated

with the Seaglider data (Figure 2.5). Air temperature was compared with observations from

the R/V Meteor (Figure 2.4) and no concerns over calibration of Caravela raised. This

lends confidence in the observations from Caravela and thus I assume differences between

observations and ERA5 are down to ERA5 errors. Figure 4.16 highlights the SST- air

temperature difference is consistently larger in ERA5 than observations throughout the

timeframe. Mean temperature difference SST - air temperature for ERA5 is 1.05 ◦C and for

Caravela observations 0.43 ◦C. If the difference of 0.62 ◦C is added to Caravela observations,

it equates to a mean additional 7.98Wm−2 heat loss to the atmosphere throughout the

timeseries, or mean sensible heat flux of −12.97Wm−2 across the timeseries. Mean ERA5

sensible heat flux is −11.36Wm−2. Such that most of the difference in mean flux across the

timeseries is accounted for by the differences in SST and air temperature between products.

The differences in representation of wind speed and transfer coefficient formulation between

ERA5 and COARE 3.5 must also play a role in the discrepancies seen between fluxes, but is

less influential than temperature offset. Due to the notable difference in temperatures, I

take the observational quantities such that I use Qsen−o for calculation of net heat flux.

4.3.4 Latent Heat Flux

Average hourly Qlat−o is −181Wm−2 and Qlat−e is −221Wm−2, with ERA5 estimating on

average 40Wm−2 more heat loss into the atmosphere than observations suggest. ERA5

overestimates the magnitude of heat loss into the atmosphere compared with observations

for all times except a brief period in the early hours of 8th February and again 9th

February. These periods where the latent heat fluxes are almost in agreement align with

short periods in Figure 4.16a where ERA5 and observed humidities agree. ERA5 humidity

is not available directly, so it was back calculated according to the available 2m air and

dew-point temperature. Generally, ERA5 is underestimating the relative humidity

compared with observations, with Caravela on average observing 3.4% more than ERA5,

with a maximum difference of 11%. ERA5’s consistent underestimation of humidity from
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Figure 4.16: Observations in the EUREC4A study site from Caravela (red), at each ERA5
grid point surrounding the study site (grey) and mean over the ERA5 values (black). a)
Relative humidity observations with ERA5 value calculated from ERA5 2m air and dew
point temperature. b) SST. c) air temperature. d) shows the difference in SST minus air
temperature.
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Figure 4.17: Difference in qs and qair from Caravela (red) and mean over the ERA5 grid
points surrounding the study site (black).

12th February to the end of the time series aligns with its overestimation of the magnitude

of Qlat losses to the atmosphere for the same time period. Figure 4.17 shows the difference

in saturation humidity at SST and specific humidity of the air at 10m, derived from

COARE 3.5 for both Caravela observations and met/ocean variables from ERA5. The

mean qs − qair in the observed timeseries is 5.80 g kg−1, compared to a mean 6.70 g kg−1

from ERA5. The ratio of the mean ERA5 difference to mean observed difference is 1:0.86.

The ratio of Qlat−e : Qlat−o is 1:0.83. The ratios are almost the same which supports the

humidity bias being responsible for the latent heat flux bias. The small difference in ratio is

likely due to difference in transfer coefficient scheme used in the bulk formulae, and the

impact of differing transfer coefficients was also noted in sensible heat fluxes. The effect of

the transfer coefficient formulation is therefore small compared to the humidity bias itself.

In the net heat flux calculation, I opt to use the observationally derived latent heat flux

Qlat−o.

4.3.5 Net Surface Heat Flux

The net surface heat flux (Figure 4.13a) is dominated by the shortwave radiative fluxes

during the daytime, offset largely by heat loss to the atmosphere in the form of latent heat

fluxes. The max, min and mean differences in daily average fluxes between Qnet−o and

Qnet−e (where Qnet−o are larger in magnitude than Qnet−e) are 31Wm−2, 117Wm−2 and

75Wm−2 respectively, excluding the 6th and 16th February where there is not a full day of

data. For hourly fluxes, Qnet−o are on average 76Wm−2 larger than Qnet−e, with differences
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Figure 4.18: Net heat flux as a time series within the EUREC4A study site using ERA5
reanalysis (black), Caravela observations (red) and a combination of ERA5 longwave flux
with observed shortwave, latent and sensible flux (blue). Daily averages are show as circles
at 12:00 UTC for each complete day.

ranging between 250Wm−2 larger Qnet−o and 412Wm−2 larger Qnet−e . Differences between

observations and reanalysis in all four heat flux terms lead to these considerable discrepancies

in net heat fluxes. In terms of daily mean flux, for Qnet−o, heat gain to the ocean occurs in

four of the nine complete days available in the study site and heat loss to the atmosphere in

five of these nine days. For Qnet−e, the daily averaged flux is always negative, representing

a consistent heat loss to the atmosphere. For each of the net surface heat flux components,

I discussed which of ERA5 and observations were thought to provide the better estimate for

each term. This is observed shortwave, latent and sensible heat flux with ERA5 longwave

flux. Figure 4.18 shows the net surface heat flux when using this combination of components,

henceforth referred to as Qnet−x, compared to Qnet−o and Qnet−e. The mean daily flux of

Qnet−x is −56Wm−2. Daily Qnet−x shows heat loss to the atmosphere for all days except

11th February, where a 2Wm−2 heat gain to the ocean was observed.
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4.4 Penetrative solar radiation

Turbulent and longwave fluxes are considered to be surface effects occurring in the top few

millimetres of the mixed layer. Meanwhile, shortwave radiation may penetrate tens of metres

into the ocean and through the base of a shallow mixed layer. Solar radiation penetrating

through a chosen depth is defined as Qpen. If the heat budget is calculated to fixed depth

below the thermocline as in Moisan and Niiler (1998) or to a sufficient depth that Qpen is

small , Qpen can be assumed negligible. In this study, I am interested in the mixed layer

heat budget, where the MLD is above the subsurface temperature maximum or thermocline

and shallow enough that penetrative solar radiation is significant, so the Qpen term must be

considered.

Qpen has various estimation methods based on water mass classification and chlorophyll

concentrations. Qpen according to Wang and McPhaden (1999),

Qpen = 0.45Qsurf exp (−γh) (4.4.1)

assumes a 25 m e-folding decay of shortwave radiation, where Qsurf is the surface shortwave

solar radiation, γ is 0.04m−1. A higher value of γ is used in instances of high biological

productivity.

A chlorophyll-based approximation by Morel (1988) accounts for local biological productivity

in the form of chlorophyll concentration.

Qpen = 0.47Qsurf exp−(0.027 + 0.0518CHL0.428)h (4.4.2)

Various papers compare these two formulations. Scannell and McPhaden (2018) opt to use the

chlorophyll approximation due to the importance of chlorophyll concentration in productive

waters with shallow mixed layers. They study the southeastern tropical Atlantic and see

a 12Wm−2 to 26Wm−2 bias seasonally between the two Qpen approximations, with the

chlorophyll-based model always resulting in lower penetration across the mixed layer base, i.e.

more absorption in the mixed layer (Scannell and McPhaden, 2018). Foltz et al. (2003) tested

the two equations I describe above. Of the three PIRATA mooring locations in their paper,

12◦N 38◦W is the closest geographically to the study site of this thesis. This location showed

strong seasonality in Qpen due to MLD variation, but some of the smallest differences between
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Figure 4.19: Time series of observed surface downwelling solar radiation (red) and calculated
penetrative solar radiation at the mixed layer depth (blue) using Qpen = 0.45Qsurf exp (−γh)

the twoQpen formulations in February. The Wang and McPhaden (1999) approach gives lower

absorption than the chlorophyll approximation in this study, in agreement with Scannell and

McPhaden (2018), with nearly constant bias at all locations. Liu et al. (2021) show that

the Northwestern Atlantic heat content, off the US coast, is very sensitive to ocean optical

properties and solar attenuation schemes. They use different methods of calculation to the

formulae covered in this thesis, but advocate for the use of an optical-based parameterisation

from ocean colour satellites over a chlorophyll-based solar attenuation scheme, seeing up to a

30% difference in their two schemes. Within this thesis, the chlorophyll based approximation

assuming chlorophyll concentration of 0.1 gives Qpen between 1.6% and 6.4% of downwelling

solar radiation at the ocean surface. To avoid assumptions on chlorophyll concentration, I

approximate Qpen using the Wang and McPhaden (1999) formulation. Qpen is then calculated

to be between 2.4% and 8% of downwelling solar radiation at the ocean surface, Figure 4.19.
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4.5 Mixed layer heat budget

4.5.1 Net Heat flux Contribution to Mixed Layer Heat Budget

The individual terms from the chosen combination of Qsw−o, Qlw−e, Qlat−o, Qsen−o are shown

in Figure 4.20a as hourly fluxes, along with the penetrative solar radiation correction Qpen

and net surface heat flux Q0. Other contributing terms to the net heat flux component of

the heat budget are mixed layer density (Figure 4.20b) and MLD (Figure 4.20c). The mixed

layer density and depth are determined from SGavg. The net flux contribution to the heat

budget using these terms is shown in Figure 4.20d, alongside the temperature tendency dTa
dt ;

the mixed layer averaged temperature from SGavg used to calculate this tendency is shown in

4.20b. dTa
dt is compared to the net heat flux contribution to the heat budget, with a residual

R given as the temperature tendency minus the heat flux contribution (Figure 4.20e).

The mean temperature tendency is −0.0006 ◦Ch−1 with a standard deviation of 0.008 ◦Ch−1.

The mean net heat flux contribution to the heat budget is −0.0008 ◦Ch−1 with a standard

deviation of 0.004 ◦Ch−1. Notice the standard deviation is an order of magnitude larger than

the mean in both formulations, such that the hourly changes are highly variable. Over the

whole time series, the correlation coefficient is 0.39, and the root mean squared difference

is 0.008 ◦Ch−1, indicating that the net heat flux is weakly correlated to the temperature

tendency on these short time scales. The residual ranges from 0.022 ◦Ch−1 to −0.033 ◦Ch−1.

The net heat flux contribution to the mixed layer heat budget better reproduces the overall

pattern of the tendency term from the 10th February onwards, with the correlation improving

to 0.5 with root mean square difference 0.006 ◦Ch−1 when considering these days alone. From

6th to 10th February, there are large fluctuations in the temperature tendency that are not

reflected in the flux term, indicating other processes are also playing a role in the heat

budget, as well as during the rapid temperature decrease on 14th Feb. On the 14th and 15th

February, net surface heat flux is considerably lower than the previous eight days, due to

reduced shortwave radiative flux. These days also have larger variation in longwave flux than

previous days, indicating a change in the cloud conditions during this time.

The magnitude of the temperature tendency is well represented by the net heat flux

contribution from 10th to 14th February and a reduction in the range of the residual is seen

in this time period too. Before the 10th and after the 14th February, increases in the

magnitude of the residual align with variation in the temperature tendency. The

temperature tendency does not display a clear diurnal cycle on these days, indicating ocean
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processes such as advection and mixing may be playing an important role. Whilst the net

heat flux is thought to dominate the ocean mixed layer heat budget in the area on longer

timescales (Foltz et al., 2003), at the hourly scale, other processes become important and

must be considered. The budget can be closed with a root mean square difference of

0.006 ◦Ch−1 using a 6 hour running mean in dTa
dt , but consideration of other oceanic

processes must be made to fully close the budget at such high temporal resolution.

4.5.2 Cumulative Temperature Tendency

The temperature tendency describes the rate of change of temperature within the study site

region. The accumulation of this temperature change is comparable the the integral of the

right side of equation 4.2.3. Looking at the budget in cumulative terms allows for assessment

of the closure across the whole time spent in the study site, thus assessment of the dominance

of net heat flux on the timescale of 10 days as opposed to hourly.

The cumulative net heat flux contribution to the heat budget and temperature tendency

are shown in Figure 4.21, alongside the cumulative temperature tendency of the individual

gliders. The cumulative budget is taken from time 0, which is 12:30 on 6th February 2020,

and the cumulative values are calculated for every hour thereafter.

The budget can be closed over the 10 days from 12:30 UTC 6th February to 08:30 UTC

16th February, to within 0.07 ◦C. At the end of the accumulation period, net heat fluxes

account for −0.2 ◦C, whereas the temperature tendency indicates a temperature change in

the mixed layer of −0.13 ◦C. The root mean square difference between temperature tendency

and net heat flux contribution throughout this time is 0.05 ◦C. Overall the heat fluxes do

a good job of closing the heat budget alone on the scale of the campaign, at shorter time

scales the advection likely causes the short-term fluctuations and mixing/entrainment may

also contribute to the tendency.

4.6 Discussion

The representation of ocean mixed layer SGavg gives a high resolution insight into the

behaviour of the mixed layer which is not obtainable without the Seaglider measurements.

Even within a small sampling site of sides 10 km, there is marked variability in Ta between

the two Seagliders at different locations in the study site. SG637 seeing an almost 0.2 ◦C
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Figure 4.20: Time series of heat budget. a) Net surface heat flux and the flux components
used to calculate it, along with Qpen correction. b) Mixed layer average potential density
anomaly (blue) and conservative temperature (red). c) mixed layer depth. d) Temperature
tendency (orange) and the net heat flux contribution to the mixed layer heat budge (blue).
e) Residual left by this approximation of the mixed layer heat budget.
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Figure 4.21: Temperature change from Time 0 in campaign, comparing cumulative glider
averaged mean mixed layer temperature per hour (orange) with cumulative net heat flux
contribution to the ocean heat budget per hour (light blue). Dotted lines show the mean
mixed layer temperature tendency from each individual Seaglider, SG579 (blue dashed line)
and SG637 (green dashed line).

increase in Ta within the first 12 hours of the study ’Time 0’. SG579 observes rapid changes

of the same order of magnitude to SG637 between 6th and 9th February, indicating it

crosses the same front multiple times as it moves around the study site under a different

pattern. SG637 experiences another cooling event during the night of 9th February, but

after this both gliders show very similar trends in Ta. SGavg then combines these

temperatures seen at different positions within the study site, which creates the appearance

of rapid warming and cooling within the site, particularly noticeable on 7th February.

