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ABSTRACT

The world’s oceans, especially coastal areas, are intensively trafficked by ships. All these
ships exert pressure on the marine environment, through emission to the atmosphere,
discharges of pollutants to the water, and physical disturbance through energy input. Of
these impacts, energy pollution from shipping has received the least attention.
Especially the impact of ship-induced turbulence in the wake, which is induced by the
hull friction and propeller, and remains for up to 15 minutes. The turbulent wake can
impact the spread of contaminants, affect air-sea gas exchange, physically disturb
plankton, and potentially impact local biogeochemistry through increased entrainment
and vertical mixing. To assess these impacts, an understanding of the turbulent wake
development and interaction with surface ocean stratification, is essential. However,
characterisation of the turbulent wake development in time and space, especially in
stratified conditions, is challenging and requires an interdisciplinary approach.

The aim of this thesis is to advance the understanding of turbulent wake development
from an environmental impact perspective. The intensity and spatiotemporal extent of
the turbulent wake, and its impact, have been investigated through a combination of in
situ and ex situ observations, and Computational Fluid Dynamic (CFD) modelling of
ships in full-scale. The unique dataset of several hundred in situ turbulent wake
observations, showed large variation in spatiotemporal extent and intensity. Wake
depths can reach down to 30 m, and the turbulent intensities in the near wake are 1-3
orders of magnitude higher than generally observed in the upper ocean surface layer. In
addition, during stratified conditions ship-induced turbulence entrain water from below
the pycnocline, with implications for local nutrient input and primary production in the
ocean surface layer. In addition, ship-passages were observed to frequently trigger large
methane emissions in an estuarine shipping lane.

The results highlight the importance of addressing ship-induced turbulence in marine
environmental management. Intensively trafficked coastal areas should be considered
anthropogenically impacted, even unnatural, with respect to turbulence. The
interdisciplinary approach applied in this thesis, is a first step towards a holistic
assessment of the environmental impact of the turbulent wake.






SVENSK SAMMANFATTNING

Viarldens hav, speciellt kustndra omraden, ar intensivt trafikerade av fartyg. Alla dessa
fartyg paverkar den marina miljon via luftutslapp till atmosfiaren, utslapp av olika
fororeningar till vattnet, och fysisk paverkan genom tillférsel av energi. Av dessa olika
typer av paverkan, sa har tillférseln av energi fran fartyg studerats minst. Det galler
framfor allt paverkan fran fartygsinducerad omblandning i1 kélvattnet (turbulenta
vaken), vilken genereras av friktion fran skrovet och propellern, och kan besta 1 upp till
15 minuter. Den turbulenta vaken kan paverka hur féroreningar sprids, gasutbytet
mellan hav och atmosfar, den kan utsatta plankton for fysisk paverkan, och kan
potentiellt paverka lokal biogeokemi genom en dkad vertikal omblandning och
uppblandning av naringsrikt djupvatten. For att uppskatta dessa olika typer av
paverkan, sa kravs forstaelse for hur den turbulenta vaken utvecklas éver tid och hur
vaken interagerar med ett skiktat ytvattnet. Att karaktirisera den turbulenta vakens
utbredning i tid och rum &r dock komplicerat, speciellt under skiktade forhallanden, och
kraver ett tvarvetenskapligt tillvigagangssétt.

Syftet med denna avhandling ar att 6ka forstaelsen for den turbulenta vakens
utveckling utifran ett miljopaverkansperspektiv. Vakens intensitet och utbredning har
studerats genom en kombination av in situ och ex situ observationer, och
berdkningsstromningsdynamik (CFD) modellering av fartyg i verklig skala. Det unika
datasetet av hundratals in situ observationer av turbulenta vakar, visade stor variation
av intensitet och utbredning. Vakar kan na ner till 30 m djup och den turbulenta
intensiteten i vakomradet narmast fartyget dr 1-3 storleksordningar stérre &n vad som
vanligtvis uppméts i den 6vre delen av vattenmassan. Under skiktade forhallanden sa
orsakar den turbulenta vaken uppblandning av djupare vatten vid sprangskiktet, vilket
lokalt kan ha betydelse for ytvattnets narsaltstillforsel och priméarproduktion. Utover
detta, sa har fartyg observerats att frekvent inducera stora utslapp av metan i en
kustnéra farled.

Resultaten presenterade 1 denna avhandling, belyser vikten av att inkludera
fartygsinducerad turbulens i marin milj6férvaltning. Kustnidra omraden med intensiv
fartygstrafik bor anses vara utsatta for ménsklig paverkan, och onaturliga med
avseende pa turbulens. Det interdisciplinira arbetssatt som anvénts, dr ett forsta steg
mot en holistisk bedémning av miljopaverkan fran den turbulenta fartygsvaken.
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ABBREVIATIONS

ADCP Acoustic Doppler Current Profiler
AIS Automatic Identification System, a tracking system for ships.
AUV Autonomous Underwater Vehicle

CFD model In this thesis, CFD model refers to a high resolution Computational Fluid
Dynamic (CFD) model used for optimising the ship hull and propeller
design, which models the turbulent wake up to a few ship lengths behind

the ship.

CNN Convolutional Neural Network

CRDS Cavity Ring-Down Spectrometer

CTD An instrument used to measure Conductivity, Temperature and Depth

DDES Delayed Detached Eddy Simulation

£ Turbulent kinetic energy dissipation rate

EC Eddy-Covariance

EU European Union

FNR False Negative Rate

GMM Gaussian Mixture Model

HELCOM Baltic Marine Environment Protection Commission, also the Helsinki
Commission

IMO International Maritime Organisation

IR Infrared

MBES Multibeam Echo Sounder

ML Machine Learning

RANS Reynolds-averaging Navier-Stokes model

RoPax A roll-on/roll-off and passenger vessel, transporting vessels, cargo, and
passengers.

RoRo A roll-on/roll-off vessel, transporting cargo

ROV Remotely Operated Vehicle

SAR Surface aperture radar

SST Sea Surface Temperature

STEAM Ship Traffic Emission Assessment Model
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1 INTRODUCTION

The shipping industry is a vital part of the global economy (Millefiori et al., 2021,
UNCTAD, 2022), and intense ship traffic is prevalent in coastal regions around the
world (Figure 1) (Fu et al., 2017, Corbett et al., 1999). This intensive shipping gives rise
to a multitude of environmental pressures and is one of the anthropogenic stressor
categories with the largest impact in coastal marine environments (Halpern et al., 2019).
Ships can be compared to floating industries, and their environmental pressures include
air emissions of greenhouse gases and particulate matter (Corbett et al., 1999, Balcombe
et al., 2019), direct discharges of pollutants, contaminants, and acidifying substances to
the marine environment (Andersson et al., 2016, Moldanova et al., 2018, Hassell6v et al.,
2019, Jalkanen et al., 2021), and different types of physical disturbances such as
underwater noise (Duarte et al., 2021, Popper and Hawkins, 2016) and ship-induced
waves and turbulence (Kelpsaite et al., 2009, Soomere, 2005, Soomere and Kask, 2003,
Gabel et al., 2017, Jirgensen, 1991)(Paper I, Paper III). Of these different pressures,
ship-induced turbulence has received little attention, and there are large knowledge
gaps regarding its extent, intensity, and potential impacts. Still, ship-induced
turbulence should be considered a type of anthropogenic energy pollution (European
Parliament, 2008, Soomere, 2005), and should be included in holistic assessments of the
environmental impact from shipping.

Kilometres travelled per grid cell

10° 10t 102 103 10% 10° 106
= e v T i = . :
AU gt BN o : W\%ﬁ\l\ T —
60°Nné';‘ S L %2 AR i
-:‘Z\,‘ e - 2 5 A _—
m r- ] —~ -
30°N [EEEE———....... it e % —
= &= P L T
5 o R . N WS
0 SRR ‘ R R ; ﬁ\r = ' oo : ::1\:.
30°S A e o Y e ; e
RR': i
60°S _ / : : _
== S'“"“’;‘? SRS g h —
= = ol =

180° 140°wW 100°W 60°W 20°W 20°E 60°E 100°E 140°E 180°

Figure 1. Global ship traffic density based on AIS data from 2022 (Paper IV), derive using the Ship Traffic
Emission Assessment Model (STEAM) (Jalkanen et al., 2009). The colour bar indicates the number of
kilometres travelled every year in each 0.1° x 0.1° grid cell. Assuming travels in a north south direction of
the grid cell, values of 104 and 106 km travelled y! correspond to approximately 250 and 2.5 passages day!
respectively.

When a ship moves through water, the ship’s propeller and hull friction induce
turbulence in a wake behind the vessel (NDRC, 1946, Trevorrow et al., 1994, Soloviev et
al., 2010, Voropayev et al., 2012, Francisco et al., 2017, Golbraikh and Beegle-Krause,
2020). Previous studies have found that the turbulent wake can be sustained for 10-30
minutes, expand to widths of 100—250 m, and reach depths of 10—-18 m (Table 1). Thus,
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shipping contributes with turbulence input to the upper ocean surface layer. In areas
with intense ship traffic and low wind- and tide-induced turbulence, the relative
contribution from shipping could be substantial (Paper I). Previous studies of ship
wakes have been performed in a diverse set of scientific fields (Figure 2).

Naval .
architecture Environmental
impact from
Wake turbulence shipping
& development in

near wake

Wake spread,
dilution & impact Machine
Learning

Defence/Military Data analysis

research Characterising
Ship & wake the turbulent
detection wake
Remote
sensing
Acoustic Ship & wake
monitoring detection
Oceanography
Object/bubble
detection Biogeochemistry,
Turbulence &
stratification

Figure 2. Scientific fields relevant for turbulent wake characterisation.

These studies have mainly focused on wake detection (Smirnov et al., 2005, Liefvendahl
and Wikstréom, 2016, NDRC, 1946), the dilution of pollutants in the wake region (Loehr
et al., 2001, US-EPA, 2002, Katz et al., 2003, Golbraikh and Beegle-Krause, 2020, Chou,
1996, Lewis, 1985, Byrne et al., 1988, Situ and Brown, 2013), and erosion and turbidity
induced by ship-induced surface waves in the Kelvin wake pattern (Figure 3a) (Kelpsaite
et al., 2009, Soomere, 2005, Soomere and Kask, 2003, Gabel et al., 2017). Jirgensen
(1991) was the first to consider the direct environmental impact of the ship induced
turbulence and investigated how the vertical mixing induced by the turbulent wake
affected local hydrographical conditions through a deepening of the surface mixed layer,
1.e., affecting water column stratification. Since then, field observations of turbulent
wakes penetrating the stratification (Loehr et al., 2001) and increasing the stratification
depth (Lindholm et al., 2001) have been made. Turbulent intensities and durations
similar to a ship’s turbulent wake have been found to increase plankton mortality,
potentially impacting nutrient availability in areas with intense ship traffic (Bickel et
al., 2011, Garrison and Tang, 2014). The bubbles and turbulence in the wake region can
also impact air-sea gas exchange (Weber et al., 2005, Emerson and Bushinsky,
2016)(Paper IV).

Despite awareness of the potential impacts of ship-induced turbulence, there are no
available studies where wake turbulence intensities have been quantified in situ for full-
scale ships (Carrica et al., 1999, Parmhed and Svennberg, 2006, Ermakov and Kapustin,
2010, Golbraikh and Beegle-Krause, 2020, Kouzoubov et al., 2014). Moreover, few
studies reporting results on the turbulent wake extent have been conducted in
conditions where the interaction between the turbulent wake and stratification could be
assessed (Table 1). Stratification can both affect and be affected by the turbulent wake
(Lindholm et al., 2001, Jiirgensen, 1991, Jacobs, 2020, Merritt, 1972, Watson et al.,
1992, Lin and Pao, 1979). Thus, for the wake characterisation to be representative for
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naturally stratified coastal environments, where shipping often is intensive, the
interaction between the turbulent wake and stratification needs to be addressed. There
are estimates of the wake turbulence from model-scale laboratory experiments and
numerical modelling (e.g. (Milgram et al., 1993, Hoekstra and Ligtelijn, 1991, Loberto,
2007, Wall and Paterson, 2020)). However, the model scale results are not directly
applicable for full-scale ships in natural conditions, and numerical models of turbulent
ship wakes in stratified conditions is a field currently in development (Wall and
Paterson, 2020). In summary, there is currently no characterisation of the turbulent
wake that allow for estimations of the environmental impact of ship-induced turbulence
from full-sized ships in natural stratified conditions (Wall and Paterson, 2020, Soomere,
2007, Golbraikh and Beegle-Krause, 2020).

Figure 3. The turbulent wake region and the Kelvin wake
are illustrated in (a). The three dimensions of the
turbulent ship wake are indicated in (b), with L=wake
longevity (in time or length), W=wake width, and D=wake
depth. Note that these illustrations are schematics of the
turbulent wake and not true in scale or shape.

The limited amount of in situ observations and full-scale numerical modelling estimates
of the turbulent wake development and intensity, may be related to methodological
challenges. Conducting in situ observations in the turbulent wake of a large vessel is
very challenging (Kouzoubov et al., 2014), and many of the commonly used instruments,
sensor platforms, and methodological approaches, are not feasible, or do not capture all
the relevant spatiotemporal scales. The turbulent wake needs to be observed in three
dimensions (depth, width, length/time) at spatial scales of um to tens of kilometres, and
temporal scales of seconds to hours (Table 1). Hence, observing the entire extent of the
turbulent wake development and its impact, requires an interdisciplinary approach,
where methodologies from different scientific fields are combined (Figure 2).

The spatiotemporal scales of the turbulent wake are also difficult to model, and likewise
require a combination of different modelling approaches. There are available high
resolution Computational Fluid Dynamic (CFD) models of the turbulent wake region
closest to the ship (near wake) (Figure 3) (Wall and Paterson, 2020, Fujimura et al.,
2016, Esmaeilpour et al., 2016), but CFD models are computationally demanding (Wall
and Paterson, 2020, Fujimura et al., 2016) and have therefore seldom been run to
simulate more than 1-2 ship lengths aft the vessel. On the other side of the spectrum,
there are regional oceanographic models for simulating turbulent and biogeochemical
processes in the ocean (e.g., Daewel et al. (2022)). However, even the high-resolution
regional oceanographic models have a resolution of 1-10 km, which is too coarse to
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capture the spatiotemporal scales of the turbulent wake (Table 1). Semiempirical models
have been used to estimate the turbulent wake development (Katz et al., 2003,
Voropayev et al., 2012, Milgram et al., 1993, Dubrovin et al., 2011, Chou, 1996,
Tennekes and Lumley, 1972), but their reliability and applicability is dependent on the
data they are derived from and are thus limited by the low availability of in situ
observations. Consequently, to characterise the turbulent wake development from an
environmental impact perspective, there is a need to develop possible methodological
approaches to observe and model the entire extent of the turbulent wake.

1.1 Amm

The aim of this thesis is to provide a characterisation of the turbulent wake, covering the
spatiotemporal scales relevant to assess the impact of ship-induced turbulence on
pollutant dispersion, air-sea gas exchange, biogeochemistry, hydrography, biota/ecology,
and as a source of energy pollution. Further, to investigate the environmental impact of
ship-induced turbulence in areas of intense ship traffic, with respect to stratification and
entrainment, and air-sea gas exchange of methane (CH.).

1.2 RESEARCH QUESTIONS
The specific objectives and research questions are:

1) To review, test, and develop suitable methodologies and approaches for detecting and
characterising turbulent ship wakes and their impact.

RQ1a: Which available methodologies are suitable for observing turbulent ship
wakes and their impact?

RQ1b: To what extent can machine learning models be trained to accurately
detect ship wakes in acoustic data, with only a limited dataset to train on?

2) Characterise the turbulent wake development with respect to spatiotemporal scales
and turbulent intensity, for stratified and non-stratified conditions, using in situ
observations and modelling.

RQ2a: What is the spatiotemporal extent and intensity of turbulent ship wakes?
RQ2b: What are the effects of the interaction between the ship’s turbulent wake
and stratification?

3) Quantify the impact of ship passages in coastal shipping lanes with respect to energy
pollution and ship-induced methane emissions.
RQ3a: How does the quantity and distribution of ship-induced turbulent mixing
compare to the natural wind driven mixing?
RQ3b: Which ship-related and natural processes govern the magnitude and
frequency of ship-induced methane emissions in coastal/estuarine shipping lanes?