Whilst these changes are true and observed, they are the product of spatial and temporal

variation in the study site. This work assumes spatial homogeneity in the site to treat the

site as a point location, however at timescales as short as hourly, spatial variability inside

the site does have an impact. The study could have benefitted from a different sampling

pattern that reduced the movement of the Seagliders within the site and so eliminated the

observation of spatial changes around the site. The right angled orientation of three

platforms (Vijith et al., 2020), where the gliders form two end points and a third platform

forms the point at the right angle, would have produced time series appropriate for a mixed
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layer heat budget whilst removing the impact of platform movement within the site.

Nonetheless, the campaign undertaken in this thesis has produced ocean mixed layer time

series which allow investigation into closing the mixed layer heat budget in terms of net heat

flux and quantifying biases in reanalysis products, which is still a useful and worthwhile

scientific endeavour. Overall, the budget closed fairly well, but there are some uncertainties

in the treatment of the data and the choice of variables that I discuss in more detail below.

Processing of the Seaglider data looked into the possibility of diurnal warm layer formation

in the study site whilst filling missing near surface during the quality control process. A

linear and exponential fit was made to the top 10m of each glider profile and of the 369 near

surface temperature values missing across both gliders, 33 were filled using the exponential

fit. In many of the profiles, the difference between linear and exponential fit for the 0.5 m

temperature value was on the order of 0.01 ◦C or less. If the linear fit were used, the filled

temperature would be at most 0.02 ◦C lower, as seen in Figure 4.3g,h. Changing surface

approximation will play no significant role in skewing the mixed layer averaged temperatures

which were used for the heat budget of the chapter. The Caravela CTD has an accuracy of

±0.01 ◦C, so in most instances the difference in surface extrapolation is within the error of

Caravela temperatures to which the glider SSTs are comparable.

Beginning with the air-sea heat fluxes calculated from observations and ERA5, Qnet−e and

Qnet−o produced daily averaged heat fluxes with a mean difference of 75Wm−2. This

difference is considerably larger than the target flux bias of 5Wm−2in a 25 km gridded

product (Cronin et al., 2019). I discern that three of the four components of net surface

heat flux provided by ERA5 are thought to have biases compared to our regional

observations in the NWTA. Possible biases in the ERA5 longwave flux have not been

quantified in this thesis due to offsets discovered in the observations of downwelling

longwave radiation. Using a best estimate of Qsw−o, Qlw−e, Qlat−o, Qsen−o, for the net

surface heat flux gives 30Wm−2 less mean daily heat loss to the atmosphere than suggested

by ERA5, indicating ERA5 carries a net heat flux bias in the NWTA region much larger

than the target bias of a gridded product (Cronin et al., 2019).

The greatest bias identified in ERA5 surface fluxes lies in the shortwave radiative flux term,

with differences in ERA5 and observed net shortwave flux on the hourly scale as large as

356Wm−2. Direct comparisons cannot usually be made between a point observation and

gridded product due to local variability that the gridded product will be unable to

represent, however differences on this order of magnitude are still suggestive of a
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misrepresentation of processes or bias in the reanalysis product. Biases in irradiance from

ERA5 have been identified in previous studies, with overestimation of surface irradiance

during cloudy conditions and underestimation of surface irradiance during clear conditions

(Urraca et al., 2018). A study using the PIRATA moorings, an array over the equatorial

Atlantic (Trolliet et al., 2018) drew similar conclusions on the performance of ERA5,

finding that instances of cloud free conditions also underestimate surface solar irradiance for

daily observations. Conditions from 6th to 13th February involved intermittent cloud cover

with varying cloud structure. Cloud conditions were visually assessed using satellite images

on NASA Worldview, using the Corrected Reflectance (True Color) Terra/Modis base layer

(NASA Worldview Snapshots, 2020). This transient cloud cover is likely responsible for

observed decreases in net longwave flux, which is not represented in ERA5. On 14th and

15th February, the cloud structure changed and cloud coverage of the region was much

denser. On these days, ERA5 overestimates net shortwave flux (by 76Wm−2 and 42Wm−2

and so must be overestimating solar irradiance, which is in line with conclusions drawn by

Urraca et al. (2018). The underestimation of irradiance with clear conditions is harder to

assess in this campaign, as the rest of the time spent at the study site is with intermittent

cloud cover. However, ERA5 clearly does not represent this finer variable cloud structure

well, as ERA5 overestimates net shortwave flux for five of the remaining days and

underestimates net shortwave flux for three days. Overall it is clear that whilst ERA5

improves on tropical fluxes compared to its predecessor ERA-Interim (Li et al., 2021), there

is still a way to go in accurate cloud representation (Bony et al., 2017).

Latent heat fluxes are the next biggest contributor after the shortwave flux to the observed

net surface heat fluxes. The mean air-sea latent flux calculated from the observations is

−181Wm−2.This latent flux is larger in magnitude than −157Wm−2 from Iyer et al. (2022)

and −170Wm−2 from Bigorre and Plueddemann (2021). Bigorre and Plueddemann (2021)

results are from February average fluxes from 2001-2012 using NTAS buoy data (around

51 ◦W, 15 ◦N) and Iyer et al. (2022) January - February 2020, approx 51 ◦W - 57 ◦W,

13.5 ◦N - 16 ◦N. Differences between latent flux in these studies are likely due Iyer et al.

(2022) being over a larger and more easterly area, and spatial differences from (Bigorre and

Plueddemann, 2021). Figure 1.4 shows both these studies typically have cooler SSTs than

our study site, which could indicate lower surface evaporation, thus the lower latent heat

flux to the atmosphere. For the tropical Atlantic, net surface heat flux, specifically the

shortwave and latent flux contributions, are responsible for changes seen in the mixed layer

heat content (Foltz et al., 2003), so it is pertinent to correctly represent this flux to close
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the budget. Apart from a few short periods, ERA5 overestimates the magnitude of heat

lost to the atmosphere when compared to observations in the NWTA with an average hourly

overestimate of 39Wm−2. Studies on the PIRATA moorings show annual mean latent heat

flux at 15 ◦N, 38 ◦W is −120Wm−2 and at 12 ◦N, 38 ◦W is −130Wm−2 (Foltz et al.,

2003), lower than observed in this study and identified by ERA5, however that is likely be

a product of location differences and lack of seasonal influence in an annual mean value in

the paper. Even though I do not expect a February value to align with an annual mean, it

is useful to get an indication of flux magnitudes from other studies. Latent heat flux can be

expected to be larger in boreal winter due to stronger winds (Foltz et al., 2003) enhancing

evaporation at the surface, such that the observations within our campaign are assumed

reasonable. Decomposing the turbulent fluxes into bulk variables provided by ERA5 and

observed bulk variables, differences in representation of relative humidity between the ERA5

and the observations were noted. It was assumed that the ERA5 mean underestimation

of relative humidity of 3.4% relative to observations was a contributor to the bias seen in

latent heat flux. Investigation into ERA5 flux bias in the tropical Indian ocean shows a root

mean square error in latent heat flux of 29Wm−2 over three buoys (Pokhrel et al., 2020),

10Wm−2, lower than the bias identified in this work. It must be acknowledged that observed

relative humidities were not independently verified within this campaign, so the observed

flux may contain some unquantified errors. Overall the 39Wm−2 bias in ERA5 compared

to observations is substantial and further validation (like that intended to be obtained in the

EUREC4A campaign) will benefit turbulent flux representation in this region.

The mean air-sea sensible flux is 4Wm−2. This sensible flux is comparable to −6.6Wm−2 of

Iyer et al. (2022) and−7Wm−2 of Bigorre and Plueddemann (2021), although slightly smaller

than the values in their studies. The mean bias in sensible heat flux from ERA5 was 7Wm−2

compared to observations, much smaller than for the previous two fluxes. Root mean square

error in sensible fluxes compared to three buoys in the tropical Indian ocean was found to be

around 6Wm−2 (Pokhrel et al., 2020), such that differences in this turbulent flux are in line

with other similar studies. ERA5 was earlier shown to be underestimating air temperature

by 0.68 ◦C and SST by 0.15 ◦C, leading to a larger air-sea temperature difference than in

observations and an increased loss of heat to the atmosphere in the sensible flux compared

to observations.

Biases identified in the turbulent fluxes in this study cannot be due to winds, as ERA5

winds were used for the observed flux calculations. However, it is possible that ERA5 is

not representing these winds accurately, leading to further biases that cannot be quantified
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within the scope of this thesis. The validation of fluxes from ERA5 would further benefit from

locally observed wind measurements and this should be possible in future campaigns given

that adjustments to the Caravela platform were made to facilitate accurate wind observations

following Chapter 3 of this thesis. The wind has not been adjusted for surface currents in

this study, however it is thought that currents will be negligible with wind speeds of around

10ms−1, such that this omission will not significantly impact the fluxes.

The net surface heat flux from this study can be best represented for the region with

Qsw−o, Qlw−e, Qlat−o, Qsen−o where the mean hourly net flux is −50Wm−2. In terms of

closure of the heat budget within this study, the heat budget can be closed with a root

mean square difference of 0.006 ◦Ch−1 using a 6 hour running mean over dTa
dt or to within

0.07 ◦C over the 10 days spent inside the study site, equivalent to 22Wm−2.

To assess how well our study represents expected fluxes and heat budget closure compared

to other studies, similar net heat flux studies are considered. At 15 ◦N, 38 ◦W a PIRATA

array mooring has been used to calculate the ocean heat budget (Foltz et al., 2003). A

monthly mean for February indicates net surface heat flux in the region of −50Wm−2 to

−100Wm−2 in line with our best representation of net surface heat flux. The residual in the

heat budget using the full sum of terms in this equation was between 20Wm−2 to 30Wm−2

for February, such that our closure with net heat flux alone is as good as this study. Another

study quantifying net surface heat flux in the tropical Atlantic uses the OAFlux product and

identifies February net surface heat flux of between −40Wm−2 and −60Wm−2 for the region

around 14 ◦N, -57 ◦W (Yu et al., 2006). One must note that the variability in local ocean

and weather conditions on the scale of a week to a month mean that I do not anticipate the

literature exactly matching the values found in this thesis. However one could expect them to

be similar in value, and that is what I assess for here. The best representation of net surface

heat flux being comparable to the above literature for this region in February supports the

conclusions of this thesis that shortwave and turbulent fluxes are biased for ERA5 in this

region. The monthly temperature change based on net heat flux contribution to the heat

budget (excluding Qpen correction is between 0 ◦C and −0.25 ◦C (Yu et al., 2006), which is

less than mean temperature change identified in our study (equivalent to −0.4 °Cmonth−1). It

is entirely possible that for the period of time at the study site, temperature losses were larger

than the monthly average identified by Yu et al. (2006). In terms of the hourly mixed layer

heat budget closure, the residual does suggest that other mixed layer heat budget processes

could play a role as important as the net heat flux contributions at short timescales, and so a

heat budget should also consider processes like advection in a high temporal resolution study.
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4.7 Conclusions

In summary, I have demonstrated that a novel combination of autonomous platforms and

reanalysis data can be used to assess the mixed layer heat budget on regional scales, over

short time periods. When only considering the net heat flux contribution to the mixed layer

heat budget, the mixed layer heat budget is closed remarkably well, to within 0.07 ◦C over

10 days. This addresses Question 3 of this thesis ’How well do observed surface processes

alone close the heat budget?’. However at hourly to daily timescales, it becomes important

to consider spatially variability when closing the budget, even within a small site as this.

An observational study of this type gives a unique opportunity to assess fine temporal scale

variation and compare to existing flux products, as considered in Question 2 of this thesis,

’How do observational heat fluxes compare to global reanalysis product ERA5?’.

Comparisons to ERA5 highlights places where the ERA5 reanalysis dataset is lacking,

namely its estimation of scattered or intermittent cloud cover, humidity and air

temperature representations in the NWTA. These biases compared to observations coupled

with COARE 3.5, result in average ERA5 sensible heat flux showing 5m−2 more loss to the

atmosphere than observations. ERA5 latent heat flux has on average 40m−2 more loss to

the atmosphere than observations. These differences are notable and highlights the need to

understand the impacts of regional differences in flux products.

To improve the observational portion of the study, the calibration of the measured longwave

sensor needs to be reassessed and the ability to directly measure wind from the vessel fixed.

This chapter identifies biases in shortwave and latent fluxes in ERA5 reanalysis in the

northwestern tropical Atlantic, and shows that improved representation of these fluxes will

improve accuracy of regional air-sea heat fluxes, which could help reduce error in a mixed

layer heat budget and bring SST accuracy for improvement of future climate simulations.
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5

Further investigation into an ocean mixed

layer heat budget

Synopsis

In this chapter, I follow on from the ocean mixed layer heat budget investigation

in chapter 4. Different methodologies for calculating horizontal advection from

Caravela and Seaglider observations are tested alongside GLORYS reanalysis.

Entrainment is investigated from Seaglider observations at the mixed layer base.