The first objective is addressed in all the appended papers, with Paper II specifically
focusing on RQ1b. The second objective is addressed in Paper I and Paper III. The
research questions of the third objective are addressed in Paper III (RQ3a) and Paper
IV (RQ3Db).



2 BACKGROUND

Characterising the turbulent ship wake from an environmental impact perspective
requires an interdisciplinary approach and insight into several different scientific fields
(Figure 2). This chapter will present a summary of what previous studies within
relevant fields have shown regarding turbulent wake development and its potential
environmental impact. First, a description of the current knowledge regarding the
turbulent wake’s extent and intensity will be provided. It will be followed by a summary
of the hydrographic and biogeochemical processes in the surface ocean relevant for the
development and impact of turbulent ship wakes. The final section will give a brief
overview of environmental impact from shipping and describe the direct and indirect
impacts of ship-induced turbulence on hydrographic and biogeochemical processes in the
marine environment.

2.1 TURBULENT SHIP WAKES

A ship moving through water will create a wake, which consists of surface waves
diverging in a V-shape behind the ship (Kelvin wake pattern), and a turbulent wake
trailing behind the vessel (Figure 3a) (Stanic et al., 2009). The focus of this thesis is the
turbulent wake, which is induced by the ship’s propeller and hull friction and
characterised by intense turbulence and a dense bubble cloud (NDRC, 1946, Trevorrow
et al., 1994, Soloviev et al., 2010, Voropayev et al., 2012, Francisco et al., 2017,
Golbraikh and Beegle-Krause, 2020). The turbulent wake can be divided into three
regions (Figure 3b), which are governed by different physical processes. The near wake
is characterised by strong and dynamic turbulence and can be considered a turbulence-
production phase (Reed and Milgram, 2002, Fujimura et al., 2016, Chou, 1996). The far
wake 1s the decay-phase and has a more stable turbulence field. Lastly, the intermediate
wake is the transition stage between the near and far wake. The turbulent wake depth,
width, longevity (Figure 3b), and intensity depend on the ship’s geometry, speed, and
manoeuvring: as well as environmental conditions such as water column stratification,
currents, and waves (Loehr et al., 2001, Voropayev et al., 2012, Somero et al., 2018).

Although all these ship specific and environmental parameters are known to impact the
turbulent wake, their interdependence and respective importance in governing the
spatiotemporal extent and intensity of the turbulent wake, are not well understood. This
section will provide an overview of available field observations and modelling estimates
related to the characterisation of the turbulent wake extent and intensity.

2.1.1 Previous studies of turbulent ship wakes

Turbulent wakes have been studied for a variety of purposes, focusing on different
aspects of the wake, and using different methodological approaches. Initially, ship wakes
were mainly studied for military purposes with the aim of detecting or identifying ships
through wake signals such as surface waves or the bubble cloud of the turbulent wake
(Smirnov et al., 2005, Liefvendahl and Wikstréom, 2016, NDRC, 1946). Theoretical
models of turbulent wake development in idealised conditions have also been derived for
surface ships and submarines (e.g. (Tennekes and Lumley, 1972)), which have been
verified using tank experiments with model-scale ships (Hoekstra and Aalbers, 1997,
Milgram et al., 1993). However, publicly available published in situ measurements of the
turbulent wake of real-size ships are almost non-existent (Carrica et al., 1999, Parmhed
and Svennberg, 2006, Ermakov and Kapustin, 2010, Golbraikh and Beegle-Krause,
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2020, Kouzoubov et al., 2014). Since the 1980s, turbulent ship wakes have also been
studied from an environmental perspective, with a focus on the dilution of waste or
contaminants discharged from the ship in the wake (Loehr et al., 2001, US-EPA, 2002)
(Katz et al., 2003, Golbraikh and Beegle-Krause, 2020, Chou, 1996, Lewis, 1985, Byrne
et al., 1988, Situ and Brown, 2013). Although these previous studies have recognized the
importance of the turbulent wake, no studies have observed the wake turbulence
directly. Instead, observations of bubbles in the wake, or dye added to the wake, have
been used as proxies for the extent of the turbulent wake and its impact (Stanic et al.,
2009, Trevorrow et al., 1994).

Previous field observations report wake depths between 3—-18 m, wake widths of 10—

500 m, and wake lengths of 1.5-60 min/0.5—22 km (Table 1). The observed values span
over large ranges, which is to be expected, as the ships inducing the observed wakes
varied greatly in size, and different observational methods were used in the studies.
Still, the total number of different ship types is low, where naval vessels and cruise
ships are the most studied, hence the observations in Table 1 might not be
representative for all ship types. Most previous studies were also conducted in near
idealised hydrographical conditions, in calm weather without stratification, and thus not
necessarily representative for stratified or windy conditions.

Observations of wake development from field and model-scale experiments have also
been used to express the wake width and/or depth as a function of wake length/age (Katz
et al., 2003, Golbraikh and Beegle-Krause, 2020, Golbraikh et al., 2013, Dubrovin et al.,
2011, Voropayev et al., 2012, Hoekstra and Ligtelijn, 1991). The wake width has been
observed to relate to the distance aft of the ship according to a power law increase, with
observed and modelled exponents ranging from 0.18-0.31 (Dubrovin et al., 2011, Katz et
al., 2003, Hoekstra and Ligtelijn, 1991). A similar power law increase in wake width
over time has also been observed, with an exponent of 0.4 (Ermakov and Kapustin,
2010). Golbraikh and Beegle-Krause (2020) reported ratios of wake depths/ship draught,
ranging from 1.42-3 for different ship types.

Measurements of the turbulence intensity and decay in the wake region of a full-size
ship are lacking (Ermakov and Kapustin, 2010, Golbraikh and Beegle-Krause, 2020,
Kouzoubov et al., 2014, Wall, 2021). However, the turbulent wake extent and intensity
have been estimated using numerical modelling and experiments with model-scale ships
and propellers (Milgram et al., 1993, Hoekstra and Ligtelijn, 1991, Loberto, 2007, Wall
and Paterson, 2020). Measurements of turbulent kinetic energy dissipation rate (¢) in
the wake of different self-propelled ship types of model scale (Hoekstra and Ligtelijn,
1991), were found to have an exponential ¢ decay rate of (-4/5) (Milgram et al., 1993).
Voropayev et al. (2012) reported the wake turbulence in their model study to be
sustained for 10—15 ship lengths behind the ship and subsiding after ~30 ship lengths.
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2.1.2 Parameters governing the turbulent wake development

Characterising and observing the turbulent wake in situ is complex, as the wake
development depends on both the ship design and operation, and the hydrographic
conditions (Loehr et al., 2001, Voropayev et al., 2012, Somero et al., 2018) (Stanic et al.,
2009). As reviewed in the previous section, the ship size has previously been related to
the wake expansion (Katz et al., 2003, Golbraikh and Beegle-Krause, 2020, Golbraikh et
al., 2013, Dubrovin et al., 2011, Voropayev et al., 2012, Hoekstra and Ligtelijn, 1991),
and wake water dilution to ship speed (Lewis, 1985). However, the interdependence and
relative importance of ship-related and environmental parameters have not been well
investigated.

Most previous studies have mainly considered ship size in terms of length, width, and
draught. Yet, ship type is also important to consider, as hull shape, design speed, and
propeller configuration impact the ship’s displacement and drag. The propeller
configuration has been observed to impact the turbulent wake development, as ships
with twin-screw propellers produce two propeller vortices instead of one (Marmorino and
Trump, 1996, Weber et al., 2005). The manoeuvring of the ship will also impact the wake
development, as the speed and direction of the energy input to the wake will differ.

Model-scale experiments and numerical modelling results have shown that the
turbulent wake development is affected by stratification, by a dampening of the vertical
expansion and increasing the horizontal expansion (Merritt, 1972, Lin and Pao, 1979,
Brucker and Sarkar, 2010, Jacobs, 2020, Voropayev et al., 2012). In stratified conditions,
the turbulent wake can entrain denser water from below the stratification (Lindholm et
al., 2001, Loehr et al., 2001, Jirgensen, 1991), which will impact the wake water
density, and thereby the wake development, compared to non-stratified conditions
(Jacobs, 2020, Merritt, 1972). Strong currents and shear can also impact the wake
development (Benilov et al., 2001, Loehr et al., 2001, Somero et al., 2018). As few
previous wake studies have been conducted in stratified conditions with full-scale ships,
there is a knowledge gap regarding the interaction between stratification, and the
turbulent wake development in natural conditions.

2.2 NATURAL PROCESSES IN SURFACE AND COASTAL OCEANS POTENTIALLY
AFFECTED BY SHIP-INDUCED TURBULENCE
For the study of the turbulent wake and its impacts, the top 30—40 m of the water
column is of most interest, as it is within this range the turbulent wake can have a
direct impact (Paper I, Paper III). This subchapter provides an overview of the
hydrographical and environmental conditions most relevant when discussing the
development and impact of turbulent ship wakes. The naturally occurring turbulent
intensities in the surface ocean, are described, along with water column stratification
and its role in nutrient availability in the surface layer, and biogeochemical processes
related to air-sea gas exchange. As Paper IV studies ship-triggered release of CHy, a
brief overview of CH4 emissions from coastal and estuarine areas is included. How
turbulent wakes impact and interact with these processes are described in section 2.3.

2.2.1 Hydrographic and biogeochemical processes in surface and coastal
oceans

In the surface ocean, turbulence can be induced by wind, waves, currents, and tides

(Thorpe, 2007). As the field observations included in this thesis are from the Baltic Sea,



where there are no tides and turbulence in the surface layer is mainly induced by wind-
driven mixing and surface waves (Reissmann et al., 2009), tidal effects will not be
included here.

In this thesis, turbulence intensities and water column mixing have been quantified and
discussed in terms of ¢, a parameter indicating the amount of kinetic energy from large
scale velocity shear that dissipates at smaller scales and thus contribute to mixing
(Franks et al., 2022). Observed open ocean ¢ intensities in the top 30—40 m, range
between 105104 m?2 s3, and seldom reach 10> m2 s3 (Fuchs and Gerbi, 2016, Franks et
al., 2022). In the surface layer, where wind and breaking waves increase the turbulence,
the values are higher at 10-°~10-3m?2 s3 (Fuchs and Gerbi, 2016). In the Baltic Sea, the
maximum observed near-surface values of £ have been reported to be around 105> m?2 g3
(Lass et al., 2003, Zulicke et al., 1998). In addition to field observations, the wind
induced ¢ (g,,;,4) at different depth can be estimated from the law of the wall (Thorpe,
2007), according to Equation 1:

3
Eing = \/(Cd'Pair'um;ci?lZdz)/Pwater (Eq. 1)
where c; is the drag coefficient for wind stress, p,;- is the air density, u,,inq 1s the wind
speed, pyater 1s the water density, k is the Von Karman constant (0.4), and z is the
distance to the surface. Figure 3 shows a simplified estimate of ¢,,;,,4 for three different
wind speeds. This estimate is representative for the region unaffected by breaking
waves, as waves have a large effect on turbulence intensities down to 1-2 significant
wave heights below the surface (Umlauf and Burchard, 2003).
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The water column stratification describes how the water density changes with depth: if
there are large density gradients over short distance, there is a strong stratification
(pycnocline) and if there are no density gradients the water is non-stratified
(homogenous) (Thorpe, 2007). Water density is affected by temperature and salinity,
where a water mass with low salinity and high temperature will be lighter than a water
mass with cold and salty water (Thorpe, 2007). The pycnocline in the Baltic Sea is
mainly governed by large salinity gradients, both on a regional horizontal scale (from
the northern Bothnian Bay to the Skagerrak on the Swedish west coast) and locally over
depth, with densities ranging from 3-35 g kg! (Stigebrandt, 2001, Leppéaranta and



Myrberg, 2009, Reissmann et al., 2009). There are also large temperature gradients over
depth, which give rise to a seasonal thermal stratification (thermocline) near the surface
during summer (Stigebrandt, 2001, Lepparanta and Myrberg, 2009, Reissmann et al.,
2009). On the Swedish west coast, including the study sites outside Gothenburg and in
Oresund, there is usually a strong pycnocline at 10-20 m depth and a shallower seasonal
thermocline (Reissmann et al., 2009).

In a stratified water mass, internal waves can occur. Internal waves are similar to
surface waves, but they move along the pycnocline instead of the air-sea interface
(Thorpe, 2007). Internal waves are induced by tidal forcing, topography, wind, and
atmospheric pressure gradients (Reissmann et al., 2009, Thorpe, 2007, Inall et al., 2021).
Propagating internal waves do not usually induce strong vertical mixing across the
pycnocline (diapycnal mixing), but simply moves the interface up and down in a wave
motion (Thorpe, 2007). However, if the internal waves break, they diapycnal mixing will
occur, and internal waves are an important source of turbulence below the surface mixed
layer in the open ocean (Reissmann et al., 2009, Thorpe, 2007).

It takes more energy to mix a stratified water mass compared to a homogenous water
mass, as the deeper denser water needs to be moved above lighter water, which creates
an increase in potential energy and requires work (Thorpe, 2007). A strong stratification
will therefore decrease the vertical exchange of gases and nutrients across the
stratification, as only intense turbulence can mix the two water masses (Reissmann et
al., 2009). The light surface layer (euphotic zone) has a high primary production rate,
and without any input of nutrients the bioavailable nutrients in the surface water will
eventually be depleted. The water below the stratification usually contains more
nutrients, as organic matter sinking to the sea floor will be remineralised and release
nutrients to the bottom water (Rippeth et al., 2009, Snoeijs-Leijonmalm and Andrén,
2017). The nutrient consumption is also lower in the deeper parts of the water column,
as the light availability limits the primary production. As the remineralisation process
also consumes oxygen, the bottom water usually contains lower concentration of
dissolved oxygen compared to the surface water.

During periods of strong wind, upwelling events can occur near costs, were large
amounts of nutrient rich water from below the stratification is brought up to the surface
(Reissmann et al., 2009). In the Baltic Sea, the stratification is the strongest and the
wind-induced turbulence the weakest, during the summer months (Reissmann et al.,
2009). Hence, mixing across the stratification during the summer season is usually
limited. Strong stratification and weak vertical mixing can thus lead to low/no oxygen
(hypoxia/anoxia) below the stratification, and low nutrient concentrations in the water
above the stratification (Reissmann et al., 2009, Snoeijs-Leijonmalm and Andrén, 2017).

Air-sea gas exchange is an important part of the biogeochemical cycles in the ocean,
governed both by physical processes affecting the gas transfer rate, and by biological
processes such as photosynthesis and respiration. The gas transfer rate is affected by
turbulence, which affects the diffusion rate over the air-sea boundary layer (e.g.
(Wanninkhof et al., 2009)), and the presence of bubbles in the water (Emerson and
Bushinsky, 2016, Liang, 2020). The biological processes affect air-sea gas exchange
through photosynthesis, during which carbon dioxide (CO3) is taken up from the
atmosphere and converted into oxygen (O2) and organic matter (Rippeth et al., 2014,
Snoeijs-Leijonmalm and Andrén, 2017). If nitrogen fixing cyanobacteria are present,
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atmospheric nitrogen (N2) can also be taken up from the atmosphere. The organic matter
will eventually sink to the sea floor, and either be buried in the sediment, and
permanently remove COz from the atmosphere, or be remineralised through microbial
aerobic or anaerobic respiration. If remineralised, inorganic COz will be released to the
water, which can be transported back to the atmosphere through diffusion or vertical
mixing. In aerobic conditions Oz will be used as the oxidising agent, in near anaerobic
conditions denitrification will take over and nitrogen gas (N2) will be released, and in
anaerobic conditions, methanogenesis can occur, during which hydrogen (Hz) is
consumed and methane (CH4) is released (Snoeijs-Leijonmalm and Andrén, 2017,
Nilsson et al., 2019, Nilsson et al., 2021).

2.2.2 Estuarine and coastal methane emissions

CH.4 is a potent greenhouse gas (Saunois et al., 2020, IPCC, 2022), and estuarine and
coastal areas are important sources of natural methane emissions (Rosentreter et al.,
2021, Lohrberg et al., 2020, Weber et al., 2019, Wallenius et al., 2021). CH4 is emitted to
the atmosphere via diffusive gas transfer or the release of CH4bubble clouds (ebullition)
(Weber et al., 2019). Shallow water depth (< 10 m) and a well-mixed water column
increase the flux of CH4 to the atmosphere (Shakhova et al., 2014, Borges et al., 2018,
Borges et al., 2016, Zang et al., 2020, Bonaglia et al., 2022). Ebullition occurs in areas
where there is a high biogenic production of CH4 or reserves of fossil natural gas in the
sediment, and the ebullitive flux can be much higher than the diffusive flux. Biogenic
CH.4 is mainly produced by methanogenic archaea in the deeper anoxic parts of the
sediment (Wallenius et al., 2021), and the production increases with high temperature
(Borges et al., 2016, Wilkinson et al., 2015), a high sediment content of reactive organic
material (Egger et al., 2018, Humborg et al., 2019, Egger et al., 2016), and low salinity
(Egger et al., 2018, Wallenius et al., 2021, Egger et al., 2016).

The occurrence and magnitude of ebullition events are difficult to observe and assess, as
they often occur episodically, and are easily missed (Lohrberg et al., 2020, Maeck et al.,
2014, Humborg et al., 2019, Romer et al., 2016, Thornton et al., 2020). The processes
governing CH4 emissions to the atmosphere are not fully understood, but pressure
changes have been shown to trigger ebullition events (Mattson and Likens, 1990, Romer
et al., 2016, Hofmann et al., 2010, Maeck et al., 2014, Wilkinson et al., 2015, Lohrberg et
al., 2020, von Deimling et al., 2010).

Current estimates of CH4 emissions from estuarine and coastal areas range between
0.02—-0.64 mmol m?2 day! (Middelburg et al., 2002, Bonaglia et al., 2022, Liu et al., 2022,
Borges et al., 2016, Borges et al., 2018, Bussmann et al., 2021, Zang et al., 2020, Mao et
al., 2022), and for continental shelfs reported estimates range from 0.002—-0.053 mmol m-
2 day?) (Liu et al., 2022, Sun et al., 2018, Bange et al., 1994, Yang et al., 2010). Emission
estimates from shallow coastal estuaries and bays around the Baltic Sea have an upper
range of (~1-33 mmol m2 day!) (Gutiérrez-Loza et al., 2019, Humborg et al., 2019,
Myllykangas et al., 2020, Myllykangas, 2020, Bange et al., 1994), and an average lower
range of 0.0007—0.345 mmol m2 day! (Myllykangas, 2020, Steinle et al., 2017, Gilzow et
al., 2013, Bussmann et al., 2021, Lundevall-Zara et al., 2021, Roth et al., 2022).

2.3 ENVIRONMENTAL IMPACT FROM SHIPPING AND SHIP-INDUCED TURBULENCE
There is almost no part of the global ocean free from ship traffic, and the traffic intensity
is especially high in coastal areas (Figure 1). All ships in the global fleet impact the
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marine environment in many ways, and shipping is one of the largest anthropogenic
stressor categories in marine coastal areas (Halpern et al., 2019). The Baltic Sea is one
of the most intensively trafficked areas in the world (HELCOM, 2010, Swedish Maritime
Administration, 2015), with traffic densities of 30 000-50 000 ships y! in the major
shipping lanes, corresponding to a ship passage every 10—20 minutes on average
(HELCOM, 2023).
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Figure 5. Illustration of environmental impacts from shipping. Figure credit: Ida-Maja Hassellov, 2023.

A ship in operation discharges a multitude of different pollutants and induce physical
disturbance (Andersson et al., 2016, Moldanova et al., 2018, Hassell6v et al., 2019,
Jalkanen et al., 2020). A detailed description of all different impacts from shipping is
beyond the scope of this thesis, but a summary is presented in Figure 5. The most well-
known impact is likely the air emissions of greenhouse gases and particulate matter
from the ship’s fuel combustion. However, there is also a direct release of pollutants to
the marine environment, from bilge-, grey-, black-, and ballast water, solid food waste,
tank cleaning, antifouling paints, and wash water from exhaust gas cleaning systems
(scrubbers), which will all end up in the ship’s turbulent wake (Jalkanen et al., 2020).
The final category of impacts is physical disturbances, which includes effects on the sea
floor from anchorage, light pollution, underwater noise from the engine, propeller and
echosounder, and ship induced turbulence and waves. The study of physical
disturbances from shipping have mainly focused on underwater noise (Duarte et al.,
2021, Popper and Hawkins, 2016) and ship-induced resuspension and erosion due to
ship waves (Kelpsaite et al., 2009, Soomere, 2005, Soomere and Kask, 2003, Gabel et al.,
2017). The study of environmental impact from ship-induced turbulence itself, was
pioneered by Jiirgensen (1991), but has since then been overlooked.

Turbulent ship wakes impact the marine environment in several ways (Figure 6). The
turbulence can have a direct impact on plankton mortality (Bickel et al., 2011, Garrison
and Tang, 2014), affect air-sea gas exchange (Weber et al., 2005, Emerson and
Bushinsky, 2016)(Paper IV), increase erosion and turbidity in shallow areas (Kelpsaite
et al., 2009, Soomere, 2005, Soomere and Kask, 2003), and govern the spread of
pollutants discharged in the wake region (Chou, 1996, Loehr et al., 2001, US-EPA, 2002,
Katz et al., 2003, Golbraikh and Beegle-Krause, 2020). In addition, the vertical mixing
induced by the turbulent wake has the potential to affect stratification and nutrient
availability (Paper III) (Lindholm et al., 2001, Jiirgensen, 1991). Considering all these
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different impacts, ship-induced turbulence has the potential to affect local/regional
hydrography and biogeochemical cycles, especially in areas with intense ship traffic.

Figure 6. Environmental impacts from a turbulent ship wake.

Studies of environmental impact relating to the turbulent wake has mainly been focused
on how the wake turbulence govern the spread of pollutants discharged in the turbulent
wake. A reliable estimate of the concentration and fate of a pollutant, requires
understanding of the turbulent wake development (US-EPA, 2002, Katz et al., 2003,
Situ and Brown, 2013, Golbraikh and Beegle-Krause, 2020). The intensity and
expansion of the turbulent wake will affect how quickly the pollutant will be diluted, as
well as at which depths the contaminant will spread. A reliable estimate of the vertical
distribution is especially important, as the horizontal dispersion is affected by currents,
which can vary in strength and direction at different depths.

The turbulent wake can also directly impact the marine organisms. The episodic intense
turbulence in the ship wake have a duration and magnitude shown to negatively affect
plankton mortality (Bickel et al., 2011, Garrison and Tang, 2014). Bickel et al. (2011)
made in situ observations of copepods in a shipping lane and found that the percentage
of copepod carcases was 28 % higher in the shipping lane compared to undisturbed
areas. These observations were supported by their laboratory experiments, which
showed a linear increase in fraction of copepod carcases with increasing ¢ levels,
reaching 30—-60 % for their highest tested ¢ levels 2.24 -104 m? s during 30 s. A similar
laboratory study investigated the effect of ship-wake like turbulence for two diatom
species, and found that 45 s of exposure of ¢ levels 2.5 -104 m? s-3, reduced the abundance
up to 32 % and increased the fraction of dead cells with 22 %. The high intensity and
deep penetration of the turbulent wake, distinguishes it from naturally induced
turbulence (Paper I, Paper III), and it is very difficult for plankton to avoid or adjust to
(Bickel et al., 2011, Garrison and Tang, 2014, Franks et al., 2022). An increase in
plankton mortality will affect food availability at higher trophic levels and increase
nutrient availability for phytoplankton and the microbial loop (Bickel et al., 2011,
Garrison and Tang, 2014). Consequently, shipping lanes and intensive ship traffic areas
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should be considered as distinct, highly turbulent environments with a higher plankton
mortality and nutrient availability compared to surrounding water.

The turbulent wake can also impact local biogeochemistry in stratified waters directly. If
a water column have a stratification at a depth similar to the turbulent wake depth,
ship-induced mixing have been found to increase the stratification depth and to entrain
water from below the stratification to the upper surface layer (Paper III) (Lindholm et
al., 2001, Jurgensen, 1991, Jacobs, 2020, Merritt, 1972). The ship-induced entrainment
can bring nutrient rich water from below the stratification to the upper surface layer.
Ships can also induce internal waves (Jacobs, 2020, Watson et al., 1992, Lin and Pao,
1979), which cause vertical mixing across the stratification when they break or lose their
energy in other ways (Thorpe, 2007). In stratified waters with intense ship traffic, the
repeated ship passages thus have the potential to affect local biogeochemistry and
hydrography. In marine systems without tides or strong currents, like the Baltic Sea,
the nutrient supply to the upper surface layer is dependent on vertical mixing induced
by wind (Reissmann et al., 2009). In such systems, ship-induced turbulence could
contribute with an important part of the vertical mixing in areas with intense ship
traffic (Paper I).

Finally, the turbulent and bubbly wake can also impact air-sea gas exchange (Weber et
al., 2005, Emerson and Bushinsky, 2016)(Paper IV). Diffusive gas transfer over the air-
sea interface is dependent on the turbulent intensity just below the sea surface, and the
transfer rate will increase with increased turbulence (Fredriksson et al., 2016,
Wanninkhof et al., 2009). The large bubbles in the turbulent wake can also increase the
air-sea gas transfer (Liang, 2020, Emerson and Bushinsky, 2016). Hence, the area
affected by the turbulent and bubble wake will likely have an increased air-sea gas-
exchange, which should be taken into consideration when estimating air-sea gas fluxes
in areas with intense ship traffic.
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3 THEORY

Several scientific fields apply methodologies relevant for turbulent wake
characterisation (Figure 2) and an interdisciplinary approach is necessary to capture the
different aspects of the turbulent wake and its impacts. Multiple methods can be used to
observe or model the turbulent wake, but none of the currently available methodologies
can capture the entire wake development at all relevant temporal and spatial scales.
The wake depth, width, and length need to be observed at temporal scales of seconds to
hours, and spatial scales of millimetres to tens of kilometres (Table 1). In addition to the
wide range of spatiotemporal scales, the characterisation of the turbulent wake
development from an environmental perspective also requires knowledge about ocean
systems and the shipping industry. This chapter provides an overview of methodologies
relevant for characterising the turbulent wake and its impact. It includes descriptions of
instruments and sensors able to observe the turbulent wake and/or its impact and
different sensor platforms that can be used to deploy the sensors in situ. A summary of
how machine learning (ML) and numerical modelling can be used in turbulent wake
studies, 1s also included.

3.1 FIELD OBSERVATIONS OF TURBULENT SHIP WAKES AND THEIR IMPACT

There are several types of methodological approaches and instruments that can be used
to measure turbulence and its impact in situ. The wake’s spatiotemporal scales and the
practical challenges involved when sampling behind a ship means that not all
approaches are suitable for studying turbulent ship wake development and impact. This
section will present an overview of the feasibility of the most relevant in situ and ex situ
methodologies and instruments suitable for turbulent wake studies. The focus will be on
acoustic instruments and remote sensing but will also mention the release of tracers in
the wake region, turbulence sensors, ship tracking, and conductivity, temperature, depth
(CTD) observations of stratification. The main points of this section are summarised in
Table 2.

3.1.1 Acoustic instruments

Acoustic instruments use the reflection of sound to detect objects and surfaces (targets)
in the water column. The strength of the reflected signal (echo amplitude) provides
information about the detected target and can be visualised as an echogram. As bubbles
reflect sound more effectively than water, the bubble cloud of the turbulent wake will be
clearly visible in the echogram (see Figure 7 for example) (NDRC, 1946, Trevorrow et al.,
1994, Marmorino and Trump, 1996, Weber et al., 2005, Ermakov and Kapustin, 2010,
Francisco et al., 2017). The signal strength of bubble targets is the highest when the
sonar frequency coincides with the bubble resonance frequency, where higher
frequencies resonate with smaller bubbles and lower frequencies with larger bubbles
(Trevorrow et al., 1994, Kouzoubov et al., 2014, Liefvendahl and Wikstrom, 2016). The
optimal frequency for observing the bubble wake development, is the resonance
frequency for a bubble size small enough to be retained by the turbulence (Trevorrow et
al., 1994, Stanic et al., 2009), but large enough not to dissipate too quickly. Bubble
wakes have been observed using frequencies between 83-1000 kHz, and frequencies
between 200-500 kHz have been found most suitable (Francisco et al., 2017, Kouzoubov
et al., 2014, Soloviev et al., 2010, Trevorrow et al., 1994, Weber et al., 2005)(Paper III).
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Figure 7. Example of an echogram with a clear bubble wake detected with a Signature 500 ADCP. The x-
axis indicate time [hh:mm] and the colour bar indicates signal strength in dB. Red values indicate high
signal strength and thus high bubble intensity. The U-shape in front of the wake is the signal of the ship
hull, indicating that the ship inducing the wake had a draught of ca 8 m. The thin vertical line at the aft of
the ship hull, is the signal from the ship’s echo sounder. There is also a small ship-induced internal wave at
the stratification and a trailing bubble wake “trapped” along the stratification.

The bubble wake can be used as a proxy for the turbulent wake, as turbulence traps the
bubbles in the wake by counteracting their positive buoyancy (Stanic et al., 2009,
Trevorrow et al., 1994). Still, as the bubbles will eventually disappear and either float up
to the surface or dissipate (Carrica et al., 1998, Ermakov and Kapustin, 2010), the
bubble wake does not fully reflect turbulent wake extent (Golbraikh and Beegle-Krause,
2020). Moreover, the bubble wake cannot be used to quantify the intensity of the
turbulent wake or the ship-induced vertical mixing. However, one type of acoustic
instrument can be used to estimate turbulence, namely acoustic doppler current
profilers (ADCPs) (Wiles et al., 2006, Lucas et al., 2014, Togneri et al., 2017). ADCPs
typically have 3—4 slanted beams and some even have a vertical beam. The instrument
uses doppler shift to make high resolution continuous observations of velocities along
each beam. From the current velocity observations, € can be calculated using the
structure function method (Lucas et al., 2014). £ provides a measure of the wake induced
turbulent intensity at small scales and in a stably stratified fluid it can also be used to
estimate water column mixing. The structure function method assumes that the most
energetic turbulent length scales in the so-called inertial subrange are captured by the
depth resolution of the velocity observations (bin size). For a bin size of 1 m the
turbulence therefore needs to be strong enough for the largest vertical eddy scales to be
2—-3 m. Even though the turbulence in ship wakes is strong, this requirement may not
always be fulfilled in the stratified parts of the water column.

A major advantage of acoustic instruments is that they are non-invasive and can be
deployed at a distance from the passing ship (Colbo et al., 2014). The reach of the
instrument depends on the frequency used, where a 500 kHz instrument has a reach of
around 60 m, which is sufficient to capture the wakes vertical extent (Table 1). Acoustic
Instruments can also be used to estimate water column stratification (e.g. (Stranne et
al., 2018, Lavery et al., 2010, Muchowski et al., 2022, Brenner et al., 2023)), which is
useful when studying the interaction between stratification and the turbulent wake.
There are also promising methods to estimate ¢ directly from acoustic backscatter
strength in stratified water (Muchowski et al., 2022). It is worth noting that most
available acoustic instruments have been optimised to avoid measuring the ship wake,
and no focus has been on developing instrumentation for in situ wake measurements.
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Table 2. Summary of different acoustic instruments, shear probes, and remote sensing methods. The spatial resolution
(res.) Line means that either a depth or width profile is possible, while Profile indicates that a depth profile is the only
option. A continuous temporal resolution will add the width or length dimension to the wake observation. The wake
resolution is given by the combination of the spatial and temporal resolution and a 3D observation is only possible if
depth, width, and length can be observed simultaneously. The 2D wake resolution always corresponds to depth or width
+ length (i.e., time), except for the remote sensing cases which is length + width. For the drone case, both the spatial and
temporal resolution gives the length dimension, hence the wake resolution is only 2D, despite continuous observations.
The advantages, disadvantages, and comments are to large extent based on the results and experiences from the work
presented in the appended papers and are further motivated and discussed in section 6.6.

Acoustic instruments

Shear probes

Remote sensing

Acoustic Doppler | Echo Sounder or | Multibeam Echo Microstructure Satellite imagery Aerial drone
Current Profiler Sonar Sounder (MBES) shear probe imagery
(ADCP) profiler (MSP)
Tested Paper |, 11, 11l Paper |, 11, 11l no no Paper | no
Spatial res. Line Line Area* Profile Area** Area**
Temporal res. Continuous Continuous Continuous Discrete Discrete Continuous
Wake res. 2D 2D 3D 1D (depth)*** 2D** 2D**
Wake region Entire Entire Entire Far (intermediate) Entire Entire
Measured Current velocity, | Signal strength Signal strength £ Sea surface temperature (SST),
parameter signal strength Synthetic Aperture Radar
Wake proxy |Turbulence, Internal waves, Internal waves, Turbulence Thermal wake, Thermal and
internal waves, bubbles, bubbles, surface wake surface wake
bubbles stratification stratification (Kelvin wake)
Advantages | Continuous, long- | Continuous, long- | The only method | High-resolution Captures large Continuous

requires close
ship passages,
risk of instrument
loss, interference
with ship echo-
sounder and bow
wave. Sidelobe
interference
close to surface.

ship interference
is not a problem.
Cannot currently
quantify wake
turbulence, but
new methods are
emerging.
Sidelobe
interference.