I anticipated entrainment and advection would play significant roles in this heat

budget, and the results indicate both processes contribute notably to heat

exchange in the mixed layer. This chapter set out to improve upon the budget

closure from chapter 4 by including these two additional processes, however I

found the budget closure to be worse than with the net heat flux contribution

alone, likely due to uncertainties in the horizontal advection and entrainment.

5.1 Introduction

In the previous chapter, the closure of the heat budget was investigated using only the net heat

flux term of the heat budget equation (full equation 1.3.2). In this chapter, the heat budget

is recalculated with consideration of oceanic processes neglected in Chapter 4, specifically

horizontal advection and vertical entrainment, to see if this reduces the residual and further

improves mixed layer heat budget closure.

Horizontal advection is produced by ocean currents flowing up or down a temperature

gradient, bringing colder or warmer water (respectively) into a specified location.

Horizontal advection of heat is influenced by submesoscale ocean features, eddies and large
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scale circulation, affecting local SSTs. Vertical advection is near-zero within the mixed layer

because of the lack of vertical temperature gradient, but vertical advection across the mixed

layer base results in entrainment. Vertical entrainment directly influences mixed layer depth

through incorporation of deeper waters into the mixed layer, changing the mixed layer

average temperature based on the properties of the entrained water. The entrainment term

is typically separated from the vertical mixing term in mixed layer heat budgets. The

differences in vertical mixing and entrainment are subtle yet important. Vertical mixing

represents diffusion of heat across the mixed layer base, and can occur without any change

in mixed layer depth. Meanwhile entrainment represents a bulk process that is estimated

from mixed-layer depth changes and must involve vertical mixing, whether or not the

mixing is observed. As a result, observational budget estimates that include both

entrainment and mixing may double-count the effects of mixing. Here I do not have the

observations to quantify the vertical mixing so I estimate entrainment instead. In the

tropical Atlantic, entrainment is an important process during periods of strong wind stress

and vertical stratification changes. These processes alongside air-sea fluxes drive SST

variability, from daily to seasonal and inter-annual timescales (Nogueira Neto et al., 2018;

Foltz et al., 2013).

In previous heat budget studies around the world, the contributions of oceanic processes and

air-sea interactions have been investigated. Various examples are described in the following

paragraphs to evaluate the current knowledge of the drivers of SST variability.

The seasonal cycle of the equatorial mixed layer heat budget was investigated using a

numerical simulation of the tropical Atlantic (Peter et al., 2006), in which the SST balance

at the equator was reported to be due to heat gain by surface net heat fluxes and eddies,

and heat loss by vertical subsurface processes. Eddy heat transport has been shown to be

significant only within 5 degrees of the equator based on studies in the Pacific (Moisan and

Niiler, 1998; Hansen and Paul, 1984). Foltz et al. (2003) assessed the Atlantic seasonal cycle

at 15 °N 38 °W and found that in January and February, entrainment, the zonal component

of horizontal advection and eddy advection contributed to heat losses, whilst the meridional

advection contributed to heat gains in the mixed layer. The heat storage rate is between

−100W/m2 and −50W/m2 from January to February for this region, suggesting that

seasonal cooling dominates at this time of year. This is the same time of year as our

investigation, within 1 degree of latitude, but around 20 degrees to the east of our

investigation.
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Nogueira Neto et al. (2018) investigated the annual mean contribution of various processes

to the heat budget. Taking their box 1 region representing the NWTA (northwestern

tropical Atlantic), between 10 °N and 20 °N, west of 35 °W, they calculate the annual mean

contributions of surface fluxes (−21.2Wm−2), horizontal advection (1.65Wm−2), and

entrainment (−3.8Wm−2), yielding a residual of 17.7Wm−2 compared with the heat

storage value of −5.7Wm−2, with net surface fluxes the dominant contributor to heat

storage (Nogueira Neto et al., 2018). This study has a large residual which contains the

errors of the other terms in the heat budget and gives an idea for how well the budget in

this region can be closed on an annual time scale.

Whilst air-sea interactions dominate the heat budget across the NWTA on longer timescales,

I set out to ascertain if this relationship is sustained at sub-seasonal timescales. The data

used in this chapter are a combination of in-situ observations and reanalysis products. The

in-situ observations are from Caravela and the two Seagliders SG579 and SG637, as used in

chapter 4, with processing described in section 4.2.1. Wind speed is obtained from ERA5 as

described in chapter 4. I use the GLORYS12V1 reanalysis product to provide independent

mixed layer temperature and horizontal velocity estimates. GLORYS12V1 is an eddy rich

ocean reanalysis product at 1/12 ◦on 50 standard levels (E.U. Copernicus Marine Service

Information (CMEMS), 2023; Jean-Michel et al., 2021) (introduced in Section 2.5.2). This

dataset is henceforth referred to with the shorthand GLORYS. Conservative temperature

field from GLORYS surface data and observed surface data from our study are visible in

Figure 5.1.

5.2 Theory and Methods

In Chapter 4, processes contributing to the ocean mixed layer heat budget outside the net

heat flux were ignored. Here I consider said other processes. To do this with daily mean

values for entire days across all calculated terms, the study in this chapter is restricted in

time to 00:00 UTC 7th February to 24:00 UTC 15th February, or nine whole days in the

study site.

One method to investigate the surface heat balance is that of Wang and McPhaden (1999),

where the horizontal advection, entrainment and surface heat flux terms are compared with

the temperature tendency, with all other terms treated as components of a residual heat flux.

The advantage of using a residual term is that this includes accumulated errors of the other
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terms in the equation (Nogueira Neto et al., 2018) and is similar to the approach I took in the

previous chapter. In this chapter, I again take the approach of comparing the temperature

tendency to the heat budget with a residual, but this time with additional terms from the

ocean heat budget than in chapter 4.

Starting from Equation 1.3.2, simplify to the form

∂Ta

∂t
=

q0 − qpen
ρcph

− va · ∇Ta −
(Ta − T−h)

h
×
(
∂h

∂t
+ w−h

)
+R (5.2.1)

where R represents the residual in the budget closure due to the terms not represented and

the uncertainties in the calculated terms. It is common to simplify the ocean mixed layer

heat budget to focus on terms of interest within a particular study (du Plessis et al., 2022;

Liu et al., 2010; Dong et al., 2007). Using a residual allows one to also account for the terms

of equation 1.3.2 that are not explicitly calculated in a simplified form of the heat budget.

Reasoning for excluding terms from our Equation 5.2.1 are as follows. The velocity

temperature covariance term has been estimated to contribute less than 10% of other terms

in the heat budget equation (Swenson and Hansen, 1999), so I assume that this term is

negligible and can be ignored, in line with many other heat budget investigations (Wang

and McPhaden, 1999; Foltz and McPhaden, 2005; Hadfield et al., 2007). For the

entrainment term, the mixed layer depth tendency ∂h
∂t and vertical advection w−h terms can

be estimated with in situ observations, however I do not have the spatial resolution for the

v−h · ∇h component of entrainment representing lateral induction in our observations

alone. I therefore estimate the entrainment with the depth tendency and vertical advection

components, excluding lateral induction. The diffusion terms included in Equation 1.3.2

predominantly resolve eddy behaviour. Horizontal diffusion is assumed to have no

significant impact on the heat budget in the open ocean when the budget is undertaken

over a large area (30°–10°S, 100°–80°W) (Zheng et al., 2010) but can be locally significant in

eddy-rich areas like coastal upwelling regions (Kolodziejczyk and Gaillard, 2013). At the

scale of the observations collected in this study (9 whole days and 10 km), horizontal

diffusion due to eddies will be largely captured within the horizontal advection term

therefore I expect this term to be negligible. For the vertical diffusion or mixing term on

short time scales, diffusivity of temperature across the base of the mixed layer without

entrainment is likely a much smaller term than I am concerned with, especially on short

time scales and is thus neglected. For vertical heat transfer at the base of the mixed layer, I

estimate vertical entrainment and ignore vertical diffusion, assuming the entrainment
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calculations on such short timescales is capturing any heat exchange caused by vertical

diffusion. The temperature tendency term is the same used in Chapter 4 and is described in

Section 4.5.2 (Figure 4.21).

5.2.1 Horizontal Advection

Horizontal advection is the −(va · ∇Ta) term of the heat budget equation where va is the

horizontal velocity averaged between the surface and depth h and Ta is the ocean temperature

averaged between the surface and depth h.

Horizontal advection can be estimated from ocean reanalysis data, and the GLORYS

product was chosen for this purpose. I also attempt to utilise observations for the

calculation of advection, given the coverage of observations within the study site. I estimate

both the temperature gradients and velocities used to calculate advection from GLORYS

and observations, and describe each of the methods below. Positive values refer to

northwards and eastward movement when looking at temperature gradients and velocities.

The results of each method are visible in Figure 5.5 and the pros and cons of each discussed

in Section 5.10. Methods labelled T describe temperature gradient component calculations

and methods labelled V describe velocity term calculations. Due to large uncertainties with

observational determination of advection, ultimately the GLORYS based calculation

(methods T3 and V2) are used to represent advection in the final heat budget (Section 5.3),

with a comparison made to methods T2 and V2. Depending on the method used to

calculate each term of the horizontal advection, the resolution of the term will either be

hourly or daily.

Method T1: Observations from Caravela This method takes in-situ SST observations

from Caravela alone to determine daily temperature gradients across the study site. Usually

the temperature used in the horizontal advection calculation in mixed layer heat budgets

is the average mixed layer temperature. As vertical ocean profiles are not available from

Caravela , I use the near surface SST to estimate advection. The study site is divided into

four quadrants. The Caravela time series resampled to hourly medians to remove outliers

and for consistent temporal resolution with the glider data and ERA5. Each hourly Caravela

data point is assigned a quadrant based on the median location within said hour. The time

series of in-situ ocean temperature measurements is separated by quadrant in Figure 5.2 .

Using this time series, a daily mean ocean temperature was calculated for each quadrant

(Figure 5.2 panel b), as well as mean vessel location on each day (Figure 5.2 panels c and
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d). To calculate the temperature gradients, the site is split into halves, so each of dT
dx and

dT
dy have two estimates within the site. The north estimate is defined as Q2 − Q1, south as

Q4−Q3, east as Q2−Q4 and west as Q1−Q3. The temperature change is taken to be the

daily mean temperature difference between a given pair of quadrants. The distance needed

to calculate the gradient is calculated using the difference in daily mean longitudes in a pair

of quadrants for dT
dx and difference in daily mean latitudes in a pair of quadrants for dT

dy . To

obtain an overall dT
dx and dT

dy , an average of the two site half estimates is taken. For days

when Caravela did not enter a quadrant of the study site, no gradient has been calculated

for that half of the site and the daily average is taken to be the calculated value for other

quadrant pair in the site.



5.2 Theory and Methods 135

Figure 5.1: SST values in the EUREC4A study site between 6th and 16th February 2020. The
background contour shows conservative temperature from 0.494m depth level of GLORYS.
Observations are shown in circles with 0.5m depth values of SG579 (blue) and SG637 (green)
and the fixed depth CTD measurement from Caravela (red). Squares denote the daily average
for each platform. Values printed on each day are the max and min hourly observation in
the corresponding colour used for each platform.
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Figure 5.2: a) Time series of in-situ ocean temperature measurements from the Caravela
vessel, labelled by 00:00 hours on each day of 2020 (UTC). The study site and time series
are divided into and coloured by quadrants ((a) inset). b,c and d show daily mean values of
temperature, latitude and longitude respectively at 12:00 UTC of the relevant day.
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Method T2: Multi platform Observations This method takes observations from both

Seagliders and Caravela to determine hourly temperature gradients across the study site. In

method T1, using only Caravela data necessitates aliasing values at different points in the

diurnal cycle into the gradient calculation. By using Caravela and the Seagliders in T2, the

temperature gradient is calculated across data taken within the same hour bracket,

eliminating the problem of diurnal aliasing. In this method, I take the conservative

temperature of each platform to determine the temperature gradient. Conservative

temperature from Caravela has been calculated with the fixed absolute salinity value of

35.62 g/kg (the median salinity within the study site) to eliminate anomalous conservative

temperature values from salinity spikes. As I am using 3 moving platforms, the vessels are

unlikely to be orthogonal or aligned along the latitude and longitude axes for any hourly

measurement (see schematic Figure 5.3). To estimate temperature gradients whilst

accounting for the configuration of the three vessels, I follow the method of (Vijith et al.,

2020) in which the measured temperature differences ∆Ta,∆Tb between Caravela and a

glider are used to calculate the temperature gradients in x and y, and are given by

∆Ta = Ta − TCaravela =
∂T

∂x
∆xa +

∂T

∂y
∆ya (5.2.2)

∆Tb = Tb − TCaravela =
∂T

∂x
∆xb +

∂T

∂y
∆yb (5.2.3)

where a and b represent the two Seagliders respectively. ∆xa,∆xb and ∆ya,∆yb are

respectively the x and y components of the distances between glider a or b and Caravela .

Rearranging the above for a and b gives the temperature gradients in the form

∂T

∂x
=

∆Tb∆ya −∆Ta∆yb
∆xb∆ya −∆xa∆yb

(5.2.4)

∂T

∂y
=

∆Tb∆xa −∆Ta∆xb
∆yb∆xa −∆ya∆xb

(5.2.5)

It is these temperature gradients from equations 5.2.4 and 5.2.5 which are subsequently used

in the horizontal advection calculation.