Large data files.
Ships must pass
close, risk of
instrument loss,
depth limit.
Sidelobe
interference.

enough to deploy
instruments in the
near wake, unless
sampled from
wake-inducing ship,
in which case there
is risk of the
instrument colliding
with the propeller.

Require cloud
free conditions.
Temporal
snapshot, low
data frequency.
Reliability not as
good near coast.

term, feasible, term, feasible, which can small-scale spatiotemporal observations
nonintrusive, non-intrusive, provide a 3D turbulence scales. Freely which can be
turbulent & reliable vertical view of bubble measurements available. SST combined with
bubble wake, extent. wake shows the effect |underwater
reliable vertical development. of mixing. observations.
extent.

Disadvantages | Limited spatial Same as for Cannot quantify | Difficult to get in No vertical No vertical
resolution, ADCP, except wake turbulence. | position quickly dimension. dimension.

Practically and
sometimes legally
difficult to
operate in open
waters and
shipping lanes.

Comment

Fixed bottom mounted setup preferrable to moorings,
which are affected by waves, and to ship-hull mounted
instruments, as the research ship can affect wake
observations and the vertical extent is more reliably
observed from below.

Complements the
ADCP turbulence
estimates.

Not suitable due
to cloud
disturbance and
low temporal
resolution.

Suitable scales for
turbulent wake
observations.

*Depth and width. **Length and width, ***With a slight horizontal shift as the probe falls with a speed of ca 1 m s,

Of the acoustic instruments, only multibeam echosounders can observe the wake in 3D
(Soloviev et al., 2012, Weber et al., 2005) (Table 2). Their multiple acoustic beams are
arranged in a fan shape measuring a cross-section/area of the water column, and with a
moving target or instrument, continuous observations of wake depth, width, and length
are possible. The ADCP, sonar, and echosounder observe a profile/line of the wake over
time, providing continuous observations for two of the three dimensions depth, width,
and length. Which dimensions depend on the sensor platform configuration (see section
3.2 and Table 3). If the instrument has several slanting beams (like the ADCPs), each
beam observation will observe a different cross-section of the wake, thus providing some
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information about the missing dimension. Multiple 2D instruments in a line could also
be used to cover all three dimensions.

3.1.2 Turbulence sensors

Microstructure shear probes (MSPs) are turbulence sensors using shear probes and fast
response temperature sensors to observe high frequency velocity shear in situ, from
which & can be calculated (Wolk et al., 2002, Lucas et al., 2014). MSP profilers are free-
falling sensor platforms equipped with MSPs, falling at a speed of approximately 1 m s.
There are currently no published studies using MSP profilers to observe turbulent ship
wakes, but they could theoretically be deployed in the wake from the wake-inducing ship
or another vessel. The MSP profilers’ main disadvantage with regards to turbulent wake
studies, is the sparse spatiotemporal data (Lucas et al., 2014), as they only make a
discrete vertical observation (1D).

3.1.3 Remote sensing

Remote sensing methodologies such as satellite or aerial drone imagery, provide ex situ
observations of large horizontal spatiotemporal scales (2D) (Paper I), but they cannot
capture the vertical dimension (Kouzoubov et al., 2014). Surface aperture radar (SAR)
imagery of sea surface roughness, can be used for wake detection (Soloviev et al., 2010,
Fujimura et al., 2016, Reed and Milgram, 2002), but does not provide information about
the turbulent wake or its impact (Kouzoubov et al., 2014)(Paper I). However, high-
resolution infra-red imagery provide data of sea surface temperature (SST), which can
be used to observe thermal wakes (NDRC, 1946, Voropayev et al., 2012, Issa and Daya,
2014), from which information about the turbulent wake can be inferred (Paper I).
Thermal wakes are a result of ship-induced water column mixing in a stratified water
mass, and thus a proxy for the wake water and the longevity of the impact of the ship-
induced turbulence (Voropayev et al., 2012).

Satellite imagery provides a snapshot in time over a large area, whereas drones can
provide continuous observations with a higher spatial and temporal resolution. High
resolution SST satellite data is temporally sparse, e.g. the Landsat 8 satellite passes
every 16t day (USGS, 2023) and the Sentinel 2 satellite pair every 5 days (ESA, 2023).
SST imagery is also less reliable in coastal areas due to land contamination (Gentemann
et al., 2010), and requires cloud free conditions, which increases data scarcity in areas
with a lot of cloud cover. Drones do not have these limitations but may be practically or
legally restricted when operating at sea in areas with intense ship traffic. Nevertheless,
compared to satellites, drones are more suitable for the spatiotemporal scales of
turbulent wakes and are easier to combine with simultaneous underwater observations.

3.1.4 Adding tracers to the turbulent wake

An approach that has been used to study the dilution of discharges in the ship wake, is
the release of a detectable tracer in the near wake, and then monitoring the spread and
dilution over time (e.g. (Loehr et al., 2006, Katz et al., 2003, US-EPA, 2002, Byrne et al.,
1988)). The tracer signal can then be used as a proxy of the wake water, analogous to the
bubbles in acoustic measurements, and the spread of the tracer thus provide information
about the wake extent. The dilution of the tracer is also related to the mixing of the
wake water, and an effect of the ship-induced turbulence. This approach is therefore
useful for estimating the impact of the turbulent wake on the dilution of pollutants but
does not directly characterise the turbulent wake itself.
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3.1.5 CTD observations of stratification

Water column stratification can both affect and be affected by the turbulent wake, and
in situ observations of stratification are therefore central in characterising the turbulent
wake. Stratification is measured using CTD-sensors, which measure salinity,
temperature, and pressure, from which water density can be calculated. If vertical
measurements (a profile) are made with high enough spatial resolution, they will
provide information about the stratification’s location, strength, and thickness. The
main disadvantages of CTD-sensors when it comes to turbulent wake studies, is that the
sensors need to be in direct contact with the water it is measuring. Hence continuous
CTD observations of the entire wake passage is not feasible, since the wake inducing
ship would strike any deployments inside the wake area. It is therefore difficult to use
CTDs to observe the effect of ship-induced water column mixing, as the wake-mixing
event occur on short time scales (Paper III).

3.1.6 Observing ship-wake impact on air-sea gas exchange

The bubbles and turbulence in the ship wake can affect air-sea gas-exchange in the wake
region (Weber et al., 2005, Emerson and Bushinsky, 2016). Observing this potential
1mpact requires observations of ship-wake related changes in the gas exchange-rate or
concentration changes of gases in the water and/or atmosphere. However, observations
of air-sea gas flux measurements is a field of its own, and outside the scope of this thesis.
The subject has recently been reviewed by others (e.g. Wanninkhof et al. (2009),
Bastviken et al. (2022)), hence only a brief overview of the most relevant methodological
approaches related to turbulent wake observations will be presented here.

Water column concentrations can be sampled either using in situ sensors, or by taking
water samples for laboratory analysis. Discrete water sampling in the turbulent wake is
possible, but it is difficult to sample the near wake and to achieve a high spatiotemporal
resolution. Available in situ sensors for Oz, CO2, and CH4, can be used and deployed in a
similar way as the CTD sensors. The gas flux over the air-sea surface can be measured
in situ using floating chambers, but as the they require calm conditions for reliable
measurements (Bastviken et al., 2022), they are not ideal for observing the turbulent
wake region. Atmospheric concentrations and flux of gases can be observed in situ using
spectrophotometric instruments, such as cavity ring-down spectrometer (CRDS)
(Beecken et al., 2015, Gronholm et al., 2021), or using micrometeorological approaches
such as the eddy-covariance (EC) method (Wanninkhof et al., 2009, Thornton et al.,
2020, Gutiérrez-Loza et al., 2019, Bastviken et al., 2022). CRDS have previously been
used to observe air emissions from ships and can be made at a distance from the
emission source (Beecken et al., 2015, Gronholm et al., 2021)(Paper IV), which is
convenient with regards to turbulent wake studies. However, the concentration changes
need to be within the instrument detection limit, and knowledge about the dispersion of
the observed emission is needed to estimate the initial emission concentration
(Bastviken et al., 2022). The EC method has been used to observe atmospheric fluxes of
e.g. CHs and COq at sea, but as it is not suitable for low concentrations or short time
scales (< 1 h) (Wanninkhof et al., 2009, Thornton et al., 2020, Bastviken et al., 2022), the
application for in situ wake measurements is limited.

3.1.7 Ship tracking (AIS)

An integral part of in situ observations of turbulent ship wakes is the ability to identify
the ships inducing the wakes. Since 2002, the international maritime organisation
(IMO) convention Safety of Life at Sea (SOLAS) (regulation V/19) require all passenger

19



vessels and large ships (> 300 GT) to have an Automatic Identification System (AIS).
The AIS transmit information about the ship’s identity, position, speed, and current
operation, and is thus useful to gather vessel specific data during opportunistic
observations of turbulent ship wakes (Paper I, Paper III). Still, many of the ship-
specific parameters in the AIS data are entered manually and are not always reliable,
hence there is a need for cross-validation. Although the AIS coverage is generally good,
ships can turn off their transmitters and avoid being recorded (Paper I, Paper III,

Paper IV).

3.2 SENSOR PLATFORMS RELEVANT FOR TURBULENT WAKE STUDIES

A sensor platform is the physical frame holding any or several of the instruments
described in the previous section. Different platform types use different ways of
deploying the sensors in the field, and the mode of deployment will impact which
spatiotemporal scales that are possible to observe. Table 3 summarises the main
features of three categories of in situ sensor platforms relevant for turbulent wake
studies: profilers, mobile platforms, and stationary platforms. The profilers, such as
CTDs and MSPs, are used to make vertical measurements and can provide a snapshot in
time of the dept dimension. The mobile category includes all platforms which can move
and thus observe any dimension (depth, width, or length), such as drones or ship-
mounted systems. The stationary platforms will observe the same point or profile (which
dimension depends on the configuration) and can often be deployed for a longer period of
time than the other two categories.

The handheld profiler includes platforms/instruments small and light enough to be
deployed by hand and from any vessel and could thus potentially be deployed in the near
and intermediate wake. The winch deployed profiler (e.g., a CTD-rosette) is a larger
system requiring a vessel equipped with a winch and can usually hold a large variety of
sensors and water samplers. However, they cannot be deployed quickly enough to
capture the near and intermediate wake. Moreover, when a larger vessel is needed for
carrying the profiler, there is a risk of disturbing the observed wake, hence winch
deployed profilers are unsuitable for turbulent wake observations. There are also
intermediate profiling systems that can be deployed while the ship is moving, such as
moving vessel profilers and yo-yoing profilers.

Mobile self-propelled platforms, such as autonomous underwater vehicles (AUVs) and
remotely operated vehicles (ROVs), can be equipped with a variety of instruments
depending on design, and can be operated in any dimension (depth, width, length). As
these vehicles generally operate at a low speed (1-4 knots), they are not very suitable for
cross-section or profile observations of the near and intermediate wake, where the
turbulent wake characteristics change very rapidly.

The passive mobile platforms include drifters and towed or ship-mounted systems,
where the latter is the most frequently used method to observe turbulent ship wakes
(Ermakov and Kapustin, 2010, Loehr et al., 2001, Soloviev et al., 2012, Francisco et al.,
2017, Kouzoubov et al., 2014, Marmorino and Trump, 1996, Stanic et al., 2009). Towing
instruments alongside or across the turbulent wake, i1s an approach that has been used
both in ship wake studies (Marmorino and Trump, 1996, Stanic et al., 2009) and in
studies of the wakes of off-shore wind power structures (Schultze et al., 2020). A few
studies have also observed the wake from the inside or side, but remained stationary
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instead of moving along/across the wake (Soloviev et al., 2012, Francisco et al., 2017)
(Kouzoubov et al., 2014). Another approach, used by Loehr et al. (2001), is the
deployment of drifters with sensor strings inside the wake, which then follows and
observe inside the wake as it drifts. Drifters and instruments towed behind the wake
inducing ship can be deployed inside the near and intermediate wake, and ship-mounted
acoustic instruments can observe the near wake from a distance. However, in the case of
crossing the wake with a vessel equipped with instruments, it will be difficult to capture
the near and possibly also intermediate wake.

Table 3.Summary of in situ sensor platforms able to hold acoustic instruments and conductivity, temperature, depth
(CTD) sensors for stratification observations. The spatial resolution (res.) Line means that either a depth or width
profile is possible, and Profile indicates that only a depth profile can be made. A continuous temporal resolution will
add the length or width dimension to the wake observation. The wake resolution is given by the combination of the
spatial and temporal resolution and a 3D observation is only possible if depth, width, and length can be observed
simultaneously. The 2D wake resolution always corresponds to depth or width + length (i.e. time). The advantages,
disadvantages and comments are based on the results of the appended papers and are further discussed in section 6.6.

Handheld profiler Winch deployed Mobile, self- Mobile, passive Stationary (e.g. moored
(e.g., CastAway CTD, | profiler (e.g., CTD propelled (e.g., (drifters) or or bottom mounted,
MSP) & rosette) AUV, ROV, drones) | towed/hull mounted sensor strings)
Tested Paper |, 111, IV no no no Paper |, 1l
Temporal res. Discrete Discrete Continuous Continuous Continuous
Spatial res. Profile Profile Line/Area* Line/Area* Line/Area*
acoustic
Wake res. 1D (depth) 1D (depth) 2D 2D/3D* 2D/3D*
acoustic
Wake region Far (intermediate) Far Far (intermediate) Potentially any Potentially any
acoustic
Spatial res. CTD Profile Profile Line Point/Line** Point/Line**
Wake res. CTD 1D (depth) 1D (depth) 2D/3D* 1D (time)/2D** 1D (time)/2D**
Wake region CTD | Far (potentially any) Far Far (intermediate) Potentially any Wake edge***
Advantages Easy to quickly Possible to Flexible, can Drifters can follow Long-term, bottom
deploy from any combine with observe different drifting wake. Sensors | mounted can observe
vessel. High- multiple sensors dimensions. can be towed behind | entire wake
resolution. and water ship in near wake. development.
sampling.
Disadvantages | Difficult and Cannot deploy in | Cannot deploy in Towing could affect Cannot deploy in wake

dangerous to get in
position fast enough
to deploy in the near
wake, unless
sampled from wake-
inducing ship, risking
the instrument and
propeller to collide.

intermediate and
near wake. Vessel
required which can
induce turbulence
in the upper
surface layer.

near wake. Difficult
to use in intensely
trafficked areas and
close to ships.
Relatively slow,
temporal mismatch
between observati-
ons within transect

the wake. Difficult to
get high enough
vertical resolution to
capture changes in
stratification (strings).
Challenging to tow
instruments in wake of
a large ship.

region due to collision
risk. Difficult to get high
vertical resolution
needed to capture
changes in stratification.

Comment

Could complement
observations by
stationary platforms.

Not very suitable
for wake studies
due to ship
disturbance.

Could complement a
missing dimension
of a stationary
instruments.

Common approach,
not long-term. Can
potentially capture
parts of the near wake

If wake drifts over
mooring, a wake cross
section can be
observed.

*If a multibeam is used.

**Multiple 1D sensors combined can give an interpolated 2D view (line) of the wake.

***|f deployed under the shipping lane, only the wake region deeper than the passing ship's draught can be observed, if deployed
beside the shipping lane, only the sides (and not the centre line) of the wake can be observed.
Abbreviations: MSP (microstructure shear probe), AUV (autonomous underwater vehicle), ROV (remotely operated vehicle).

Stationary platforms, such as moored instruments (Trevorrow et al., 1994) or upward-
facing instruments placed on the sea floor (Paper I, Paper III) (Weber et al., 2005), are
suitable for long term monitoring of ship wakes. Instruments moored near or at the
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surface, cannot be deployed where ships are passing, due to collision risk. Hence, surface
platforms can only observe from the side of the wake, which is a limitation when it
comes to CTD sensors. However, for acoustic instruments the platform can be deployed
at a safe distance below or at the side of the ship route. A disadvantage of stationary
platforms is that they need ships to pass close enough for a wake to be detected, as the
platform cannot move to the wake. This requires either deployment in a location where
ships are known to pass, like a shipping lane, or the use of designated ships inducing
wakes in the vicinity of the instruments. The latter approach has been most common in
previous studies using stationary platforms (Trevorrow et al., 1994, Weber et al., 2005).