Method T3: Reanalysis This method estimates daily temperature gradients from the

depth weighted mean of conservative temperatures derived from the GLORYS reanalysis
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Figure 5.3: Schematic to show how temperature gradients are calculated. Left is an example
of vessel locations SG579 (green circle), SG637 (blue circle), Caravela (red circle) for method
T2 (see text). Shading is used to give an example of an SST field in the background. Right
shows Caravela data (red) and GLORYS grid points (pink) for method T3 . For dT/dx,
locations identified with dotted lines are used, for dT/dy dashed line location are used. The
solid line around the centre GLORYS point is the location of velocity values used in V2.

product (Figure 5.3). ∂T
∂x and ∂T

∂y are calculated by taking the gradients in temperature

between two GLORYS grid locations in x and y and the distance between these grid points.

Method V1: Glider Surface Drift Between each profile, the Seaglider takes time to sit

at the surface to transmit data. As a buoyant platform, the Seaglider will drift during this

communications phase. This drift can be used as a proxy for the ocean surface currents.

The effect of winds on the drift of the glider should be minimal as only the antenna and

a small portion of the tail lies above the water, but stokes drift from surface waves may

affect the movement of the glider, and the surface current is not necessarily representative

of the mixed-layer average currents. The surface drift is estimated using the GPS location

at the end of the previous dive, just before the next dive and the time spent at the surface.

I assume linear travel between the two points on this short timescale of up to 15 minutes.

Glider surface drift values are timestamped at the start time of the drift. A daily mean of the

surface drifts is then used as a proxy for surface current velocity when calculating advection.

Method V2: GLORYS This method takes horizontal velocities u and v supplied directly

by GLORYS at the location closest to the centre of the study site, see bold outlined grid

point in Figure 5.3. I compare both the depth weighted mixed layer average velocities and

surface velocities in Figure 5.5.
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Figure 5.4: Schematic to illustrate the values used in the calculation of entrainment. t
represents two consecutive timesteps; Ta1 and Ta2 the mixed layer average temperatures at
each timestep; h1 and h2 the mixed layer depth at each time step, h1.5 the depth halfway
between h1 and h2 at which the entrained water temperature is found and ∆h the mixed
layer depth change.

5.2.2 Entrainment

The entrainment term formulation used in this mixed layer heat budget is − (Ta−T−h)
h ×(

∂h
∂t + w−h

)
, neglecting the lateral induction component as earlier described. I calculate

entrainment over each one hour time interval from time 1 to time 2. For this method,

the multiplier
Ta−T−h

h from equation 1.3.3 is replaced with
Ta1−T−h1.5

h2
. Using Ta1,the depth

weighted mean temperature at time 1 (explained schematically in Figure 5.4). T−h1.5 replaces

T−h, where T−h1.5 is the temperature interpolated at time 1 at the midpoint between the

mixed layer depths at time 1 and 2, i.e. the temperature at z = −h1.5 in Figure 5.4. This is

to represent the water that will be entrained within this time step. The divisor h is taken to

be the mixed layer depth at time 2, ie h2. The mixed layer tendency term ∂h
∂t is the difference

in mixed layer depth at each time step, where a positive value denotes a deepening of the

mixed layer. w−h is calculated by taking the change in depth within the time step of the

26 ◦C isotherm, which lies below the sub-surface temperature inversion. Without accounting

for vertical advection in this way, the entrainment term would be dominated by short term

depth fluctuations from internal tides.

There are arguments for and against the inclusion of detrainment (where the mixed layer
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becomes shallower) in the entrainment calculation. To exclude detrainment, when ∂h
∂t ≤ 0,

the entrainment is set to 0. Many papers take the approach that entrainment is an irreversible

process in both heat and salt budgets and so a value is only calculated when the mixed layer

deepens within a time step (du Plessis et al., 2022; Ren and Riser, 2009; Dong and Kelly,

2004). However Kim et al. (2006) outline the need for the inclusion of detrainment. Assuming

colder water lies below the mixed layer, mixed layer shoaling will typically cause slightly colder

water to be shed in the lower mixed layer due to a small vertical temperature gradient in the

mixed layer, causing the vertically-averaged mixed-layer temperature to warm slightly. In

the context of this study, the warmer water below the mixed layer will result in water shed

in detrainment being above Ta, thus cooling the mixed layer average temperature.

5.3 Results

5.3.1 Horizontal Advection

The first mixed layer heat budget term assessed is the horizontal advection using the

various methodologies described above. The temperature gradients and velocities calculated

according to each method are shown in Figure 5.5. The T1 and T2 temperature gradients

are much larger than that suggested by GLORYS. Concerns with method T1 diurnal cycle

aliasing lead us to calculate the budget with advection from GLORYS method T3 and

observational method T2. For the velocity component, the glider drift approximation differs

between the two gliders, with the offset in the u component increasing from the 10th

February. I am unable to explain or why this would have occurred as both gliders remained

in the study site. It is possible that glider 637 experienced more drift due to sitting

differently in the water, or it may be that courser measurements and GPS error contribute

to bigger discrepancy. The GLORYS product velocity is chosen for further analysis such

that a reliable mixed layer average velocity is used in the advection calculation. The results

that lead to these choices are described below. Horizontal advection over the whole study

site period is consistent between methods V2,T2 and V2,T3, indicating advection is being

well represented overall. At the daily scale, these methodologies differ, such that there is

room for improvement in higher resolution accuracy of temperatures and currents.

Figure 5.5d shows the ∂T
∂x values, with method T3 (GLORYS) have a mean gradient −1.9×

10−6 ◦Cm−1, and in the same direction for each studied day. In 5.5e, ∂T
∂y values from method

T3 have a mean of −9 × 10−7 ◦Cm−1 with temperatures warmer in the north 7th to 9th of
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Figure 5.5: Components of horizontal advection based on methods T1,T2,T3,V1 and V2
described in text. Differences in conservative temperature at the surface between platform
pairs (a). U (b) and V (c) components of horizontal velocity using method V1 with glider
579 (blue) and glider 637 (green). Method V2 takes GLORYS data at the surface (orange
solid line) and averaged over the mixed layer (orange dashed line) dT/dx (d) and dt/dy (e)
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horizontal advection from GLORYS, split into zonal and meridional contribution
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February and cooler towards the north thereafter. Meanwhile methods T1 and T2 change

temperature gradient direction day to day, but both T1 and T2 methods do agree on the

gradient direction apart from for ∂T
∂y on 10th February. The methods T1 and T2 however do

not typically agree with T3 in either magnitude or direction.

Method T1 gives daily estimates of temperature gradient in Figures 5.5 and 5.6. On 8th and

11th February, there are differences between ∂T
∂x calculated over the northern and southern

halves of the study site. Differences in sign of the east and west halves of the study site for

∂T
∂y occur on 10th February. On the 12th, 14th and 15th February, Caravela did not enter

one of the quadrants in the site, so the temperature gradients could not be calculated over

both halves. For all other days, the gradient direction is the same across both halves of the

study site. As Caravela travels round the bowtie shape, she always travels directly from an

east to west quadrant or vice versa. When looking at ∂T
∂y , this method means north to south

always involves transit through another quadrant first, for example Q1-Q3 involves Caravela

travelling through Q2 between Q1 and Q3. This additional time (between 5 and 8 hours

spent in Q2) means ∂T
∂y is aliasing the diurnal cycle and associated surface warming or cooling

between Q1 and Q3, as well as any advective process. The diurnal cycle and approximately

daily period of the route around the study site is responsible for differing signs found for

temperature gradient in the northern and southern half of the site on 8th February. For the

southern half of the site, the gradient captures the SST warming throughout the morning

across Q3 and Q4, leading to a positive ∂T
∂x . For the northern estimate, observations in Q1 and

Q2 on this day are almost 24 hours apart, such that the gradient captures the temperature

difference from one night to the next, during which time Caravela may have also crossed an

oceanic front. These differences in the temperature gradient across halves of the site are a

product of the sampling strategy. Because of this and diurnal cycle aliasing, I cannot further

use method T1 to reliably calculate temperature gradients for horizontal advection.

Due to the design of the deployment, method T2 had sampling issues which produced

erroneously large temperature gradients, as well as spiking in temperature gradient values

(Figure 5.7f,g). Anomalous values were as large as 0.001 ◦Cm−1, which is unfeasible based

on GLORYS temperature fields (Figure 5.1) . The campaign was designed such that the

timings of the platforms moving round the site would produce repeated right angled

triangles between platforms, however varying vessel speeds meant this did not occur as

often as expected in reality. Frequently there is unrealistic spiking in temperature gradients

when platforms were too close together, a pair of platforms was too close together in x or y

space or the angle between the three platforms was too small or large. To obtain a better
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07

Figure 5.6: Daily mean ∂T
∂x (top) and ∂T

∂y (bottom) over the study site, with an approximation
over each half of the study site (north,south,east or west half) and average of these halves.

estimate of the the temperature gradients from this method, the results had to be quality

controlled and I identified filters based on these three conditions (Figure 5.8). The angle

test was determined by taking the bearing from Caravela to each glider (between −180◦

and 180◦), taking the magnitude of the difference between SG579s and SG637s bearings and

correcting so this falls within the range 0◦-180◦. This angle is that formed from one glider,

to Caravela to the other glider. An example of an optimal orientation (Figure 5.8a) has ∂T
∂x

0.000 009 °Cm−1 of and ∂T
∂y of −0.000 003 °Cm−1. Meanwhile platforms alignment failing the

angle QC test (Figure 5.8b) have ∂T
∂x of 0.0001 °Cm−1 and ∂T

∂y of −0.0001 °Cm−1, over an

order of magnitude larger. After some experimentation with thresholds, QC was set as a

minimum area of triangle enclosed by the platforms of 3 000 000m2, at least 500m between

Caravela and a Seaglider in either x or y direction and the angle formed between both

gliders and Caravela between 15 ◦ and 165 ◦.

Figure 5.7 highlights the importance of mission planning, with much of the spiking behaviour

in ∂T
∂x and ∂T

∂y removed in panels g and h once I filter for platform position. However this does

leave no valid estimates of temperature gradient available on 11th or 12th of February and may

filter out important times when gradients and the associated horizontal advection were large.
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Figure 5.7: Temperature gradients and components of the calculation for method T2 (see
text). Distance from Seaglider SG637 (a) and SG579 (b) to Caravela where a negative
distance indicates the glider is south or west of Caravela . x components of distance are
given by a solid line and y component a dashed line. c) The angle formed between platforms
by going from SG579 to Caravela to SG637. d) The area of the triangle formed by the three
platforms if each platform is treated as a vertex. QC tests are shown in plots a,b,c,d as
grey regions, defined as (a,b); less than 500m between Caravela and a Seaglider in either x
or y. c); angle formed between both gliders and Caravela is not between 15◦ and 165◦and
d); minimum triangle area enclosed by platforms is 3 000 000m2. e) Shows Conservative
temperature measured by the three platforms with the Seaglider values being the 0.5 m
interpolated values after processing. f,g) Calculated temperature gradients dT/dx and dT/dy
with all data in grey (y-axis limits do hide some anomalous values) and values that passed
all QC tests in blue. Values that fail QC tests are those which fall inside grey regions in a-d.
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Figure 5.8: Examples of platform orientation within the study where a) desirable platform
orientation within study site, b) platforms forming a line rather than triangle, c,d) platforms
forming a triangle of small area.

For days with remaining estimates, the standard deviation is substantial. On 9th February

standard deviation is 2.1 × 10−5 ◦Cm−1 for a mean ∂T
∂x of 1.2 × 10−5 ◦Cm−1 and standard

deviation of 1.3× 10−5 ◦Cm−1 for ∂T
∂y , where the mean gradient is −1.3× 10−5 ◦Cm−1. It is

possible that adjustment of the QC thresholds will reduce the standard deviation and that

platform layout based errors have not been entirely removed, although the larger the QC

threshold, the more real data is also lost. I later calculate the heat budget with advection

from these T2 temperature gradients as a comparison to GLORYS, but acknowledge the

substantial uncertainty retained by using this method. Calculation of horizontal advection

with three platforms is certainly possible, but requires better pre-planning of the platform

orientation.

For the velocity components of the advection, Figure 5.5b,c shows the zonal and meridional

current velocities respectively. The surface and mixed layer average velocities for V2 are

visible in Figure 5.5b,c for comparison to the velocities derived from Seaglider surface drift V1.

In the meridional direction, the mean of daily velocities is 0.06m s−1 for SG579, 0.15m s−1

for SG637 and 0.04m s−1 for the surface level of GLORYS. In the zonal direction, the mean

of daily velocities is −0.21m s−1 for SG579, −0.41m s−1 for SG637 and −0.15m s−1 for the

surface level of GLORYS. The weighted mean mixed layer averaged velocities from GLORYS
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are −0.08m s−1 for the zonal component and the meridional component 0.05m s−1. The

average GLORYS surface velocities are consistent with the surface drifts calculated from

SG579 in method V1. Glider SG637 surface drifts have larger magnitudes, particularly in the

zonal component. Whilst it is unclear why the gliders are recording different surface drifts,

a hypothesis is that SG637 sat much higher in the water whilst on the surface, causing it

to experience a larger component of surface drift due to wind action than the other glider.

Correlation between daily ERA5 10 m wind and SG637 surface current is 0.33 for the v

component and −0.45 for the u component, which indicates wind may be partly responsible.

The directionality of SG637s surface drift is much less consistent than SG579 (not shown).

Another possible explanation is that GPS errors have compounded in SG637 surfacing to

give unrealistic drifts. The orange dashed lines in Figure 5.5b,c show velocities averaged over

the mixed layer from GLORYS data. In the zonal component of velocity, there is significant

shear within the mixed layer giving a mixed layer averaged zonal velocity around half that

of the surface current. As the advection should be calculated with a mixed layer averaged

velocity and there is velocity shear in this mixed layer, the glider surface drift will not be

an appropriate proxy for mixed layer averaged currents and so a weighted mean of GLORYS

levels is used to calculate advection within the study site.

The calculated time series of horizontal advection using methods T3 and V2, ie GLORYS

reanalysis, is shown in Figure 5.5f. The mean of daily horizontal advection for the nine entire

days spent at the site is −0.009 °C/day with standard deviation 0.017 °C/day. The mean

of the daily zonal components is −0.015 °C/day with standard deviation 0.009 °C/day and

the mean of the daily meridional advection component 0.006 °C/day with standard deviation

0.010 °C/day. According to GLORYS, horizontal advection is responsible for heat loss from

the study site for all days in the campaign except for 13th and 14th February, where the

meridional component of advection strengthens and the zonal component weakens compared

to previous days. Overall horizontal advection is responsible for heat losses in the mixed layer

heat budget in this study, such that heat entering the site through other processes is being

advected away.

5.3.2 Entrainment

For the entrainment term, I calculate the entrainment both including and excluding the

effects of detrainment (Figure 5.9). Cumulatively across the time spent in the study site, the

inclusion of detrainment accounts for 0.09 ◦C less warming of the mixed layer. The vertical
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velocity component of entrainment modulates the heat exchange, reducing the cumulative

heat gain to the mixed layer by 0.25 ◦C relative to an entrainment value based only on mixed

layer depth tendency. Whilst the entrainment term is commonly thought of as a cooling term,

the temperature inversion found below the mixed layer here results in entrainment of water

warmer than the mixed layer average temperature into the mixed layer, thus causing mixed

layer warming. When the mixed layer shoals and detrainment occurs, heat appears to be

lost from the mixed layer. As the detrainment term has a significant affect on heat exchange

within the entrainment process, I take the estimate of entrainment including detrainment to

calculate the heat budget.

The entrainment calculated here is particularly large. Assuming the entrained water

temperature is 27.3 ◦C, with the average mixed layer temperature 26.7 ◦C, the mixed layer

depth deepening from 46 m to 73 m and an average MLD of 60 m, the entrainment over the

nine days would be 0.27 ◦C, which is fairly close to the entrainment estimate in Figure 5.9.

The mixed layer deepens substantially (27 m) during the study with the entrained water

much warmer than the mixed layer Figure 4.9. The 26◦C isotherm oscillates down to 85 m

at the start of the time series, to 88 m at the end of the time series. Between the mixed

layer and the 26 °C isotherm on 7th February there is substantially more heat than by the

end of the time series. If all this heat entered the mixed layer that would lead to substantial

warming (as is assumed in entrainment calculation). In reality, the warm barrier layer may

have been mixed with water below or advected horizontally, where this possibility is

unquantified through neglecting lateral induction. Hence a large uncertainty and probable

large positive bias in the entrainment estimate in Figure 5.9.

5.3.3 Mixed Layer Heat budget

The GLORYS V2,T3 method of calculating advection combined with entrainment and

detrainment and the net surface heat flux gives the budget closure shown in Figure 5.10b

(brown line). The net heat flux and advection terms contribute to cooling of the ocean

mixed layer, whilst the entrainment contributes to warming the ocean mixed layer. We

assess the budget based on cumulative daily changes in temperature in the mixed layer

(Figure 5.10b and Table 5.1). Chapter 4 concludes that air-sea interactions (light blue line)

give a good estimate of temperature tendency (orange line) over the nine days spent in the

study site, with the net heat flux term leading to a 0.06 ◦C colder ocean than the

cumulative daily temperature tendency. When entrainment and advection are included as
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Figure 5.9: Time series of cumulative hourly temperature change in the ocean mixed layer
due to entrainment without detrainment (green) and entrainment with detrainment (blue)

Cumulative
temperature change

after nine days
◦C

Equivalent
heat flux
Wm−2

Residual ◦C
Residual
Wm−2

Temperature tendency -0.15 -47 - -

H. Advection -0.08 -25 - -

Entrainment 0.32 100 - -

NHF -0.21 -66 0.06 19

NHF + H. Advection
+ entrainment

0.03 9 -0.18 -56

Table 5.1: Summary of contribution to mixed layer heat budget of various budget terms
and total heat budget using the chosen calculation methods for advection (V2,T3) and
entrainment (with detrainment). Colours to cross refer to data plotted in Figure 5.10
are temperature tendency (orange), Horizontal advection (pink), net heat flux (light blue),
entrainment (dark blue) and the sum of advection from methods V2,T3, entrainment with
detrainment and net heat flux (brown) . The residual is the total temperature tendency
minus nine day accumulation of the heat budget approximation using net heat flux alone and
the sum of terms.
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Figure 5.10: Temperature change from time 0 (00:00:00 2020-02-07 UTC) due to each
component of the heat budget; Net heat flux with penetrative solar correction (light blue);
horizontal advection from methods T3 and V2 (pink); horizontal advection from methods
T2 and V2 (green) with missing values on 11th and 12th February replaced with those
from GLORYS advection; entrainment with detrainment (dark blue); temperature tendency
(orange). (a) hourly changes for all variables except horizontal advection, which are daily.
(b) cumulative sum of daily means the heat budget, with the sum of net heat flux, horizontal
advection from methods T3 and V2 and entrainment terms (brown) and sum of net heat flux,
horizontal advection from methods T2 and V2 and entrainment terms (turquoise). (c) mean
contribution to temperature change for each day inside the study site. X axis ticks denote
00:00 UTC of each day.

well as net heat flux, the accumulation until 15th February gives a total heat gain to the

mixed layer of 0.03 ◦C. The accumulation of temperature tendency within the mixed layer

shows a total change of −0.15 ◦C. The calculated heat budget has a total 0.18 ◦C more

warming than the observed temperature tendency; the difference is taken to be the residual.

The daily averaged contribution of each net heat flux term and the sum of these (Figure

5.10c, brown line) show that I cannot close the heat budget with these methods of

calculating advection and entrainment. The combination of net heat flux, advection and

entrainment shown has the opposite sign to the observed temperature tendency after nine

days. As was also seen with the heat budget and temperature tendency in Chapter 4, is not

possible to close the budget within any individual day and the sign of the heat budget often
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disagrees with the sign of the temperature tendency. It seems likely that the explanation for

the remaining discrepancy in the heat budget calculated here is that the entrainment term

is unrealistically large as described above, and the horizontal advection from GLORYS may

not be wholly accurate, discussed more in the next section.

5.4 Discussion and Conclusion

In Chapter 4, the mixed layer heat budget was closed to within 0.07 ◦C from the net heat

flux contribution. When the time series is reduced to the nine full days from the 7th to

15th February (inclusive), the net heat flux contribution to the mixed layer heat budget is

cumulatively 0.06 ◦C colder than the observed temperature tendency, equivalent to 19Wm−2

of unaccounted for heat transfer.In this chapter, I attempted to improve on this closure

by accounting for advection and entrainment, to address the final question of this thesis;

’Considering air-sea interaction and ocean processes, can we close the heat budget on a local

scale?’. I focussed on advection and entrainment terms as a similarly short heat budget study

found these to be important processes in closing the budget (Vijith et al., 2020). Advection

is likely to be important in our budget because fluctuations in the heat content on daily

timescales that cannot be explained by the net heat flux. The deepening of the mixed layer

throughout this study indicates entrainment may also be important because entrainment will

generate mixed layer warming in this region.

The advection calculated within this chapter contributes a sum total of −0.08 ◦C over the nine

days of the study, such that heat is advected out of the study site. This value of advection

comes from methods V2 and T3 such that the calculation is from GLORYS reanalysis data

but is a very similar value to the time-averaged V2,T2 value. Figure 5.3b shows that with

significant QC, observations of temperature gradients can be used to calculate the horizontal

advection and feed into the heat budget (turquoise line). There is variability in the turquoise

line budget on the 7th, 8th and 9th February, which is much larger than that in the brown

line heat budget (using advection with V2 and T3). From the start of the campaign until 9th

February, temperature variability between platforms (Figure 5.5a) shows differences in surface

temperatures on the order of 0.2 ◦C at different times in those first three days, suggestive

of a front being passed over by the vessels within the site. Between 9th and 14th February,

the temperature differences between platforms are greatly reduced and become consistent

across platforms. This indicates the temperature changes in the site after 9th February are

no longer dominated by crossing a ’feature’ within the site but by processes larger than the
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10 km scale of the observations.

There are two potential explanations for the difference in heat exchange captured in the

V2,T2 and V2,T3 horizontal advection on these first three days. The first is that despite the

high resolution and eddy rich nature of GLORYS, it is unlikely to fully resolve submesoscale

features. It is then possible that GLORYS will not be properly capturing the front passing

through the study site, reducing the magnitude of the temperature gradient and subsequent

heat exchange calculated in the mixed layer. This is supported by Figure 5.1 which shows the

daily GLORYS surface level SST, with hourly 0.5m glider temperatures and hourly Caravela

SST and daily means of the observations, where the gradients are not consistent with the

vessel observations on every day. From 10th to the 13th February, GLORYS also appears

cool biased compared to the vessel observations, indicating that GLORYS is not correctly

representing the temperature at high spatial resolution. The second possibility is that the

QC in the T2,V2 method eliminates some data, so may have obscured periods of strong

advection of one sign or another, potentially biasing the daily means. Whilst there are

evident discrepancies at the daily scale, over the nine day course of this campaign, horizontal

advection estimates from GLORYS and observations are broadly consistent, indicating that

horizontal advection is being represented accurately within this heat budget on the longer

timescale.

The entrainment term calculated in this chapter (Figure 5.9) is likely to be an overestimate

for the region. From the Seaglider temperature and salinity profiles of the top 75 m of the

study site (Figures 4.9 and 4.10), the subsurface warm layer below the mixed layer visibly

reduces in thickness and temperature throughout the study period, which indicates that some

of the water is likely entrained into the mixed layer. It is possible the subsurface temperature

maximum is mixed into the layer below or had been advected away from this region. Seasonal

decay of the BL is not occurring here as that would not be anticipated until March-April, and

would occur via shallowing of the ILD and MLD (Saha et al., 2021). I treat the estimates

of entrainment as upper bound on the plausible entrainment as the lack of accounting for

the third component of entrainment (lateral induction) is likely resulting in a positive bias

in the calculated heating due to entrainment. During periods of strong horizontal stirring,

lateral induction contributes significantly to the entrainment due to horizontal advection over

a sloping mixed layer base (Vijith et al., 2020). One could argue that the front crossed in

the site until 9th February is an example of where lateral induction would be important, and

may have contributed to the overestimation of entrainment.
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When assessing the heat budget including estimates of the effects of horizontal advection

and entrainment, the heat budget closes with a −0.18 ◦C residual after nine days, i.e. the

estimated sources of heat would lead to too much warming compared with the observed

temperature change. With a mean mixed layer density of 1023 kg/m3 and mean mixed layer

depth of 60m , this is equivalent to a −56W/m2 residual in the heat budget. The answer

to Question 4 of this thesis is that the local heat budget has been closed with a −0.18 ◦C or

−56W/m2 residual, over the short timescales and with the observational limitations of this

study. This closure is not an improvement on the air-sea interactions only closure of Chapter

4 and could be improved upon with better sampling strategy and spatial SST information to

inform the calculated ocean processes. The quality of the closure on a regional scale is sensitive

to the processes considered and at the daily scale, explicit consideration on submesoscale

processes may have benefitted this study.

Many studies investigate heat budgets around the globe; here I select two studies to compare

with. Nogueira Neto et al. (2018) assess the heat budget in a large region of the NWTA which

incorporates our study site. Vijith et al. (2020) look at the heat budget in the Bay of Bengal,

a similar tropical environment, over a similar timescale and with a similar observational

methodology to our study. I discuss each in turn.

Nogueira Neto et al. (2018) investigated the budget over a wider portion on the NWTA at

annual timescales using Argo data from 2007-2012, with ERA-Interim, NOAA Optimum

Interpolation Sea Surface Temperatures and two different current products ( Section 5.1 for

description of study region). Nogueira Neto et al. (2018) find and February mean surface

heat fluxes and entrainment contribute to heat losses from the mixed layer, while advection

contributes to heat gain to the mixed layer. Their February monthly mean surface flux is

approx −50Wm−2, and I find the observed contribution to be −66Wm−2. Their

temperature tendency is approx −30Wm−2 and mine −47Wm−2, such that our results are

broadly consistent in these two terms, but smaller in magnitude than Foltz et al. (2003). I

find the entrainment to be associated with heat gain up to 100Wm−2, whereas their

February mean is a heat loss less than −10Wm−2. Likewise our studies disagree of the

overall behaviour of advection, with my advection showing heat loss of −25Wm−2 and

theirs heat gain of approx. 10Wm−2 but do agree that the zonal advection component is

responsible for heat loss, as does Foltz et al. (2003). Seasonal variation in horizontal

advection between 2001 and 2004 at the NTAS buoy shows horizontal advection varies

month to month between heat gain and loss, but is always notably smaller than surface

fluxes (Foltz and McPhaden, 2005). Studies further east and south have drawn differing
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conclusions on the importance of horizontal advection (Foltz et al., 2003; Peter et al., 2006;

Yu et al., 2006; Giordani et al., 2013) and it appears the role of horizontal advection is

similarly debated in our study region. The residual from Nogueira Neto et al. (2018) is

10Wm−2 in February, much smaller in magnitude than in my budget. It is difficult to

determine exactly why the entrainment and advection for our studies differs so

substantially. A time series of MLD is not available in their study, but the long term mean

MLD from Argo for the region reaches maximum depths around 60 m over their box. If

their ML was not deepening, this could lead to the given near negligible entrainment

estimate. Unfortunately temperature profiles are also not available in their paper, so I

cannot ascertain whether they detected the sub surface temperature inversion associated

with barrier layers in the NWTA region, which leads to important ML warming in our

study. Over longer timescales, entrainment is described as a cooling contributor over

various tropical North Atlantic areas (Foltz and McPhaden, 2005; Nogueira Neto et al.,

2018). I show with this thesis, the assumption that entrainment is responsible for heat loss

must be applied with evidence and caution to the BL region of the NWTA. Overall we

agree that surface processes are the dominant heat budget driver. The disagreement when

quantifying the ocean processes lends evidence to the need for higher resolution spatial

sampling in the NWTA, to better understand short term horizontal advection changes and

further investigate BLs and their effect on entrainment.