3.3 USING MACHINE LEARNING FOR SHIP WAKE DETECTION

An in-depth description of ML and the different ways it can be used in turbulent wake
studies, is beyond the scope of this thesis. This section will provide a brief overview of
how ML can be used to analyse acoustic data, with respect to image classification.

ML models are useful when identifying statistically significant patterns in large
datasets (LeCun et al., 2015, Malde et al., 2019, Guidi et al., 2020), such as detecting
ship wakes in acoustic data (echograms) (Paper II). ML models have been developed for
automatic identification of fish species in acoustic data (echograms) (Horne, 2000, Yassir
et al., 2023), and a similar approach can be applied for ship wake detection. Automatic
ship wake detection in echograms is related to image and pattern recognition, a task
suitable for Convolutional Neural Networks (CNNs), which is a class of deep learning
ML models (Krizhevsky et al., 2012). To train a state-of-the art CNN, a large dataset of
labelled data is needed, which is challenging when data is limited (as in the case ship
wakes). However, data scarcity can also be addressed using ML models, as the available
data can be used to generate additional training data (Van Dyk and Meng, 2001). The
data generation can be further improved by including an expert evaluation of the
generated dataset, a so called expert-in-the-loop approach (Holzinger, 2016, Guo et al.,
2016). This additional feedback from the expert to the algorithm can improve the
training time and model accuracy.

3.4 MODELLING TURBULENT SHIP WAKES

An in-depth description of the modelling of turbulent ship wakes is outside the scope of
this thesis, and has been reviewed in the recent thesis by Wall (2021). Here, a brief
overview of different numerical and semiempirical model approaches relevant for
turbulent wake studies will be presented, describing the main advantages and
limitations.

Modelling the turbulent wake development is complex, and there is currently no
numerical or semiempirical model able to capture its entire wake extent (Figure 2) (Wall
and Paterson, 2020, Soomere, 2007, Golbraikh and Beegle-Krause, 2020). The near wake
region has been described using high resolution computational fluid dynamic (CFD)
models (Wall and Paterson, 2020, Brucker and Sarkar, 2010, Carrica et al., 1999, Wall,
2021)(Paper III, Paper IV) and semiempirical models (Golbraikh and Beegle-Krause,
2020, Chou, 1996). The wake turbulence and wake water dilution in the intermediate
and far wake have been estimated using semiempirical models (Katz et al., 2003,
Voropayev et al., 2012, Milgram et al., 1993, Dubrovin et al., 2011, Chou, 1996,
Tennekes and Lumley, 1972).
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3.4.1 CFD modelling

High-resolution CFD modelling, such as 3D Reynolds-averaging Navier-Stokes (3D
RANS) models (Wall and Paterson, 2020, Fujimura et al., 2016, Wall, 2021)(Paper III)
and Delayed Detached Eddy Simulation (DDES) models (Gritskevich et al., 2012,
Esmaeilpour et al., 2016)(Paper IV), have been developed within the field of naval
architecture, for the purpose of optimising propeller and hull design. As these models
require large computational power (Wall and Paterson, 2020, Fujimura et al., 2016), it is
not possible to expand the model for the entire wake extent, and only a few studies have
run the model past 1-2 ship-lengths behind the propeller (Wall and Paterson, 2020,
Brucker and Sarkar, 2010). There are also very few CFD studies of turbulent wakes of
surface ships in stratified conditions (Wall and Paterson, 2020, Brucker and Sarkar,
2010), and it is a field currently in development (Wall and Paterson, 2020). The CFD
model results are mainly validated using tank experiments with model-scale ships (e.g.
(Carrica et al., 1999, Parmhed and Svennberg, 2006, Fu and Wan, 2011, Liefvendahl
and Wikstrom, 2016)), and field measurements of turbulent ship wakes are scarce (Wall,
2021, Kouzoubov et al., 2014).

3.4.2 Semi-empirical models

Semi-empirical models can cover a large spatiotemporal range and overlap with the CFD
models, thereby providing a bridge between the near and intermediate/far wake.
However, they are simplified numerical models and are only valid for the vessels and
conditions they have been validated for, which limits their applicability. Except for
Voropayev et al. (2012), none of the previous semiempirical models were derived for
stratified conditions, and only the model in Milgram et al. (1993) (based on data from
Hoekstra and Ligtelijn (1991)), characterise the development of wake turbulence. The
remaining semiempirical wake models have focused on describing the dilution of
contaminants in the wake water (Golbraikh and Beegle-Krause, 2020, Katz et al., 2003,
Chou, 1996, Lewis, 1985, Byrne et al., 1988), the wake water temperature (Voropayev et
al., 2012), or the spatial expansion of the wake (Golbraikh and Beegle-Krause, 2020,
Golbraikh et al., 2013, Dubrovin et al., 2011). Hence, there are currently no
semiempirical models characterising turbulent wake development in stratified
conditions.

3.4.3 Bridging the gap between the near and far wake

A few studies have combined near-wake and far-wake models, in order to cover the
entire wake extent (Chou, 1996, Fujimura et al., 2016). Fujimura et al. (2016) used the
results from the near 3D wake model as input in the second 3D model and was thereby
able to model the entire wake extent. A similar approach, which requires less
computational power, is the “2D + time” approach (Wall and Paterson, 2020), where a
2D cross section of the wake is modelled over time. The turbulence field from a CFD
model of the near wake can then be used as input in an oceanic general circulation
model (GCM), which can model the far field turbulent wake development in stratified
conditions.
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4 METHODS

In the appended papers, the turbulent wake development has been characterised using
different sensor platforms, instrumentation, and numerical models, in order to capture
different aspects of the turbulent wake and its impacts. A brief description and
motivation of the methodological approach applied in each paper is presented here and
detailed descriptions are provided in the appended papers. The in situ and ex situ field
observations included in this thesis have been conducted at four different sites with
intensive ship traffic in the Baltic Sea region (HELCOM, 2021) (Figure 8). The
observations outside Saint Petersburg were made in summer 2011 and 2012 (Paper IV),
the Gothenburg observations in late summer 2018 (Paper I, Paper II), and the
Oresund measurements in August 2020 (Paper III). The different instruments and
methodologies used to observe the turbulent wake development and its impact are
illustrated in Figure 9.

Saint Pelersburg
*
* Gothenburg
Oresund &
(_____,-'
_—Bornholm
N 200 km

Figure 8. Overview of the sites where field observations of the turbulent wake
and its impact have been conducted. The back box indicates the shipping lane
area north of Bornholm (Bornholm Strait) included in the satellite analysis.

4.1 PAPERI

The aim of Paper I was to characterise the magnitude and spatiotemporal scales of the
turbulent wake, with a focus on wake extent. A bottom mounted Nortek Signature 500
kHz broadband ADCP (S500) was used to observe the vertical and temporal extent of the
turbulent wake in a shipping lane outside Gothenburg, and a handheld SonTek
CastAway®-CTD (Xylem, San Diego, California) was used to measure stratification at
the time of instrument deployment and retrieval (Figure 8, Figure 9). The instrument
was deployed for four weeks (28 August to 25 September 2018). The width and length of
thermal ship wakes was observed in the Bornholm Strait shipping lane using SST
satellite imagery from the Landsat 8 satellite (Figure 8, Figure 9). The ships inducing
the observed wakes were identified using the Helsinki Commission (HELCOM) AIS
database (HELCOM, 2018) and Marine Traffic (https:/www.marinetraffic.com).
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Echo sounder

Figure 9. Schematic illustration of the in situ and ex situ observation methods used to characterise the
turbulent wake. The CTD is a handheld conductivity, temperature, depth profiler. AIS is the ship’s
automatic identification system. S500 and S1000 (Signature 500 and 1000) are acoustic doppler current
profilers (ADCPs), and SGII is a Sea Guard IT ADCP. Note that the figure is not to scale.

The ship wakes in the ADCP data were manually identified and annotated from
echograms. The vertical and temporal extent was estimated for both the bubble wake
and the turbulent wake (¢ wake), the latter calculated from the ADCP along beam
velocities using the structure function method (Lucas et al., 2014). As the bow wave and
hull of the wake inducing ship interfered with the velocity observations, the first 0.5—1
min after ship passage were excluded from the ¢ calculations. Thermal wake width and
length was estimated from cloud free (< 23 %) satellite images from the IR and near-IR
bands of Landsat 8. Automatic detection was used to identify ships in the satellite
images and the thermal wakes were then manually digitalised. The thermal wake width
was calculated using 400 m cross sections every 250 m along the wake length. An
approximation of the vessel force (F, kg m s2) was calculated for each wake-inducing
ship, according to Equation 2:

F = pgy *B*T x5 (Eq. 2)

where B is the ship width [m], T is the ship draught [m], s is the ship speed [m s], and
pow the seawater density (1025 kg m-3). F is proportional to ship drag and relates ship
speed and size to the turbulent wake extent.
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4.2 PAPERII

The manual annotation of ship wakes in the ADCP data in Paper I was time
consuming, and the aim of Paper II was therefore to develop and test a deep learning
model for automatic wake detection. The task was considered a classification problem,
with the aim of identifying echogram images as either positive (with a wake) or negative
(no wake/background). The study consisted of two parts, data collection and labelling
(Paper I) and developing the deep learning model.

As the available training dataset was too small to train the deep learning model (165
positive wake samples from Paper I), additional augmented training data was
generated from the original data, using a simple probabilistic Gaussian Mixture Model
(GMM) (Reynolds, 2009). As the GMM required the acoustic data to be compressed
before application, a simple CNN-based autoencoder trained on the ADCP dataset was
used to preserve the wake patterns during compression. The output from the
autoencoder was then further compressed using principal component analysis (PCA),
and the GMM model was then fitted compressed data. The additional wake samples
generated by the GMM were run inversely through the PCA model and autoencoder. The
final augmented training dataset of comprised 1000 samples. As a step in the data
generation, the augmented training dataset was approved by a domain expert (in this
case, the same person who annotated the original data). This approach can speed up and
increase the quality of the learning and is referred to as the expert-in-the-loop
framework (Holzinger, 2016, Guo et al., 2016).

Two models were developed based on a small ResNet18 CNN model (He et al., 2016)
with 18 convolutional layers. One model used the baseline ResNet18 architecture with a
balanced training dataset. For the other model, robustness for an imbalanced training
dataset was increased by adding an example reweighting technique (Ren et al., 2018).
Five datasets of different percentage of positive samples were used to train the two
models (60%, 20%, 10%, 5%, 2.5%) and their accuracy and False Negative Rate (FNR)
was evaluated from 10 test runs. The models were also tested on an independent and
noisy part of the original dataset.

4.3 PAPERIII

The aim of Paper III was to quantify the turbulent wake extent and intensity and to
study the interaction between stratification and the turbulent wake. In order to capture
the turbulence in the near and far wake, in situ ADCP observations of the intermediate
and far wake were combined with RANS CFD modelling of the near wake (first 30 s).

The field observations were conducted in the Oresund Strait (Oresund) (Figure 8), which
is usually strongly stratified (Snoeijs-Leijonmalm and Andrén, 2017) and has an
intensively trafficked narrow shipping lane (HELCOM, 2021). The setup was similar to
Paper I, but in addition to the bottom mounted S500, a Nortek Signature 1000 kHz
ADCP (S1000) and Aanderaa Sea Guard IT ADCP (SGII) was also moored below the
shipping lane at 20 and 30 m depth respectively (Figure 9). The distance between the
S500 and the mooring was approximately 200 m, and they were deployed between
August 19-31 in 2020. The water column stratification at the instrument location was
measured daily during August 19-25, using a using a handheld CTD SonTek
CastAway®-CTD (Xylem, San Diego, California) deployed from a small leisure boat.
Opportunistic CTD measurements in ship wakes before and after passage were also
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made, where the echosounder of the leisure boat was used to locate the bubble cloud of
the ship wake. The wake-inducing ships were identified using the same HELCOM AIS
database as in Paper I (HELCOM, 2018), and detailed vessel information was retrieved
from the Sea-web Ships (2022) database.

The detection and analysis of the acoustic data was performed the same way as in
Paper I, except the current velocities used in the € calculations were not wave corrected.
The observed € decay rate was estimated by a linear fit to the logged mean ¢ values in
the top 2-20 m of the water column, which were calculated every 30 s of the first 10 min
of the ADCP wake.

CFD simulations of the turbulent wake were made for two generic Tanker and RoPax
(Roll on passenger ferry) geometries, in stratified and non-stratified conditions. The two
ship types were similar to ships present in the field observations in Paper I, Paper 111
(and Paper IV), and they were chosen due to their difference in hull design and
propeller configuration, and as ship types of particular interest in the field observations.
RoPax and similarly designed RoRo (roll-on roll-off) cargo vessels induced the largest
wakes in Paper I and some of the largest in Paper II, whereas a tanker vessel caused a
clear example of the interaction between the turbulent wake and stratification (see
results and discussion in Paper III).

The RANS modelling was performed in full-scale, using the k-@-SST turbulence model
with wall functions (Menter et al., 2003) and the open source libraries of OpenFOAM
(Weller et al., 1998). To include the effects of the propeller rotation, the model included
resolved rotating propellers and a refinement box several ship lengths aft of the ship.
The tanker had a grid mesh size of 33 M cells and the RoPax 30 M cells. As the RoPax
had a twin-screw propeller, only half the hull was simulated with a symmetry plane. To
save computational effort, the ship-induced waves were not resolved by the model, as
they were considered less important for the turbulence in the near wake. A Boussinesq
approximation model was used to model two stratified cases, corresponding to the in situ
conditions in the field observations in August 19 and 21, 2020. The modelled time step
represented less than 1° of propeller revolution, and the simulations were run longer
than 30 s real time.

By combining field observations with the modelling results, the wake’s total ship-
induced € was estimated for a Tanker and RoPax. Two ships of the same type and size as
the modelled ships were chosen from the in situ observations. The observed ¢ in the far
wake was then integrated over 2-—20 m depth and the first 10 minutes of the ADCP
observations. The integrated & values were multiplied with the ship speed, seawater
water density, and wake width, to estimate the corresponding power of the total
observed € in kW. The total € in the near wake was calculated the same way but using
the simulated ¢ in the propeller centreline. The near- and far-wake estimates where
then summed to get the total estimate for the entire wake.

4.4 PAPERIV

The aim of Paper IV was to investigate how ship passages and the turbulent wake
impact the release of CH4 to the atmosphere in an estuarine CHa rich area. The study
consisted of two parts: field observations of ship-induced CH4 emissions and CFD
modelling of the pressure field and turbulence during a ship passage.
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The field observations were conducted in the Neva Bay shipping lane outside Saint
Petersburg (Figure 8), in the narrow dredged shipping lane channel 14 m deep and 120
m wide. The conditions in the Neva Bay are perfect for biogenic CH4 production, as it is
shallow, have a large input of organic matter, it is partly closed off by a dam structure,
has low salinity (Telesh et al., 2008, Wallenius et al., 2021, Egger et al., 2018, Humborg
et al., 2019), and high concentrations of CHs have been observed in the water (Schneider
et al., 2014).

Atmospheric concentrations of CHs and COz behind ship passages were observed using a
G2304 Picarro CRDS, a method previously used to observe emissions from the ship’s
smokestack (plume) (Beecken et al., 2015) (Paper IV). Air-water flux measurements,
wind observations, and CTD-measurements were also made. AIS data for the observed
ships was logged continuously, and additional vessel information was retrieved from the
Sea-web Ships database (Sea-web Ships, 2022). The observed CH4 emissions were
calculated assuming a similar dispersion of CHs and COg, using the Ship Traffic
Emission Assessment Model (STEAM) (Jalkanen et al., 2009) to calculate the initial CO2
emission from the ship’s smokestack. A similar approach has previously been used to
estimate emission factors for NOx and SOz (Beecken et al., 2015). The frequency and
magnitude of CH4 emissions were quantified, the latter per ship passage and per day.
All uncertainty estimates of the emission observations were calculated according to
GUM (Guide to the Expression of Uncertainty in Measurement) ISO/TEC Guide 98-
3:2008 (Joint Committee for Guides in Metrology, 2008).