Vijith et al. (2020) assess the heat budget in the Bay of Bengal and is relevant as a nine day

short term study. Vijith et al. (2020) observe differences between glider-based temperature

gradients and those from a ship’s underway CTD, as well as seeing a 0.5 ◦C warm bias of

their vessel observations compared to GHRSST (Group for High-Resolution Sea Surface

Temperature) remote sensing observations (Vijith et al. (2020) Figure 5). This bias is

thought to be due to aliasing of the diurnal cycle and cool skin SST measurements vs bulk

observations. I see offsets between our observations and GLORYS (see Figure 5.1, with our

observations warmer than Glorys by roughly 0.1 ◦C between 10th and 14th February) and

expect these offsets to be due to the same reasons given by Vijith et al. (2020). Quantifying

SST offsets is relevant in the case of a heat budget, as remote sensing or reanalysis SSTs

can be used to give the temperature tendency of a region to close a heat budget against.

Likewise using these products temperature gradient fields could introduce biases into

horizontal advection estimates if the SSTs are biased. In terms of the heat budget, their

entrainment term does contribute heat gain intermittently, up to approx 0.3 °C/day on any

single day, which is a larger daily heat gain that seen in this thesis. Their study and ours
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both see entrainment vary between contributing to both heat loss and heat gain of the

mixed layer at high temporal resolution. Horizontal advection in their paper is an

important ocean process which can contribute considerably to heat transfer within any

individual day (between −0.6 and 0.4 °C/day. Comparing with this study of similar

temporal resolution highlights the variability in all heat budget process at short timescales

and further highlights how in a surface flux dominant region, ocean processes can locally

dominate the budget within a day, which is important to understand when scaling up flux

parameterisations.

Because of the spatial distribution of the vessels within the study site, I was unable to calculate

advection without large uncertainties or the lateral induction component of entrainment,

affecting the ability to close the heat budget from observations. GLORYS reanalysis data does

not capture the short fluctuations in temperature likely due to small-scale ocean advection.

Ideally, these features would have been resolved by the observations, and if we had designed

the experiment such that the platforms always maintained a near-optimal configuration, we

may have been able to improve on the closure of the budget by including horizontal advection.

A longer timeframe would also improve this study, allowing the cumulative temperature

tendency and budget to be tested over a longer timescale and more robust assessment of

processes on the timescales of months to be investigated, which would also help comparability

of this study to monthly means in the regionally available literature.

To summarise, the ocean mixed layer processes calculated using the methods described in this

chapter do not close the heat budget over the nine days investigated, nor am I able to fully

explain the temperature tendency on any individual day with the net heat fluxes, advection

and entrainment. The entrainment contributes to warming of the ocean mixed layer whilst

the horizontal advection cools the mixed layer, such that these two processes in part cancel

each other out. This behaviour is inconsistent with larger scale heat budget studies in the

NWTA, highlighting the importance of smaller scale process studies in quantifying regional

processes and their potential for larger scale heat budget impacts. Overall the best closure

of the ocean heat budget comes from net surface heat fluxes alone, supporting the literature

that this is the dominant driver of the heat budget in the tropics.
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Conclusions

Figure 6.1: Schematic overview of the research contained within this thesis.

This thesis spans a wide arc, taking the challenge of quantifying air-sea interactions from

observations and approaching the problem both technologically and scientifically. Chapter 2

presented an overview of our use of Caravela to study air-sea interactions within the

EUREC4A campaign. That chapter looked at the Caravela USV system, where even five

years ago USV use for measurement of bulk air-sea flux variable was much less common. I

presented some cross validations of data and aimed to enhance awareness of the technology

and USV capabilities in the context of air-sea interactions. Chapter 3 took a more rigorous

look at Caravela as a vessel. I like to think of both chapters 2 and 3 as forming a

’cookbook’, a collection of recipes and pieces of advice for using the Caravela USV. I hope

using these chapters as a base will allow future vessel users to understand the evolution of
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Caravela , and be aided in navigating technological and data handling challenges associated

with deploying Caravela . Chapter 3 itself discussed validation of many of the sensors, as

well as specific problems overcome in data processing within the vessel architecture and in

post processing for the user.

Chapters 4 and 5 focussed on the results and analysis of Caravela data, with the intention of

closing a mixed layer heat budget to determine the dominant processes driving variability in

SST in this region. In chapter 4, I calculated the bulk air sea-heat fluxes with the COARE

3.5 algorithm (Fairall et al., 1996b) using Caravela observations and ERA5 winds. These

calculated fluxes were used to determine biases in ERA5 fluxes in the NWTA region. The

air-sea heat fluxes were further used to test heat budget closure of the ocean mixed layer. In

Chapter 5 I further investigated the mixed layer heat budget with the inclusion of horizontal

advection and entrainment, to determine what dominated heat transfer in the NWTA over

the nine whole days I observed at the site.

At the start of this thesis, I posed four research questions; the outcomes of these investigations

are discussed in turn below.

Can an adapted autonomous surface vessel provide a viable platform for air-sea interaction

studies?

The AutoNaut platform Caravela can be effectively used for studying mesoscale processes

and submesoscale ocean features, studying air sea fluxes and deploying a Seaglider to target

particular events of interest. Caravela was deployed on two large research campaigns,

EUREC4A and PICCOLO, and multiple short trial missions. With each time the Caravela

vessel was used, new discoveries were made about how to optimise use of the vessel for bulk

air-sea interaction studies. Across deployments, this included collaboration with AutoNaut

to improve data handling and accessibility, refine (and occasionally repair) the vessel and

upgrade and maintain sensors for optimal bulk flux calculation. While writing this thesis,

my feedback to AutoNaut has also enabled these upgrades to be achieved as part of their

continuous improvement. Specifically, I found an unpumped CTD experienced spiking in

conductivity observations with variable motion of the Caravela vessel, and so this was

replaced with a pumped CTD system. The bulk heat flux variables successfully observed by

Caravela include SST; humidity; air temperature and downwelling shortwave radiation.

Downwelling longwave radiation measurements were also successfully made, however with a

root mean square difference between Caravela and the Barbados Cloud Observatory of
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46Wm−2 whilst completing sections near to Barbados, which points to the Caravela sensor

needing recalibration. The vessel also successfully recorded data on ocean current velocities

via an ADCP, however the group did not have capacity to process this data within this

thesis time frame. Similarly the vessel is equipped to measure vessel-relative wind velocity

and did successfully collect observations, however practical and time and data handling

constraints meant these wind data were not further processed and used in this research.

Many of the sensors ran at the high frequency of 1 Hz, such that a wealth of data exists to

form the hourly averages used for comparison against ERA5 hourly resolution. Calculation

of air-sea bulk fluxes with observed variables is possible at hourly resolution, and could be

done to much higher temporal resolution if the observations are more rigorously quality

controlled by the user.

There are currently no standardised measurement or processing guidelines across different

USV types, so it can be difficult to directly compare vessels and their data output.

Saildrones are one example of a USV for scientific research. Whilst Caravela reports a

measurement at a repeated set frequency for each sensor, often 1 Hz, Saildrone takes a

different strategy of sampling for a given period then turning off the sensor for a given

period. For example their SST sensors run 2 seconds on, 2 seconds off (Gentemann et al.,

2020). It is important as the USV scientific user base develops, to encourage creation of

guidelines such that sampling strategies are clear and USVs inter-comparable. This

discussion point is much larger than Caravela , but there is progress being made by groups

like OASIS (Observing air-sea interactions strategy) (Cronin et al., 2023; Patterson et al.,

2025).

Overall, I have found Caravela to be a great asset for observational air-sea flux studies,

providing a reliable and user-friendly platform for investigating air-sea fluxes.

Are observational heat fluxes comparable to the global reanalysis product ERA5?

Observations from Caravela were supplemented with ERA5 10 m winds and used to

calculate bulk turbulent fluxes with COARE 3.5 (Fairall et al., 1996b) and bulk radiative

fluxes in Chapter 4. Upon comparison of bulk flux from observations to ERA5 fluxes, ERA5

was found to overestimate the magnitude of turbulent heat fluxes, such that they represent

too much heat loss to the atmosphere. ERA5 sensible heat flux was 5Wm−2 larger than

observations and ERA5 was 40Wm−2 larger for latent heat flux. Based on further analysis

of the bulk flux components, air temperature was found to be underestimated by ERA5 and

relative humidity derived from ERA5 2 m temperatures was on average 3.4% lower than
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observed humidity. A difference in the approximation between COARE3.5 and ERA5’s

transfer coefficients is though to play some role in the differences in fluxes, although the

magnitude of this component was not quantified. SSTs were underestimated on certain

days by ERA5 compared with observations. ERA5 uses SSTs from the OSTIA product as a

boundary condition, so whilst having differences in ERA5 and our SSTs could be

responsible for differences in the two fluxes, is not something directly resolvable in ERA5.

For the radiative fluxes, I found the longwave radiation observations made on Caravela had

an inconsistent offset for the Barbados Cloud Observatory observations and ERA5, such

that potential biases in ERA5 longwave flux could not be tested. However the shortwave

radiation measurements from Caravela allowed for calculation of an observed shortwave

radiative flux to compare with the ERA5 product. Using satellite images to visualise cloud

structure during the campaign, these observations support that ERA5 is overestimating

surface irradiance during cloudy conditions seen on 14th and 15th February, in agreement

with Urraca et al. (2018). The overestimate by ERA5 on these two days is 79Wm−2 and

43Wm−2 respectively. Assessment of irradiance over land in Urraca et al. (2018) indicates

biases in ERA5 are due to poor cloud prediction. The EUREC4A campaign (Bony et al.,

2017; Stevens et al., 2021) was based around improving the understanding of tropical

clouds, where results from EUREC4A indicate that models misrepresent shallow trade

cumulus cloud feedback due to the relative dependence of cloudiness on mixing and

humidity and note an 8% underestimate of relative humidity in ERA5 compared to

dropsonde observations at 850 hPa (Vogel et al., 2022). The results of this thesis in terms of

surface relative humidity being underestimated by ERA5 may then be of relevance to

improving cloud parameterisations, but this would need further independent study. Based

on the identified biases in ERA5, an optimal representation of the local net surface fluxes

was chosen using observations from Caravela for shortwave and turbulent heat fluxes, with

longwave fluxes from ERA5. The optimal net heat flux was compared with daily averaged

heat fluxes from the ERA5 product. ERA5 both over- and underestimated daily net heat

flux compared with observations. Mean daily net heat flux from ERA5 lost 30Wm−2 more

heat to the atmosphere than our optimal estimate could account for.

Let us discuss the last two questions in tandem:

How well do observed surface processes alone close the heat budget?

and

Considering air-sea interactions and ocean processes, can we close the heat budget on a local

scale?
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One must start by highlighting how these answers are very dependent on the scope of the

question asked. When the heat budget closure is approached on daily or at hourly scales, it

becomes difficult to close the budget without explicit consideration of submesoscale processes

and resolving all processes in the heat budget equation. However, if the budget closure is

assessed over a longer time scale, i.e. the time spent in the study site from 6th to 16th

February 2020, the heat budget can be closed to a much better extent under this thesis’

methodology. In Chapter 4, I found that the heat budget closes remarkably well considering

surface heat fluxes alone. Over the cumulative time spent in the study site from 6th February

12:30 UTC to 16th February 08:30 UTC, the net heat flux term closes the heat budget

with a 0.07 ◦C residual. Surface heat fluxes alone are able to provide a good closure of the

heat budget in the NWTA and shortwave and latent fluxes are the dominant driver of SST

evolution, in agreement with Foltz et al. (2003). If I include estimates of advection and

entrainment in the ocean heat budget and take the nine whole days spent in the study site

from the 7th February to 15th February, the closure of the mixed layer heat budget becomes

notably worse than with heat fluxes alone. The residual in this circumstance is −0.18 ◦C, such

that this formulation of the ocean heat budget inputs too much heat into the mixed layer.

There are multiple factors contributing to the residual being much larger with the additional

budget terms. In part, it is due to the uncertainty in the heat budget calculation, where the

inclusion of horizontal advection and entrainment brings additional uncertainties. Another

reason for the large residual could be the methodology used for calculating the entrainment

term, where the lateral induction component is neglected. Lastly the choice of GLORYS data

fields could be contributing to the poor closure. As we are working at the limit of GLORYS

resolution, it is possible that the temperature and velocity fields are a poor representation of

the region at this scale. This study highlights the importance of targeted mission planning for

an observational campaign to ensure reliable estimates of the ocean heat budget can be made

from observations alone. Overall we are able to close the heat budget with a reasonably small

residual when only considering the net heat flux contribution. Whilst it is possible to close

(within uncertainties) an ocean mixed layer heat budget from observations (Vijith et al.,

2020), in this thesis’ particular campaign the sampling strategy prevented budget closure

through spatial-temporal aliasing and spatial coverage constraints.