An estimate of the ship-induced pressure change (AP) was calculated according to
Bernoulli’s principle, assuming negligible energy loss, according to Equation 3:

L(UZ-U$) = AP, (Eq. 3)

where U, is the ship speed, Us is the water speed under the ship relative to the ship, and
p is the water density. Us; depends on the cross-sectional area around the ship influenced
by the ship’s passage (w,), and was estimated according to Equation 4:

U, = U WoXh (Eq. 4)

0’ (WoXh—wgxD)’
where w, was estimated as the shipping lane channel width, wy is the ship width, h is
the water depth in the channel, and D is the ship draught.

The ship-induced pressure was also estimated using CFD simulations of two ship
geometries in conditions similar to the Neva Bay shipping lane. The same generic
Tanker and RoPax ship geometries in Paper III, was used in Paper IV. These two ship
types were of particular interest in the CHj field observations as well, as RoPax ships
often induced very large CH4 emissions, whereas small tankers never induced any CH4
emissions. The CFD simulations also provided information about the depth and
intensity of the mixing in the turbulent wake.

The ship simulation was performed in full scale using DDES modelling and the k-»-SST
turbulence model with wall functions (Gritskevich et al., 2012) and using the open
source libraries of OpenFOAM (Weller et al., 1998). The model included resolved
rotating propellers and a refinement box, but did not resolve the waves generated by the
ship. At the modelled speeds (10 and 12 knots), ship-induced surface waves are small,
and were assumed not to contribute significantly to the pressure field on the sea floor.
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The bathymetry area of the model was 700 x 550 m, with a water depth of 4 m with a
channel in the middle, 14 m deep and 120 m wide. The mesh sizes were 22 M cells for
the Tanker and 42 M cells for the RoPax, with cell sizes < 2 mm around the propeller
and 10 cm in the wake region. The time step of the simulations corresponded to less
than 0.05° of propeller revolution, and the models were run for up to 30 s real time.
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5 RESULTS

In this chapter, the main results from the appended papers related to the thesis aim and
research questions, are summarised. Each section provides relevant results from all
appended papers.

5.1 TURBULENT WAKE EXTENT AND INTENSITY

Turbulent wake extent and intensity was observed and modelled in Paper I and Paper
III. The focus of Paper I was on observing the turbulent wake extent and Paper III
focused on characterising the turbulent intensity and decay. As the environmental
conditions were different between the two study sites, the combined results provide
information about the turbulent wake development for a large range of ship types in
both stratified and non-stratified conditions.

5.1.1 Spatial and temporal extent

The wake depth and longevity for the field observations in the shipping lane outside
Gothenburg and in Oresund, are presented in Figure 10 (Paper I and Paper III). The
Gothenburg dataset includes the observed close passages, defined as passing within 3
ship widths of the instrument, and the Oresund data includes the observed passages
with a visible echosounder signal. The £ wake depth was slightly larger than the bubble
wake, and the observed depths were similar between locations and the two ADCP
mnstruments (S500 and S1000). For the wake duration, on the other hand, there was a
clear difference between the S500 and S1000, as the bubble wake duration was much
shorter in the S1000 dataset compared to the S500. The S500 bubble wake duration was
also longer compared to the £ wake and similar at both locations.
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Figure 10. Bubble and £ wake depth [m] (a) and duration [mm:ss] (b) in the Oresund and Gothenburg field
observations, from the S500 and S1000 instruments. Median values are indicated by the horizontal line and
number, mean value is indicated by the x. The sample size (n) is indicated below each instrument and
location. Blue colours indicate bubble wake observations and red/orange colours, € wake observations. Note
the difference in bubble wake duration between the S500 and S1000 instruments.

The Gothenburg sample size (n) was larger and comprised larger and faster vessels
compared to the Oresund dataset. Still, there was no statistically significant correlation
between vessel force (F) and wake depth or duration, at either of the sites or for the
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combined dataset (R2-values > 0.17). Apart from the slightly longer duration of the &
wake in the Gothenburg dataset (not statistically significant), there was no clear
difference in wake extent between the sites, except that wakes deeper than 18 m did not
occur in Oresund. From Figure 10, this difference in depth extent is not very clear, as
the two very deep wakes (>18 m) in the Gothenburg dataset appear as outliers.
However, in addition to the wakes in Figure 10, there were several cases where it was
not possible to assign the wake to a single ship as two ships were passing at similar
distance at the same time. Among these cases, four wakes exceeded 18 m depth. Thus,
considering all the observed wakes, the Oresund wakes had a shallower maximum
vertical extent compared to the Gothenburg dataset.

The bubble and ¢ wake depths and duration for the six ship types where n > 3 observed
passages were investigated, and there was no clear difference between the ship types, for
the entire dataset or between the two sites. However, the deepest observed wakes were
from RoRo and RoPax ships. Moreover, in the Oresund dataset, the longest bubble
wakes occurred when bubbles were “trapped” in the stratification, remaining up to 10
min after the rest of the bubble wake disappeared (see Figure 7 for example). In the
Gothenburg dataset, however, the entire wake often remained for > 10 minutes (Paper
I, supplementary material).

The ADCP instruments used in Paper I-III did not allow for quantification of the
turbulent wake width. However, the maximum distance between the four slanted beams
in the ADCPs is ca 20 m (S1000) and 30 m (S500) (at 25° angel and 30 m depth), hence
for the passages where the wake was visible in all five beams, this distance indicates the
minimum wake width. In the Oresund dataset, the bubbles and turbulence were visible
in all five beams in a majority of the passages for both instruments. As 75 % of the
Oresund ships were < 20 m wide, it indicates that wake width was frequently at least 50
% wider than the ship width. In the Gothenburg dataset the median ship width was 26.5
m, thus too close to the 30 m estimate to provide any useful information regarding the
ship width. Nevertheless, in the Gothenburg dataset, ship wakes were frequently
detected from ships passing at 2—6 ship widths distance, with one bubble wake being
detected from a ship passing 55 ship widths (184 m) from the instrument. Hence, the
observations from Paper I and Paper III, indicate that the turbulent and bubble wake
width 1s 50-600 % wider than the ship.
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Figure 11. Signature 500 ADCP data of the signal strength from overpasses of R/V Svea. The dashed black
line indicates the sea surface, and the red dashed lines indicate the passages of Svea. (a) is the passage right
over the instrument (10:05 UTC+2), (b) 25 m east of the instrument (10:51 UTC+2), and (c) 50 m east of the
instrument (11:28 UTC+2). The white boxes indicate the wake signal. The x-axis indicate time [hh:mm:ss]
and the colour bar the signal strength in dB.
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The wake width estimate of 0.5—6 ship widths, was in agreement with field observations
of ship overpasses, where the bubble wake of a 15.8 m wide ship was detectable 50 m
east of the S500 instrument (Figure 11) (results not included in the appended papers).
The estimate was also in line with the satellite image analysis of thermal ship wakes in
Paper I, which showed a median thermal wake width of 157.5 m, and that all observed
wakes were > 100 m wide (Figure 10b in Paper I). The median thermal wake length
was 13.7 km (34 minutes for a ship with a speed of 13 knots) and 25 % of the wakes were
longer than 20.9 km (Figure 10a in Paper I). The temperature decrease caused by the
ship-induced turbulent mixing could thus be observed for a longer time than the bubbles
and turbulence itself.
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Figure 12. Satellite thermal wake length (a) and width (b) per ship type, for different ship force categories.
The passenger category includes Cruise and RoPax ships. The y-axis indicates the percentage of passages
for each category that induced a detectable thermal wake. The x-axis indicates the ship force, which is
dependent on ship speed, draught, and width. The number above each bar indicates the samples size (n),
and no number means no passage in that category. The colours indicate the wake width/length, where blue
shades are smaller/shorter values and red shades are large values.

The thermal wake widths and lengths were also analysed with respect to ship length,
speed, draught, width, force, and type, where the force results are presented in Figure
12 (the force estimate is defined in the methods section). The sample size for the
different categories varied greatly (the numbers above each bar), hence the results
should be interpreted with caution. The Cargo ships induced detectable thermal wakes
least frequently (< 30 % of the passages), and they also had few/no passages in the large
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force categories (1-3 and 3-15 [107 kg m s2]). Passenger (Cruise and RoPax), Tanker and
Bulk ships with high force induced detectable wakes most frequently (50-85 % of the
passages). Of the observed ships, the widest thermal wakes were induced by Tanker
ships with a large force (Figure 12) and width (40—60 m wide, data not shown). No
similar relationship between wake width and large force/ship width was found for any
other ship type. The longest wakes (32—64 km) were induced by Passenger and RoRo
ships with a large force. There were indications that a large force also increased the
wake length for the Tanker and Bulk categories, but no reliable conclusions can be
drawn, due to the skewed number of passages in each force category. Hence, no general
relationship between ship force and thermal wake length and width was found among
the ship types.

The CFD simulations of the Tanker and RoPax ¢ wake showed that during the initial 30
s, the wake did not widen much beyond the ship width, and there was no major
difference between the stratified and non-stratified cases (Paper III, Figure 16 and
Supplementary Figure 11-13). Likewise, there were there were no clear differences in &
wake depth between the stratified and non-stratified cases, but some small differences
between the ship types. The Tanker £ wake reached ~11 m at 30 s (5 m below draught)
and the RoPax ~14 m after 25 s (7 m below draught) (Paper III Figure 16 and
Supplementary Figure 12—-13).

5.1.2 Turbulence intensity

The observed decay of ¢ for all passages with visible echosounders in all five beams, for
both Gothenburg and Oresund, are presented in Figure 13 (Paper I, Paper III). The R2-
values for the linear function fitted to the logged data was 0.46 for Oresund and 0.42 for
Gothenburg and within the 95 % confidence interval of the dataset mean. The observed
Gothenburg ¢ decay rate was slightly higher compared to the Oresund (Figure 13). The
difference was expected, as both the sampled vessels and hydrographic conditions
differed between the sites. The observed & values were similar for all the nine Oresund
vessels, which had comparable draughts, but were of varying lengths, widths, speeds,
and types. This contrasted with the six Gothenburg vessels, which also had similar ¢
values, but were all induced by RoRo or RoPax vessels with similar dimensions and
speed. When comparing the ¢ decay rate for only the RoRo/RoPax vessels between the
two sites (Figure 13, Supplementary Figure 9a in Paper III) the Oresund values and
decay rate was still lower, indicating that the observed difference in ¢ decay rate was not
due to differences in observed ship types. When comparing the ¢ decay rate and values
for all ship types in the Oresund dataset, there was no clear difference between the ship
types (Supplementary Figure 9a in Paper III).

The Tanker and RoPax CFD stratified model outputs for mean ¢ over 2—20 m depth, are
also included in the Oresund Figure 13a for comparison (Paper III). In the Gothenburg
figure (Figure 13b), the same model output is included, but for a homogenous water
mass. As the field observations start 30 s to 1 min aft of the rudder, a 30 s delay have
been added to the field observations to illustrate the time relationship between the
model result and field observations. The modelled £ decay rate (-7/3) was much larger
than the observed decay rates (approximately -3/5), but at the time of convergence the
modelled and observed ¢ values were in good agreement for both sites, especially for the
Tanker simulation. The initial 30 s of the wake are thus the most turbulent, with a ¢
decay rate close to -7/3, which is in line with previous studies (Wall and Paterson, 2020,
Brucker and Sarkar, 2010) (Paper III). The non-stratified model cases had higher
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maximum intensities than the stratified cases, but after ~10 s the values converged, and
the decay rate was similar for both cases (Figure 13, Figure 15 in Paper III). The
modelled maximum ¢ intensities were ~2 orders of magnitude larger than the highest
observed values, with the RoPax values being ca 2 times larger than the tanker (Figure
13, Figure 15 in Paper III). The high ¢ intensities in the RoPax wake also covered a
larger area compared to the Tanker ¢ wake (Figure 16 and Supplementary Figure 12—-13
in Paper III), which was expected considering the RoPax’s twin propellers and larger

engine power.
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Figure 13. The observed mean exponential decay of turbulent kinetic energy dissipation rate (¢) for the top
2—20 m of the water column, for all ships with a visible echosounder in all 5 beams (S500) in (a) Oresund
and (b) Gothenburg. The x-axis shows the time in seconds. The ADCP data points are indicated by circles,
the red line is the dataset mean, and the red area indicates the 95 % confidence interval (CI). The black line
is a linear function f(x) fitted to the logged data. The CFD model output of mean e over 2-20 m depth from
the rudder position (10% and 30 s onwards for the Tanker (dark blue dash dotted line) and RoPax (light blue
line). The Oresund model output is for stratified conditions (200819 case) and the Gothenburg data is for a
homogenous water mass. As the field observations start 0.5—1 min aft of the rudder, a 30 s delay have been
added to the field observations to illustrate the time relationship between the model result and field
observations. The (-7/3) € decay rate is included for comparison (black dashed line).

In both the S500 and S1000 data in Oresund, = 50 % of the passages clearly induced &
levels above 2.5-104 m? s lasting for > 30 s. The modelling results also indicate that
during the first 30 s of the wake, the £ values mostly exceed 2.5:10- (Figure 13). Few of
the S500 passages had ¢ values exceeding 1-10-3 m? s3, and the duration of the
occurrences of € values above the threshold level were mostly very short (30 s—1 min).
All but one of the S1000 passages exceeding the threshold were > 1-10-* m2 s and had a
longer duration compared to the S500 wakes (2—10 min). The values exceeding the
threshold levels appear over the entire wake depth. The ship-induced & values occurring
at the pycnocline, reaches deeper and are more intense than for the observed wind
generated turbulence (Supplementary Figure 10 in Paper III). In general, the S1000
data recorded higher £ values compared to the S500 instrument.

The integrated observed total ¢ in the turbulent wake of a Tanker and RoPax,
corresponded to power estimates of 450 = 7 kW and 3148 + 25 kW, respectively. 90-95 %
of the total estimate was from the modelled near wake. The estimated power
corresponded to 13 % (RoPax) and 19 % (Tanker) of the installed engine power of the in
situ vessels.
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5.2 INTERACTION BETWEEN TURBULENT SHIP WAKES AND STRATIFICATION

The field observations clearly showed that the turbulent wake development was
impacted by the stratification and/or currents, with a decreased vertical extent and
increased horizontal spread (Paper III). The modelling results did not show the same
vertical restriction of the wake during stratified conditions (Paper III); however, they
only simulate the first 30 s of the wake, and the field observations indicate that the
deepest part of the wake often occurs later than 30 s after passage (Paper I, Paper III).

The ¢ and bubble wake were observed to penetrate below the stratification on several
occasion in the Oresund dataset (25 % in S500 and 36 % in S1000) (Paper III), and
during one passage in the Gothenburg dataset when stratification observations were
available (Paper I and Paper III). In the Oresund ADCP observations, there were clear
indications of ship-induced turbulence entraining water from below the stratification
(Paper III). This observation was supported by the CFD modelling results (Paper III),
which showed an increased density above the stratification after the ship passage,
especially for the RoPax case (Figure 17 in Paper III).

The thermal ship wakes detected in the satellite analysis of SST, provide another
concrete example of ship-induced entrainment, as the thermal wakes are the result of
ship-induced vertical mixing in a stratified water mass (Paper I). The satellite analysis
of SST showed that thermal wakes were both frequent and extensive, with a
temperature decrease of up to 1 °C in the thermal wake, compared to the surrounding
water.

Ship-induced internal waves were frequently noted in the Oresund dataset, and
occasionally in the Gothenburg dataset (Paper I and Paper III). Internal waves were
induced both by ships passing close to the instrument (with visible bubble and turbulent
wake), and by ships up to 100—350 m away (without a visible bubble or turbulent wake).
The model results also showed that the ship passages induced large vertical movement

of the water masses, visible as diapycnal displacements (Supplementary Figures 15-17,
Paper III).

5.3 QUANTIFYING SHIP-INDUCED METHANE EMISSIONS

In the Neva Bay field study, large and frequent ship-induced CH4 emissions were
observed and quantified (Paper IV). Container, Cruise, and RoPax vessels had the
largest CH4 emissions and triggered emissions most frequently (56—77 % of the cases)
(Paper IV ). The estimated total CH4 emission from the observed section of the Neva
Bay shipping lane, was 117.0 kg day!, corresponding to a CH4 flux of 0.179 g m2 day!
(or 11.14 mmol m2 day?).

The analysis of the parameters governing the ship-induced methane emissions,
indicated that ship draught, length, speed, and AP, had threshold values that when
exceeded will often trigger a methane emission (Paper IV). Ships > 250 m long, with a
draught > 8 m, and speed > 12 knots, frequently induced methane emissions, and few
emissions were triggered by ships < 125 m long, with draughts < 5 m, and with a speed <
9 knots (Paper IV). The AP was not measured directly in Paper IV, but the modelled
pressure field and the calculated estimate of AP were in good agreement, both indicating
a threshold value for emission-triggering between 30—60 mbar. The calculated and
modelled AP in Paper IV was in the same range as the observed ship-induced AP in
Paper III, which was ~15-20 mbar at 34 m depth.
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There was a weak correlation between the observed CH4 emissions magnitude and the
calculated AP, a R2-value of 0.474 for a fitted exponential curve (Extended Data Fig. 6d,
Paper IV). The largest CH4 emissions were induced by ships faster than 12 knots, but
there was no statistically significant correlation between ship speed and emission
magnitude. No correlation was found between emission magnitude and the ship
draught, ship length, or the time since the last ship passage.

The modelling results showed that the RoPax-induced pressure field covered a larger
area and that these vessels induced larger vertical velocities, compared to the Tanker
(Paper IV). For both ships, a large part of the water column in the wake region was
affected by high ¢ levels and vertical velocities (Paper IV).

5.4 USING MACHINE LEARNING FOR AUTOMATIC DETECTION OF SHIP WAKES IN
ADCP pATA
The evaluation of the developed deep learning-based expert-in-the-loop framework for
automatic wake detection in ADCP data, showed that for a balanced training dataset
with 50 % positive samples, the baseline ResNet18 model had an average accuracy of
93.4 % + 1.80 %, when classifying ship wakes in acoustic data with low noise levels
(Paper II). The false negative rate (FNR) for the same case was 9.87 + 3.28 %. A
majority of the erroneously classified wake samples were due to false negatives, hence
the model seldom classified non-wakes as wakes, but did not identify all of the wake
samples. The model was accuracy in classifying wakes in noisy acoustic data, was low,
with a mean accuracy score of 60.6 % and FNR of 38.06. When using unbalanced
training datasets with fewer positive samples (< 10 %), both models performed worse,
but the reweighted ResNet18 model was more robust than the baseline model.
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6 DISCUSSION

The results presented in this thesis are the outcome of interdisciplinary collaboration,
comprising a divers set of methodological approaches and field observations. The unique
dataset of in situ turbulent wake observations in the far wake, combined with CFD
modelling of the near wake, provide the basis for a characterisation of the turbulent
wake from an environmental impact perspective. The limitations an implication of the
presented results will be discussed in this chapter, in relation to the main objectives and
research questions.

6.1 LARGE VARIATION IN TURBULENT WAKE EXTENT AND INTENSITY

The S500 median values of the observed turbulent wake extent and intensity were in
good agreement between the Gothenburg and Oresund sites. The exception was the ¢
wake duration and intensity, which were a bit longer and higher in the Gothenburg
dataset (Figure 10 and Figure 13). The S1000 observations were similar to the S500,
except the median bubble wake longevity, which was considerably shorter (06:23 min)
for the S1000 compared to the S500 (~10 min) (Figure 10). There are several potential
explanations to the higher ¢ wake intensities observed at the Gothenburg site:
differences in the observed vessel types and speeds, difference in hydrographic
conditions, or a methodological difference. The ships observed outside Gothenburg were
slightly larger and faster compared to the Oresund dataset, but no correlation was found
between ship size/speed and wake intensity (Figure 13). The modelling results, on the
other hand, showed that the larger RoPax vessel induced higher ¢ intensities compared
to the smaller Tanker (Figure 13, Paper III). The results are thus inconclusive
regarding whether the higher intensities in Gothenburg are caused by the difference in
observed ship types. The other two explanations are also plausible, and possibly
interconnected. The Oresund wakes did not penetrate as deep as the Gothenburg wakes
(Figure 10, Paper I and Paper III) and at multiple occasions an horizontal wake spread
was observed, a phenomenon likely caused by the strong stratification and/or currents in
Oresund (Paper III). If the wake spreads horizontally instead of vertically, the
calculated mean ¢ value for each ADCP beam would decrease, as a smaller portion of the
2—20 m depth interval would contain the wake. Hence, the observed lower ¢ values in
Oresund do not necessarily mean that the total wake turbulence was lower, it could also
be a methodological artefact of only estimating the mean & for a vertical profile.

The total power estimate from the integrated ¢ values in the near and far turbulent
wake, indicated that 90-95 % of the dissipation occurred in the near wake (the modelled
first 30 s), for both the Tanker and RoPax. This has implications for the potential impact
of the ship-induced turbulence. As it usually takes more than 30 s for the turbulent
wake to reach its maximum depth, the most intense turbulence might not reach the
same depths as have been observed in the far wake, and potentially never reach deep
enough to directly impact the stratification. There are also methodological implications
for turbulent wake characterization. If most of the dissipation occurs in the near wake,
CFD modelling of the near wake could provide a sufficient estimate of the total
turbulent intensities. However, the estimated power only corresponded to 13 % (RoPax)
and 19 % (Tanker) of the installed engine power, which is about one third of the expected
energy loss between the engine power and thrust power delivered to the propeller
(usually 55-70 % of the engine power) (Xing et al., 2020). This discrepancy indicates
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either that a large part of the propeller thrust power is removed from the system in
other ways than through dissipation, or that the methodological approach used to
estimate the wake ¢ does not capture all the wake dissipation. RoPax vessels are
expected to have a higher discrepancy between installed engine power and propeller
thrust power, as for passenger ships, the hotel load represents 30—40 % of the total
engine load (Micoli et al., 2021, Braekken et al., 2023). Still, this does not account for the
large difference, but it explains why the Tanker had a higher percentage than the
RoPax. Energy losses due to ship-induced waves or an increase in the water’s potential
energy due to vertical mixing, are also possible ways in which energy could leave the
system, but they were not quantified in the appended papers. There are several
potential methodological explanations to the discrepancy. Firstly, the near wake ¢
estimate only included a 1 m wide section behind the propeller centerline. This
simplification was made as a conservative estimate of the wake ¢, as there was a rapid
decline in £ values to either side of the centreline (Paper III, Supplementary Figure 12).
An estimate of ¢ in the entire wake region would be more accurate and could potentially
account for some of the energy loss. Secondly, there are several potential explanations
related to the ADCP measurements. The top 2 m of the water column could not be
observed by the ADCP and were therefore excluded from the analysis and unaccounted
for. In addition, there background noise was high in the ADCP observations, which made
it impossible to separate the wake ¢ from the ambient &, hence the lower intensities in
the far wake region were not included in the estimate. In addition, the vertical
resolution of the ADCP measurements could be too low to capture all the turbulent
length scales in the wake region, when using the structure function method. Moreover,
there could be residual currents and large-scale turbulence, which had not yet dissipated
during the first 10 minutes of the far wake.

The e wake depth estimate was quite coarse, as the resolution of the ADCP bins (0.5 and
1 m for S500 and S1000) meant that the calculated ¢ estimates only captured intense
turbulent eddies of vertical eddy scales larger than 2—3 m. Still, the estimates give an
indication of the wake depth magnitude and variation but wake depth differences less
than 1-2 m should not be considered significantly different. The CFD simulations of the
&£ wake depth were in line with the field observations, with the Tanker wake reaching
~11 m after 30 s and the RoPax ~14 m after 25 s (Paper III). However, the model
results should not be considered an estimate of the maximum wake depth, as the field
observations show that the deepest part of the turbulent wake often occurs more than 30
s after ship passage, sometimes several minutes later (Paper I, Paper III) (Golbraikh
and Beegle-Krause, 2020).

There are no previous field studies of the turbulent wake extent of full-scale ships, but
the median observed bubble wake depths and duration, were in the same range as
observed in previous studies (see references in Table 1). However, the deepest wakes in
the Gothenburg dataset were 18-30.5 m, and the largest wake depth was more than 10
m deeper than any previous observations (Table 1). Two previous studies observed
bubble wake depths of 18 m (Soloviev et al., 2010, Loehr et al., 2001), and US-EPA
(2002) observed dyed wake water reaching 18 m depth. The ships in these three studies
were much larger compared to the other field studies (Table 1), with the exception of
Soloviev et al. (2012). The ships observed in Oresund were all > 70 m long (median 103.5
m) and 75 % of the ships had draughts > 5 m (median 6 m). Thus, so far, wake depths of
> 18 m has only been observed for ships > 70 m long and with draughts > 5.5 m.
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The observed thermal wake lengths were up to one order of magnitude longer compared
to previous model estimates of 30 ship lengths (Voropayev et al., 2012), though wake
temperature differences lasting more than an hour has previously been observed in the
field (NDRC, 1946). The observed thermal wake width (median 157.5 m, range 100-265
m) was in the same range as previously observed wake widths for a large cruise vessel
(100—250 m) (Gilman et al., 2011). The extent of the thermal wakes in the satellite
analysis were detectable for much longer than the wake turbulence and bubbles (Paper
I), indicating that effect/impact of the turbulent wake operates on different
spatiotemporal scales than the turbulent wake itself. The results of the satellite image
analysis also indicate that the wake water (at least the surface water) does not mix with
the surrounding water for an extended period of time (median 38 min/13.7 km, 25 % >
20.9 km) (Paper I), which is important to consider with regards to spread and dilution
of contaminants in the wake and in shipping lanes.

Several of the deepest observed wakes in the Gothenburg dataset were induced by
double passages and were not included in the analysis as it was not possible to assign
the wake to a single ship (Paper I). Apart from the data in Figure 10, four additional
wakes with depths > 18 m, were observed in Gothenburg. Hence, the analysis of the
entire dataset, including double passages, implies that very deep wakes (= 18 m) are not
extreme outliers, but is within the normal variability. Furthermore, as most of the
double passages were ships escorted by pilot vessels or tugboats, not including double
passages in the analysis could lead to a systematic bias, discriminating the largest ships,
as larger ships more often need tug assistance. If the instrument had been placed
outside the area where tug and pilot assistance was needed, this bias could have been
avoided. The accidental double passage, when two ships pass at a similar distance from
the instrument, could still occur, but would probably not occur systematically for a
specific ship type/size and thus not bias the dataset in the same way.

Both sites had a large variability in the observed wake extent, indicating that natural
variability of the turbulent wake development was high. The variation was high both
within each site (Figure 10) and among ships of similar size and type. In addition, the
wake depth varied over time and space within each wake. The variation in wake extent
presented in this thesis, is comparable to the range of observed extents among all
previous studies (Table 1).This is to be expected, as the sample size and variation of ship
types, ship sizes, and hydrographic conditions, were much larger in the papers included
in this thesis, compared to all previous studies combined. In the dataset used for the
wake extent analysis (Figure 10), a total of 94 passages, 79 individual ships, and 17
different ship types were included. The grand total for all previous studies were 19
different ships of ~8 ship types, where NDRC (1946) had the largest sample size with 5
individual ships of two different Naval ship types (Table 1). Similar to the results in this
thesis, NDRC (1946) noted that it was difficult to repeat the same experiment with the
same result, even in favourable weather conditions, indicating a large variation when
sampling in the field with varying hydrographic conditions. Likewise, Trevorrow et al.
(1994) observed a large variation in bubble wake depth and intensity over the wake
cross section, for repeated passages with the same vessel.

The large variation in wake extent could be caused either by the varying conditions
between each passage, or the intermittent nature of the wake, which causes a variability
in wake depth and width within each wake. When using a method of observation which
does not resolve the entire wake development (vertically, horizontally, or temporally), it
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is difficult to know if the deepest or most turbulent part of the wake was included in the
observation. The ADCP used in this study only measured the wake along five discrete
beams, and it is possible that different parts of the wake were measured in every
passage, potentially causing sampling inconsistency and contributing to the variation.
To minimise this source of variation, only the wakes with a visible echosounder in at
least 3 beams were included in the ¢ decay rate calculation. The presence of the
echosounder (and hull) is an indication that the ship is passing right over the
instrument, hence the ADCP should be observing along or close to the centreline of the
turbulent wake and any variation should be linked to differences in wake development,
not sampling inconsistency. Still, the observed within wake variability in wake extent
and intensity could potentially be reduced with a different experimental design, for
example combining multiple instruments to observe the wake in 3D. In summary, one of
the main conclusions of the wake extent and intensity analysis is that for field
observations of full-scale ships, there is a large variation in turbulent wake
development, and extreme values might be overlooked if the ship and wake sample size
is too small or homogenous.

6.2 SHIP-RELATED PARAMETER GOVERNING THE TURBULENT WAKE

DEVELOPMENT
Surprisingly, no significant correlation between vessel force and wake depth, width, or
duration was found in the field observations, indicating that vessel force was not a main
governing factor for wake extent (depth and duration) (Figure 12, Paper I, Paper III).
Similarly, no correlation between either ship length, draught, speed, or type, and wake
depth, width, or duration was found (Figure 12, Paper I, Paper III). The observed ¢
intensities were similar between ship types within the same site (Figure 13, Paper I,
Paper III), which further indicates that vessel type, size and speed, did not significantly
impact the wake characteristics. The model results showed that during the initial 25-30
s of the wake development, the larger RoPax vessel induced a wider and deeper wake
compared to the Tanker, in both homogenous and stratified conditions (Paper III).
These results indicate that in the near wake, the ship size and speed impact the
turbulent wake development, but in the far and intermediate wake region, the wake
development is not primarily governed by ship type.

Hoekstra and Aalbers (1997) observed similar turbulent intensity for different ship
types in their model study. The observed lack of correlation between wake extent, and
ship size/speed, contrasts to the assumptions and results of previous numerical and
empirical estimates of wake development (Katz et al., 2003, Golbraikh and Beegle-
Krause, 2020, Reed and Milgram, 2002, Milgram et al., 1993, Hoekstra and Ligtelijn,
1991, Lewis, 1985, Benilov et al., 2001). All of these previous studies found good
agreement between field/model scale observations of wake development, and numerical
models estimating the wake extent based on ship speed, draught and/or width. However,
none of these studies considered stratified conditions, and as it is well known that
stratification impacts the turbulent wake development (Lin and Pao, 1979, Brucker and
Sarkar, 2010, Jacobs, 2020, Merritt, 1972), the difference in hydrographic conditions is a
plausible explanation to the diverging results. The results presented in in this thesis
indicate that in the intermediate and far wake region, hydrography have a larger
influence on wake development than any single ship-specific parameter. Another
possible interpretation of the results is that in relation to the large sample variation, the
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sample size was too small to properly resolve the ship-specific variation. Still, the
dataset included in this thesis is much larger than in any previous study, and consists of
in situ observations, unlike most publicly available turbulent wake studies. Thus,
although variable, the dataset presented in this thesis provides a realistic
representation of the actual wake development, which evidently is both variable and
complex.

For the observed ship-wake related temperature differences and methane emissions,
there were some indications that ship size and speed could play an important role, but
the results were inconclusive. The thermal wake width for Tanker vessels and the
thermal wake length for Passenger ships increased with increasing force (Figure 12),
however, the other five analysed ship types did not exhibit this relationship. The
difference in sample size and distribution between the ship types makes it difficult to
draw any definite conclusions, but both Tanker, Passenger, and Cargo ships had similar
sample size and distribution, yet there was no uniform pattern among them. For the
ship-induced methane emissions (Paper IV), there were clear indications of ship size,
speed, and pressure threshold levels, above which methane emissions were usually
triggered. However, the likelihood or magnitude of the emissions did not scale with
increasing size, speed, or pressure, and some of the largest ships induced comparatively
small methane emissions. Thus, no ship-related factor could clearly be shown to govern
or predict the thermal wake extent or the magnitude of ship-induced methane emissions.
Consequently, the results presented in this thesis indicate that in natural conditions,
especially in stratified waters, the turbulent wake development is very complex and not
governed by any principal (ship-specific) parameter. Moreover, that previous
semiempirical estimates of contaminant dilution and dispersion, are not representative
for the conditions investigated in this thesis.

6.3 INTERACTION BETWEEN STRATIFICATION AND THE TURBULENT WAKE

In the Oresund field study (Paper III), there were frequent observations of turbulent
wakes penetrating the stratification and entraining water from below the thermocline to
the upper surface layer (Paper III). The entrainment increased the density of the wake
water above the stratification (Paper III), which along with the stratification, affects
the turbulent wake development by decreasing the vertical extent and increasing the
horizontal extent. The modelling results in Paper III also showed an increase in water
density above the thermocline after ship passage, especially for the RoPax. The model
results in Paper III did not indicate that the vertical development was restricted by the
stratification during the initial 30 s of the wake, nor an increased horizontal spread.
However, the field observations indicate that the deepest part of the wake occur later
than 30 s, hence it is likely that the model results does not capture the region of the
wake where stratification and entrainment impact the wake development the most.