To summarise in the context of existing literature, the mean air-sea heat fluxes calculated

in Chapter 4 are sensible 4Wm−2; latent −181Wm−2; shortwave 197Wm−2 and longwave

−17Wm−2. This sensible flux is comparable to −6.6Wm−2 of Iyer et al. (2022) and

−7Wm−2 of Bigorre and Plueddemann (2021) however this thesis finds a larger magnitude
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of latent flux than −157Wm−2 from Iyer et al. (2022) and −170Wm−2 from Bigorre and

Plueddemann (2021). Bigorre and Plueddemann (2021) results are from February average

fluxes from 2001-2012 using NTAS buoy data and Iyer et al. (2022) January - February

2020. Differences between studies are likely due Iyer et al. (2022) being over a larger and

more easterly area, and spatial differences from (Bigorre and Plueddemann, 2021), where

SSTs in these two studies may be cooler than our study site. Within this thesis, I find the

dominant flux processes are shortwave and latent fluxes in alignment with Bigorre and

Plueddemann (2021). Importantly these flux similarities to other studies justify our

conclusions that ERA5 contains regional biases which should be more widely investigated.

For the heat budget of Chapter 5, the literature pointed to the importance of air-sea fluxes

and/or horizontal advection on various timescales across the North Atlantic (Foltz et al.,

2003; Foltz and McPhaden, 2005; Nogueira Neto et al., 2018). Consistent with the literature,

I found air-sea fluxes to be the dominant process, in this case at short (days to weeks)

timescales. I also identified horizontal advection to play an important role at short timescales

(days). In the NWTA February mean, Nogueira Neto et al. (2018) identified entrainment as

a near zero contributor to the heat loss and advection a contributor to heat gain. Both terms

were small compared with surface fluxes. I find advection to play a larger role −25Wm−2 of

the opposite sign to their roughly 10Wm−2 heat gain from advection. They also identified

the entrainment as a small cooling process, whereas our small scale study in the NWTA

identifies entrainment as an important warming process of up to 100Wm−2. This is due to

the subsurface temperature inversion identified within the ocean barrier layer of the study

site. Whilst the exclusion of the lateral induction component of the entrainment suggests that

entrainment is likely to be smaller than 100Wm−2, the sign and magnitude of entrainment

are still significantly different from Nogueira Neto et al. (2018). The results of this thesis

shows the importance of accurately representing ocean barrier layers of the NWTA (Mignot

et al., 2007, 2012) as ocean barrier layers have the potential to significantly change local heat

content through entrainment of localised temperature inversions. It also highlights the need

for more short timescale observational campaigns, as comparing a short study with a longer

or larger spatial study limits the comparability of the work. Small regional processes cannot

necessarily be assumed to be the same at different locations, so more observations of this

nature are vital.
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6.1 Future work

6.1.1 Caravela

Throught the time spent on this work, there were a wide range of ideas and potential

improvements that were imagined for Caravela . As a starting point for the next

researchers who work with it, I include a summary of ideas and lessons that did not come to

pass within the scope of this thesis.

The biggest upgrade made to Caravela after lessons learnt from the EUREC4A deployment

was the inclusion of a new GNSS system for better heading, pitch and roll information, for

pairing with the ADCP. The first recommendation for a future user would be investigation

into the data output of this system. As described in Chapter 3, data parsing from this vessel

is often non-trivial. Whilst we have previously identified concerns with matching data from

various sensors by timestamp, it is thought that this issue has now been rectified by the

manufacturer and should not pose an issue with the PICCOLO dataset.

The next significant physical difference in the sensor package is the upgrading of the CTD to

a pumped system. This system was tested in the 2022 trials and so the sensor is known to

have produced data in advance of the PICCOLO 2024 deployment, however the data have not

been validated. A recommendation before future use would be comparison of the Caravela

vessel CTD with near surface data from the RRS Sir David Attenborough in the PICCOLO

project, to ensure there are no offsets in the data. It is good practice to have an independent

calibration for as many sensors as possible on any future deployment ,as well as ensuring

post-deployment calibrations are undertaken to quantify sensor drift..

An area that would benefit the future user were it to be improved would be refining the data

process such that the heading, pitch and roll are matched to the vessel relative wind and

ADCP data by timestamp, such that these can be corrected and true currents and winds

easily accessed by the end user. Developing code to automate this would be the preferable

option, either to real time correct the the wind data or correct both in post processing.

During the time it has taken to produce this thesis, advances have been made in understanding

quality control on moving platforms. Within the scope of this thesis, data were reduced to

10 minute medians in an effort to remove outliers whilst preserving high temporal resolution.

Whilst taking 10 minute medians will have eliminated the majority of anomalous data points

collected by Caravela , a QC process for each variable will give further insight into the effects
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of the vessel itself on measurement acquisition as well as improving data quality for scientific

use. For example, it is known that platform movement introduces spurious variability into

observations of downwelling shortwave radiation (Long et al., 2010; Riihimaki et al., 2024).

For Caravela , at 45° roll, the uncertainty in the shortwave fluxes is +/- 2 % (approximately

20Wm−2 at peak insolation) (APOGEE INSTRUMENTS, INC., 2018). Pitch and roll values

were far less than this (typically -10 to 15 degree pitch, -25 to +25 degree roll), and taking

median values will have eliminated most of this variability. Therefore, I expect that the

uncertainty introduced by the pitch and roll will be far less than the theoretical maximum

of 20Wm−2 for any 10-minute median value, so this uncertainty will not have affected our

conclusions pertaining to the shortwave flux biases in ERA5. However, to produce the most

accurate shortwave observations, especially at high temporal frequency, I suggest following

the recommendations of Riihimaki et al. (2024) and methodology of Long et al. (2010).

The Caravela vessel could additionally be enhanced in numerous ways. Firstly she would

benefit from a power system upgrade. It is possible to greatly increase the battery storage

capacity with the use of modern lithium ion batteries within the same footprint in the hull

as the current battery array. This, paired with upgraded solar panels which sit curved on

the hull surface to increase absorption and decrease panel heating would further increase

energy availability for the science and system payloads. With an increased power set up, it

would be possible to implement a Starlink antenna onto the vessel, such that the vessel

systems and individual sensor data streams could be viewed by remotely accessing the

Caravela system. Under the current set up, a limited selection of the sensor data involved

in navigation and system monitoring can be accessed over Iridium, but the individual sensor

outputs are not accessible. Other than power consumption to check a sensor is running, it is

also not currently possible to monitor the sensor data outputs or retrieve data from some of

the sensors during the deployment. Remote access into the Caravela PC system would

greatly enhance operational capabilities. Access to the vessel systems allows data output to

be checked to ensure there are no sensor drifts or errors, almost in real time. This is a

substantial advance on waiting for vessel recovery to access most of the data in the current

set up, and reduces the risk of data loss in the unfortunate event of vessel loss. Increased

power capacity in the vessel also allows for the possibility of a camera for additional safety

checks when being remotely piloted, which could help the vessel to comply with evolving

safety requirements during deployment.
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6.1.2 Heat fluxes and budgets

The heat budget yielded a residual, calculated to be −0.18 ◦C for the cumulative heat budget

from 7th February 2020 to 15th February 2020. This residual accounts for terms omitted from

the budget calculations made in this thesis and the uncertainty in the calculated terms. Let

us first consider uncertainties. With observations of this type, it is difficult to resolve exactly

how large the uncertainty in each term may be. In this circumstance, uncertainties consist not

only of known measurement uncertainties but also unknown instrument biases (downwelling

longwave offset), uncertainties in measurements due to vessel motion and sensor drifts due

to time since last calibration, bio fouling and salt build up. Sampling uncertainties are also

introduced in some terms, for example the horizontal advection surface drift where QC issues

and GPS error may be affecting the values calculated. Mixed layer depth is also an important

definition in a mixed layer heat budget, but the depth calculated is dependant on which of

many methods one chooses to use, and there is temporal and spatial variability to consider

in the calculated MLD. None of these quantities have a perfect ground truth observation

available, so it is not possible to know all of these errors. Because of these difficulties, I

do not explicitly resolve an uncertainty value for each air-sea flux or heat budget process

within this thesis and instead choose to follow the approach of others (du Plessis et al.,

2022) in having the uncertainty included in the residual. Were one to attempt to resolve the

uncertainty in a measurement, an approach could be to take the uncertainty or accuracy for

each of the sensors to determine an upper and lower bound on each of the bulk flux variables,

however these measured uncertainties are likely a small component of the overall error. In the

event of calculating uncertainties, they should be expressed as RMSE such that the total error

is the square root of the sum of individual RMSE’s squared. Quantifying the uncertainty in

the heat budget components in this way would help to validate the heat budget closure and

understand how much of the residual could be due to uncertainties.

For the entrainment and advection terms calculated in the heat budget, I earlier (Chapter 5)

alluded to the sampling strategy and calculation of these terms playing a role in worsening the

budget closure. To effectively calculate the temperature gradients between the three platforms

for calculating the horizontal advection, the platforms must meet the conditions on each pair

being spread out in latitude and longitude, the area of the triangle between the platforms

being adequately large and the platform ideally forming a right angled triangle, but certainly

not a line. Generally having a large triangle area forces the other conditions to be met

too. Within this study, I was bound by the constraints of the bowtie sampling strategy and
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the effects of this were only realised during calculation of the temperature gradients needed

for the advection term. Often the platforms were in a non-optimal arrangement, leading

to unrealistic temperature gradients between platforms. Was I to address the question of a

regional heat budget again, I would suggest using a fixed triangular arrangement of Seagliders

with high vertical resolution in the top 50 m to calculate the ocean heat budget. Using

Seagliders ensures data is retrieved during the campaign, which is not possible when using

the alternative method of a mooring. Also the vertical resolution is higher with a Seaglider

than with a mooring. In a region such as the NWTA, the mixed layer depth is variable within

a day. The cost of a mooring with vertical sensor spacing high enough to resolve this MLD

variation is not viable when Seaglider are available as an alternative. As well as three point

locations, an additional surface vessel could then complete a bowtie pattern at the same

location to cross submesoscale features which could be missed by a fixed arrangement of

Gliders/moorings, and better investigate the ocean heat budget at daily timescales. In terms

of the entrainment calculation, improving the sampling strategy as described above would

also provide the spatial coverage to calculate the lateral induction component of entrainment.

Given the deepening of the mixed layer in the observed timeseries and evidence in GLORYS

that there is spatially variant in depth temperature inversion below the mixed layer, the

inclusion of lateral induction may reduce the entrainment calculated in Chapter 5 and thus

reduce the residual, further improving the budget closure.

The penetrative shortwave radiation is another term in the heat budget that may have been

affected by our choice of calculation method. One of the Seagliders did make chlorophyll

measurements during the EUREC4A campaign. It would be interesting to process these

and recalculate the Qpen term according to a chlorophyll concentration methodology (Morel,

1988; Giddings et al., 2020, 2021), to see if the penetrative flux differs significantly from

our estimation. Alternatively, PAR observations were made by SG579 and Qpen could be

calculated according to the methodology of Lotliker et al. (2016).

One could also consider the possible contributions of omitted terms from our budget and

uncertainties to this residual. For the vertical mixing term, Sheehan et al. (2023) studied

the same location as our study site, a few weeks prior to our research. They calculated an

average vertical heat flux of −1.4Wm−2 between 200-500 m depth. The shear sensor failed

during this campaign so turbulence estimates were made from temperature microstructure.

With the two methodologies they used, one discarded turbulence above 75 m and the other

discarded many near surface bins in QC, such that I cannot confidently use their analysis to

inform us about mixed layer specific turbulence. There is a profile available from Fernández-
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Castro et al. (2014) in the NWTA which indicates a mixed layer average rate of turbulent

kinetic energy (ϵ) value of around 10−8Wkg−1 and diapycnal diffusivity of 10−3m2 s−1. I

had hoped to estimate the vertical mixing component of the heat budget from the Seaglider,

and if the campaign would be repeated, I would have liked to have deployed this glider for

the same time period as the rest of the study with working microstructure shear probes.

The last suggestion for furthering this work would be running a 1-D mixed layer model,

initialised with a glider T-S profile from the start of the time series and forced with wind

observations from Caravela (were they obtained) or ERA5 winds in the case of this particular

study. The heat fluxes from Chapter 4 would be applied as surface forcing to the model. This

will test if SST and MLD evolution is consistent with being forced by surface fluxes of heat

and momentum, as implied by the Chapter 4 heat budget. This would allow vertical mixing

and entrainment to be simulated in the model, and could rule out the possibility of ML

deepening being locally driven by the mixing, helping to clarify the processes behind the

observed heat exchange.

6.2 Broader Implications of this thesis

6.2.1 Air-sea interactions and heat budgets

Air-sea interactions and ocean heat budgets are important for understanding the amount of

heat exchanged by air-sea fluxes, as well as horizontal and vertical ocean processes. These

processes in turn drive changes in SSTs at a range of timescales, which have significant

climate implications. Improving the accuracy of SSTs at finer spatial and temporal

resolutions may aid in better representation of atmosphere-ocean coupled phenomena in

climate models as models begin to resolve rather than parametrise eddies and submesoscale

processes. Open questions remain about whether mesoscale and submesoscale variability

matter for air-sea heat and moisture fluxes. Only by investigating fluxes at these scales and

quantifying the associated biases in reanalysis can one test whether explicitly resolving

these small scales can improve the global budget closure. Within this work, I find even

within the 1/12 ◦resolution of GLORYS, the small scale variability seen in our observations

is not resolved in the GLORYS product, and GLORYS mixed layer depths are not

consistent with those from observations. The results of this thesis would be useful in

improving models and reanalysis products on small spatial scales, leading to further

investigations on whether these small spatial biases compared with observations aided in
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global budget closure. At the smaller spatial and temporal scale of this thesis, the

conclusion around the dominance of air-sea fluxes and importance of horizontal advection

and entrainment at daily scales is a useful result for climate modellers and flux products.

The wider implication for the ERA5 product could be improved parameterisations of

tropical fluxes, particularly radiative fluxes, which have the potential to improve global

budget closure. From the wider EUREC4A project to which this thesis contributes,

improvements in tropical cloud modelling have the potential to improve global radiative

heat budgets.

6.2.2 USVs

Marine autonomy is a growing industry with the potential to impact multiple sectors.

Within the scientific sector, the growth in uncrewed surface vessels brings alongside the

potential for direct observation of extreme weather events including tropical cyclones

(Lenain and Melville, 2014), volcanic activity (Tada et al., 2024) and hurricanes (Foltz

et al., 2022), providing new insights that would not be available with conventional ship

observations. Improvement in USVs and developments in interoperability with other vessels

expands the potential capabilities of the ocean observing network. It is probable that the

future of ocean observations involves a range of surface and underwater platforms

communicating with one another in ways which optimise data return in real time. This

thesis took the Caravela vessel and showed that with a basic QC regime of reducing data to

10 minute medians, it is possible to validate and bias test the ERA5 reanalysis product over

short spatial scales. This result could have much wider global implications, where USVs

could be used in the same way to bias test other important and difficult to quantify regions

like the poles. The continued advancement of USVs, the systems and sensors could lead to

longer endurance times as battery and solar panel technology develops, further enhancing

out ability to leverage USV technology for efficient and climate friendly ocean monitoring.

USV deployments of a few months are realistic achievements, particularly in lower latitudes

with solar powered vessels. This could again bring valuable opportunity to increase ocean

observational density in important tropical and subtropical regions. Whilst the scope of this

thesis only begins to tackle the development of USV use for air-sea interactions, it is hoped

that both the technical and scientific learnings about the Caravela USV contribute to the

foundational knowledge for the future advancement of USV technology.
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Appendices

A.1 Publications in this thesis

Chapter 2 includes the publication ’First measurements of ocean and atmosphere in the

Tropical North Atlantic using Caravela, a novel uncrewed surface vessel’ (Siddle et al.,

2021). The contributions to this paper were as follows Elizabeth Siddle: Data curation;

formal analysis; investigation; methodology; validation; visualization; writing-original draft;

writing-review and editing. Karen Heywood: Conceptualization; investigation; project

administration; resources; supervision; writing-review and editing. Benjamin Webber:

Investigation; project administration; supervision; writing-review and editing. Peter

Bromley: Supervision; writing-review and editing.

A.2 Software

This thesis used the standard Python library and the following additional packages

pandas (McKinney, 2010)

xarray (Hoyer and Hamman, 2017)

Cartopy (Met Office, 2010)

metpy (May et al., 2022)

pynmea2 (Knio, 2023)

numpy (Travis E. Oliphant, 2006)

matplotlib (Hunter, 2007)

Seaborn (Waskom, 2021)
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cmocean (Thyng et al., 2016)

cmcrameri (Crameri, 2023)

Gibbs sea water (McDougall and Barker, 2011)

geographiclib (Karney, 2022)

scipy (Virtanen et al., 2020)

tqdm (Costa-Luis et al., 2024)

sklearn (Pedregosa et al., 2011)

The UEA Seaglider toolbox was used for processing of Seaglider data, UEA Seaglider toolbox

commit version 3f16640, available from

https://bitbucket.org/bastienqueste/uea-seaglider-toolbox/src/toolbox/.

Version 3.5 of the COARE algorithm was used in python (Fairall et al., 1996b, 2003; Edson

et al., 2013).

GSHHG Global Self-consistent Hierarchical High-resolution Geography, GSHHG Version

2.3.7 June 15, 2017 shorelines were used in figures. Wessel, P., and W. H. F. Smith, A

Global Self-consistent, Hierarchical, High-resolution Shoreline Database, J. Geophys. Res.,

101, 8741-8743, 1996 [PDF]., data accessed via cartopy python package. (Wessel and Smith,

1996).

This thesis used GEBCO bathymetry data (GEBCO Bathymetric Compilation Group,

2020)

The World Ocean Atlas 2023 was consulted during creation of this thesis Reagan et al. (2023,

2024).

https://www.soest.hawaii.edu/pwessel/gshhg/Wessel+Smith_1996_JGR.pdf
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Glossary

B.1 List of Acronyms

20CR Twentieth Century Reanalysis

AIS Automatic Identification System

ATOMIC Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction Campaign

AUV Autonomous Underwater Vehicle

BCO Barbados cloud observatory

BL Barrier Layer

BOMEX Barbados Oceanographic and Meteorological Experiment

CERES Clouds and the Earth’s Radiant Energy System–Energy Balanced and Filled

CFSR Climate Forecast System Reanalysis

CT Conductivity, Temperature

CTD Conductivity, Temperature, Depth

DWL Diurnal Warm Layer

ECMWF European Centre for Medium-Range Weather Forecasts

ERA-20C European Centre for Medium-Range Weather Forecasts Twentieth Century

ERA-Interim European Centre for Medium-Range Weather Forecasts Interim

ERA5 European Centre for Medium-Range Weather Forecasts Fifth Generation

ESDIS Earth Science Data and Information System
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EUC Equatorial Undercurrent

EUREC4A Elucidating the Role of Cloud-Circulation Coupling in Climate

GHRSST Group for High-Resolution Sea Surface Temperature

GOOS Global Ocean Observing System

GPCP Global Precipitation Climatology Project

ILD Isothermal Layer Depth

ITCZ Inter Tropical Convergence Zone

JRA-55 Japanese 55-Year Reanalysis

MERRA Modern-Era Retrospective Analysis for Research and Applications

ML Mixed Layer

MLD Mixed Layer Depth

NASW North Atlantic Subtropical Water

NBC North Brazil Current

NCEP National centre for Environmental Prediction

NEC North Equatorial Current

NECC North Equatorial Counter Current

NEUC North Equatorial Undercurrent

NOC National Oceanography Centre

NWTA Northwestern Tropical Atlantic

OAFlux–1x1, 1 ◦gridded Objectively Analyzed Air–Sea Fluxes

OAFlux–HR3 high-resolution (0.25 ◦gridded) Objectively Analyzed Air–Sea Fluxes

analysis computed from Coupled Ocean–Atmosphere Response Experiment (COARE)

version 3

OAFlux–HR4, high-resolution (0.25 ◦gridded) Objectively Analyzed Air–Sea Fluxes

analysis computed from Coupled Ocean–Atmosphere Response Experiment (COARE)

version 4
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OASIS Observing Air–Sea Interactions Strategy

OSTIA Operational Sea Surface Temperature and Ice Analysis

PICCOLO Processes Influencing Carbon Cycling: Observations of the Lower limb of

the Antarctic Overturning

QC Quality Control

SAMS Scottish Association for Marine Science

SST Sea Surface Temperature

STUW Subtropical Under Water

TOGA COARE Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere

Response Experiment

TNA Tropical North Atlantic

UEA University of East Anglia

USV Uncrewed surface vessel

B.2 List of Symbols

Qsen sensible heat flux

Qlat latent heat flux

Qsw net shortwave flux

Qlw net longwave flux

Q0 net heat flux

Qpen penetrative shortwave heat flux

q−h diffuse heat flux at depth h

ρair density of air

ρ density

cp specific heat capacity

CH sensible heat transfer coefficient
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CE latent heat transfer coefficient

S wind speed with respect to the ocean surface current

T temperature

Ts sea surface temperature (SST)

Tair air temperature

Tskin ocean skin temperature

Ta ocean temperature averaged between depth 0 and h

T−h1.5 temperature interpolated at time 1 at the midpoint between the mixed layer

depths at time 1 and 2.

T̂ deviation from the vertically-averaged temperature

T−h temperature at depth h

Lv latent heat of evaporation

qair specific humidity

qs saturation humidity at the SST

SW ↓ downwelling shortwave radiation

α albedo representing ocean surface reflection

ϵ surface emissivity

σSB Stefan-Boltzmann constant

LW ↓ the downwelling longwave radiation.

h depth

h1 depth at timestep 1

h2 depth at timestep 2

t time

∂Ta
∂t temperature tendency

va horizontal velocity averaged between depth 0 and h
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v̂ deviation from the vertically-averaged horizontal velocity

v−h horizontal velocity at depth h

w−h vertical velocity at depth h

kx,y horizontal diffusion coefficients

kz vertical diffusion coefficient

R Residual

SA Absolute Salinity

Θ Conservative Temperature
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Böning, C. W. and Herrmann, P. (1994) Annual Cycle of Poleward Heat Transport in the

Ocean: Results from High-Resolution Modeling of the North and Equatorial Atlantic,

Journal of Physical Oceanography, 24(1): pp. 91–107, ISSN 0022-3670, 1520-0485, doi:

10.1175/1520-0485(1994)024⟨0091:ACOPHT⟩2.0.CO;2.

Caccia, M., Bono, R., Bruzzone, G., Spirandelli, E., Veruggio, G., Stortini, A., and

Capodaglio, G. (2005) Sampling sea surfaces with SESAMO: an autonomous craft for the

study of sea-air interactions, IEEE Robotics & Automation Magazine, 12(3): pp. 95–105,

ISSN 1558-223X, doi:10.1109/MRA.2005.1511873.

Cai, W., Wu, L., Lengaigne, M., Li, T., McGregor, S., Kug, J.-S., Yu, J.-Y., Stuecker,

M. F., Santoso, A., Li, X., Ham, Y.-G., Chikamoto, Y., Ng, B., McPhaden, M. J., Du, Y.,

Dommenget, D., Jia, F., Kajtar, J. B., Keenlyside, N., Lin, X., Luo, J.-J., Mart́ın-Rey,

M., Ruprich-Robert, Y., Wang, G., Xie, S.-P., Yang, Y., Kang, S. M., Choi, J.-Y., Gan,

B., Kim, G.-I., Kim, C.-E., Kim, S., Kim, J.-H., and Chang, P. (2019) Pantropical climate

interactions, Science, 363(6430): p. eaav4236, doi:10.1126/science.aav4236.

Centurioni, L. R., Turton, J. D., Lumpkin, R., Braasch, L. J., Brassington, G. B., Chao, Y.,

Charpentier, E., Chen, Z., Corlett, G. K., Dohan, K., Donlon, C., Gallage, C., Hormann,

V., Ignatov, A., Ingleby, B., Jensen, R. E., Kelly-Gerreyn, B. A., Koszalka, I. M., Lin,



178 Bibliography

X., Lindstrom, E., Maximenko, N., Merchant, C. J., Minnett, P. J., O’Carroll, A. G.,

Paluszkiewicz, T., Poli, P., Poulain, P.-M., Reverdin, G., Sun, X., Swail, V. R., Thurston,

S. W., Wu, L., Yu, L., Wang, B., and Zhang, D. (2019) Global in situ Observations

of Essential Climate and Ocean Variables at the Air–Sea Interface, Frontiers in Marine

Science, 6: p. 419, ISSN 2296-7745, doi:10.3389/fmars.2019.00419.

Charnock, H. (1955) Wind stress on a water surface, Quarterly Journal of the

Royal Meteorological Society, 81(350): pp. 639–640, ISSN 1477-870X, doi:10.1002/qj.

49708135027.

Clark, N. E., Eber, L. E., Laurs, R. M., Renneer, J. A., and Saur, J. F. T. (1974) Heat

exchange between ocean and atmosphere in the eastern North Pacific for 1961-71, NOAA

Technical Report NMFS SSRF-682. U.S. Department of Commerce: Washington, DC, p.

108 pp.

Cogley, J. G. (1979) The Albedo of Water as a Function of Latitude, Monthly Weather Review,

107(6): pp. 775 – 781, doi:https://doi.org/10.1175/1520-0493(1979)107⟨0775:TAOWAA⟩

2.0.CO;2.

Copernicus Climate Change Service (2023) ERA5 hourly data on single levels from 1940

to present, Copernicus Climate Change Service (C3S) Climate Data Store (CDS), doi:

10.24381/cds.adbb2d47. (Accessed on 2023-08-23).

Cornillon, P. and Stramma, L. (1985) The distribution of diurnal sea surface warming events

in the western Sargasso Sea, Journal of Geophysical Research: Oceans, 90(C6): pp. 11,811–

11,815, doi:https://doi.org/10.1029/JC090iC06p11811.

Costa-Luis, C. d., Larroque, S. K., Altendorf, K., Mary, H., richardsheridan, Korobov, M.,

Yorav-Raphael, N., Ivanov, I., Bargull, M., Rodrigues, N., Shawn, Dektyarev, M., Górny,
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Reverdin, G., Roberts, G., Schnitt, S., Schulz, H., Siebesma, A. P., Stephan, C. C., Sullivan,
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