The results presented in this thesis are the first field observations of this process, which
has previously been observed in model scale laboratory experiments and numerical
modelling (Lin and Pao, 1979, Brucker and Sarkar, 2010, Jacobs, 2020, Merritt, 1972).
Loehr et al. (2001) observed an asymmetric horizontal expansion of the wake during
field measurements, but this was more likely due to the strong current shear and not
entrainment, as it was only observed at one side of the wake in the direction of the
current. Jacobs (2020) modelled propeller wakes in a stratified fluid, and also found that
the propeller would create mixing across the stratification, as well as entrain water from

43



the side of the wake. Merritt (1972) released dye in turbulent wakes in both stratified
and non-stratified conditions and observed the same entrainment effect in the stratified
wakes. They also found a decreased vertical spread and increased horizontal spread and,
furthermore, noted that the dye in the thin stratified wake appeared to dilute more
slowly compared to the unstratified case.

Due to lack of frequent observations of the stratification in the Gothenburg field study,
there were only a few turbulent wake observations where the stratification was known.
For those observations there were two turbulent wakes observed to reach far below the
stratification (up to 10 m below) (Paper I). For both occasions, the ship draught was
deeper than the stratification depth, and there were no observations of the increased
horizontal spread and decreased vertical spread. Moreover, the penetration depth of the
Gothenburg wakes was generally deeper, as the Oresund wakes only reached a few
meters below the stratification (Paper III). This difference between the sites was likely
related to the difference in stratification and current velocities, as Oresund had a deeper
and stronger stratification and higher current velocities (Paper III). However, due to
the low number of observations with a known and weak stratification, it was not
possible to determine at which stratification depth and strength the wake development
begin to be significantly affected by the stratification.

In addition to the ADCP observations of the turbulent wake itself, the thermal wakes
observed in the satellite analysis in Paper I, is a detectable effect of ship-induced
entrainment across a thermocline. Consequently, the results presented in this thesis
clearly shows that in areas with intense ship traffic, ship-induced vertical mixing will
frequently induce entrainment across the thermocline for stratification depths down to
at least 12 m. Furthermore, the temperature signal from the ship-induced entrainment
1s detectable up to 60 km behind the ship (median 13.7 km). Hence, in areas with
intense ship traffic, ship-induced entrainment has the potential to increase the nutrient
availability and primary production in the upper surface layer, during periods where
there is a strong stratification, and the surface layer is depilated of nutrients.

Ship-induced internal waves were also frequently observed in both datasets, although
more often in the Oresund dataset (Paper III). Similar field observations have
previously been made by Watson et al. (1992), who found that stronger stratification and
larger ships (180 m long) induced higher amplitude waves. The higher frequency of
internal waves in Oresund could thus be due to a stronger stratification, but as the
stratification was not known for most of the Gothenburg dataset, this could not be
concluded with certainty. The result by Watson et al. (1992) was partly reflected in the
Oresund and Gothenburg observations, as several of the largest detected internal waves
were induced by very large ships (> 300 m long) (Paper III, data not shown). Still, ships
of all observed sizes induced internal waves (Paper III). Ship-induced internal waves
were not studied in detail in this work, and future studies are needed to further
investigate their spread and potential impact on vertical mixing.

6.4 ENVIRONMENTAL IMPACT OF THE TURBULENT WAKE

The observed thermal and turbulent wake extents indicate that in areas with intense
ship traffic, like the Bornholm shipping lane (Paper I) and Oresund (Paper III), a
large part of the shipping lane area will be affected by a ship’s turbulent wake. Based on
the observed thermal wake extents in Paper I, 5.8-11.5 % of the Bornholm shipping
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lane area would be affected by thermal wakes at any given time. These results indicate
that ship-induced turbulence occur at spatiotemporal scales large enough to motivate
consideration when assessing and monitoring impacts from shipping on a local and
regional level.

The observed and modelled ¢ (section 4.1.2, Paper I, Paper III) frequently exceeded
2.5:104 m2 s for 45 s, an exposure shown to increase mortality in copepods (Bickel et al.,
2011) and diatoms (Garrison and Tang, 2014). The field samples by Bickel et al. (2011)
showed a higher percentage of copepod carcases in the shipping lane (34 %), compared to
an undisturbed area outside the shipping lane (~5-6 %). This observation was further
supported by laboratory experiments, where the number of dead copepods increased
with increasing turbulent intensities. Increased plankton mortality can affect local
nutrient availability, as the dead plankton can either be remineralised and release
nutrients in the upper surface layer, or sink and remove nutrients from the upper
surface layer (Garrison and Tang, 2014, Bickel et al., 2011). In addition, there is a
possibility that areas with intense ship traffic, such as shipping lanes, could become
barriers for plankton connectivity.

The modelled and observed ship-induced ¢ levels penetrated deeper (5—15 m) and was 1—
3 order of magnitude more intense than naturally occurring wind-induced turbulence
(10> m2 s3) (Paper III) (Umlauf and Burchard, 2003, Fuchs and Gerbi, 2016, Franks et
al., 2022). In the surf zone, higher ¢ values have been observed, ranging from 10-5-10-3
m?2 s3 (Fuchs and Gerbi, 2016), even reaching 10! m2 s at wind speeds > 10 m s'!
(Gemmrich and Farmer, 2004). Observations of surface ocean turbulence from the Baltic
Sea, have occasionally found € values > 5:105 m? s3, but only during limited time periods
and never below 7 m depth (Lass et al., 2003, Ziilicke et al., 1998). Thus, at any depth
below the breaking wave zone, i.e. 1-2 significant wave heights from the surface
(Umlauf and Burchard, 2003), the conditions within the turbulent wake are highly
unnatural. Hence, in areas with intense ship traffic, ship-induced turbulence will be an
unnatural disturbance in the surface ocean, which should be considered a type of energy
pollution.

The observed ship-induced CH4 emissions (Paper IV), demonstrate that ship passages
and the turbulent wake can impact air-sea gas exchange. The emissions were likely
ebullition events triggered by the ship-induced pressure changes, and though the
relative contribution of the turbulent wake could not be determined, it was likely
smaller than the pressure effect. The observed CH4 fluxes of 11.14 mmol m2 day! in the
Neva Bay shipping lane, indicate that shipping lanes in estuarine and coastal areas are
potential hot-spots for ship-induced CH4 emissions (Paper IV). The observed flux is
comparable with known large aquatic sources, such as freshwater reservoirs and dams
(Deemer et al., 2016, Maeck et al., 2013), lakes (Deemer et al., 2016), estuarine mudflats
(Chen et al., 2017, Shalini et al., 2006), and CH4 ebullition hotspots on the Arctic
continental shelf (Thornton et al., 2020). Hence, future estimates of CH4 emissions in
coastal/estuarine areas with intense ship traffic or shipping lanes, should include
observations in the ship-affected areas. This suggestion is likely contrasting current
sampling behaviour, as shipping lanes are generally avoided during field observations,
in fear of contamination and for practical and safety reasons. Still, as all of the major
ports in the world (UNCTAD, 2022) are located in shallow waters with CHs-rich
sediments (Zang et al., 2020, Sun et al., 2018, Mao et al., 2022, Borges et al., 2016, Liu et
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al., 2022, Jing et al., 2016), the contribution of ship-induced CH4 emissions to the global
aquatic CH4 budget should be further investigated.

To assess the impact of ship-induced turbulence from all ship passages, in a
geographical region, it would be advantageous to integrate an estimate of the turbulent
wake impact in existing regional oceanographic biogeochemical models. The combined
effect from frequently occurring local events, such as entrainment of nutrient rich water
to the surface layer, are difficult to observe in situ. Using a modelling approach to assess
nutrient input, the cumulative impact from small but frequent entrained volumes of
nutrient rich water could be estimated. Regional oceanographic models have been used
to assess the impact of the wind and water wake from offshore wind farms (Daewel et
al., 2022). However, the spatial and temporal resolution of such models is currently too
low to capture the turbulent wake. A simplified estimate of the turbulent wake effects
with regards to nutrient input, would be to estimate and sum the total volume of water
entrained for each ship passage. However, as the effect from the turbulence itself would
not be considered, the estimate would not include the potential effects from
stratification-wake interactions, such as internal waves and a potential deepening of the
mixed layer due to ship-induced vertical mixing.

6.5 THE IMPACT OF TURBULENT WAKES IS INTERMITTENT AND IS EASILY
OVERLOOKED
The large variability in the observed wake extent and intensity, highlights the need for
large sample sizes, as the extreme values would likely have been missed if only a limited
number of passages had been observed. Knowledge about the variability and extreme
values is important, especially when considering the environmental impact. € intensity
1s a concrete example where it is important to know the extreme values, since there are
known threshold values above which plankton morality is increased (Bickel et al., 2011,
Garrison and Tang, 2014). If the observations were averaged over a long time period or a
large depth, the averaged values might mask the occurrence of high-intensity periods
Moreover, if only a few ship wakes were sampled, the highest values might not be
missed altogether. The observation of ship-induced CH4 emissions is another example of
scale-dependency. The observed CH4 emissions had a short duration, but large
magnitude and occurred frequently. However, it is necessary to measure in the right
place (in the shipping lane which is usually avoided) and at the right time, or ships as a
methane emission-source would have been overlooked. Previous studies have
highlighted the challenges associated with observing CH4 emissions, which are related
to the spatiotemporal patchiness of emission/ebullition events (Deemer et al., 2016,
Lohrberg et al., 2020, Bastviken et al., 2022). Moreover, the methodological challenges
mentioned by Bastviken et al. (2022), in relation to CH4 flux observations, are similar to
the challenges for turbulent wake observations. In short, there is a need to observe
multiple spatiotemporal scales simultaneously and the scale of interest lies within the
range 0—2 km. The methodological challenges in observing ship-induced turbulence and
its impacts in natural conditions, is likely one reason to why ship-induced turbulence
from an environmental impact perspective has received little attention until now.

6.6 METHODS DISCUSSION
In this thesis € was used as a measure of the wakes’ turbulent intensity and induced
water column mixing, and was calculated using the structure function method (Lucas et
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al., 2014) (see details in Paper I and Paper III). When the current velocity
observations are made with a vertical resolution of 1 m (as in Paper I and Paper III)
the structure function method only captures very strong turbulence with vertical eddy
scales larger than 2—-3 m. This creates a discrepancy between the estimated and actual
turbulence, as the small-scale turbulence is not captured. However, as the ship-induced
turbulence is very strong and cause large eddies, this loss has been assumed to be
comparatively small. Still, the higher levels of € observed by the S1000 instrument in
Paper III, indicates that the turbulent length scales are too small for the S500 to make
a correct estimate of the dissipation rate. As the S1000 instrument was moored, the
higher e could also be due to increased noise caused by the instrument’s movements.
Thus, further studies are needed to resolve the cause of the higher observations in
S1000, and to evaluate which frequency that are most suitable for estimating the wake
turbulence.

Another limitation of using current velocities to estimate turbulence, which has been
observed in in Paper I and Paper III, is that the ship hull, bow wave, and echosounder
interfere with the ADCP velocity observations (Figure 7). This makes the first 30 s to 1
min of the turbulent wake observations useless for calculating £, hence turbulence in the
near wake region cannot be estimated using ADCPs (Figure 3b). A microstructure shear
prober can be used to capture fine scale turbulence, both at the surface and in the near
wake. Still, it will only provide a profile for a single point, and the temporal wake
development will thus be low-resolution even if multiple profiles are made. Moreover, to
observe the near wake, the profiler needs to be deployed into the wake from the wake-
inducing vessel itself. This is because it is very difficult to get in position with another
vessel close enough to measuring the near wake (1-2 ship lengths behind the
vessel/within the first 30-60 seconds after passage) (Figure 3b) (Kouzoubov et al.,
2014)(Paper III). In addition, if a separate ship is used to observe the turbulent wake,
there is a risk of “turbulence contamination” from the observing ships wake (Franks et
al., 2022, Lass et al., 2003). An alternative would be to measure the wake directly from
the wake inducing vessel, which is feasible for a smaller vessel, but more challenging
when observing wakes from large commercial ships as the ones included in the appended
papers. These practical challenges also apply to other type of profilers and can be
exemplified by the CTD observations in ship wakes in Paper III. The opportunistic CTD
observations made in the turbulent wakes of passing ships (Paper III), were not a
suitable method for observing the ship-induced vertical mixing in the Oresund. This was
related to the strong stratification, as the mixing event in the wake was only detectable
for a short time before the newly mixed water was re-stratified (Paper III) (Lindholm et
al., 2001).

For the short time periods needed to observe the ship-induced mixing event, continuous
in situ CTD measurement would be advantageous. However, a high spatiotemporal
resolution of the sensors would be needed to observe changes in the stratification
(Paper III). Moreover, as CTD sensors need to be in direct contact with the water in the
wake region, they cannot be used to observe the turbulent wake, as the
string/buoy/mooring would be in the way of the wake-inducing ship. Hence, many of the
conventional oceanographic methods used to observe hydrographic features and
turbulence, are challenging or even impossible to use when observing the turbulent
wake.
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CFD modelling can complement in situ observations, as it can simulate the initial part of
the near wake region which is so difficult to observe. A CFD model can also be used to
test different scenarios, to investigate how different ship types, ship speeds, and
stratifications, impact the turbulent wake development. Such tests can be a supplement
in the interpretation of complex and noisy field observations, from which the most
important governing factors can be difficult to define. Field observations also provide
information when interpreting the CFD results, especially regarding the
representativeness and scope of the modelled cases. One example is the maximum
extent of the turbulent wake. The simulations in Paper III and Paper IV were run for
ca 30 s in full-scale and real time, but the field observations show that the deepest part
of the turbulent wake often occur more than 30 s aft of the vessel (Paper I, Paper III)
(Golbraikh and Beegle-Krause, 2020). Thus, the model needs to run for run for several
minutes, and for a larger domain, to ensure that the vertical wake development is fully
resolved. In contrast, the estimate of the total wake turbulence indicates that CFD
models of the near wake are suitable for estimating the turbulent wake intensities, as a
large portion of the wake turbulence dissipates within the initial 30 s of the wake. In
summary, a methodological approach where field observations are combined with CFD
modelling, can provide valuable information when characterising the turbulent wake
development.

The results in Paper IV, indicate that the observed ship-induced CH4 emissions were
likely triggered by a combination of pressure changes and the turbulent wake. Future
studies should combine underwater observations of pressure, the turbulent wake, and
CH4 bubbles (ebullition), as it would increase the mechanistic understanding of the
emissions. Using an acoustic instrument for ebullition detection would be ideal, as it can
be used to observe the turbulent wake as well. The effect of bubbles and turbulence on
air-sea gas exchange is a field of its own, but shipping lanes should be considered as
having different conditions compared to undisturbed water, especially in shallow and/or
stratified areas where turbulent wakes have the potential to impact the exchange

(Paper IV).

6.7 IMPLICATIONS FOR FIELD OBSERVATIONS IN TURBULENT WAKES AND
SHIPPING LANES
The hydrographic conditions will impact the turbulent wake development, and thereby
also the dispersion and dilution of contaminants in the wake. Hence, when sampling
contaminant concentrations in shipping lanes or ship wakes, it is necessary to know the
hydrographic conditions in order to plan an appropriate sampling design. In stratified
conditions, the entrainment of deeper water leads to a deeper and horizontal spread of
the wake, and sampling at the surface might completely miss the wake water. Moreover,
in stratified waters the wake may have a larger horizontal spread in relation to the
shipping lane compared to non-stratified condition. Likewise, dispersions models should
consider different types of wake development for stratified and non-stratified conditions
and include spreading at and from different depths. For example, the well-established
STEAM model used to estimate the spatiotemporal dispersion of different types of
contaminants from shipping, currently assumes that all direct discharges from ships to
the water are deposited at the sea surface (Jalkanen et al., 2021). This is despite the fact
that many of the discharge points on the ship, are located a few meters below surface. As

48



current velocity and direction vary over depth, the depth at which the wake water
distributes will impact the continued dispersion.

The results presented in this thesis, have implications for field observations in shipping
lanes, and especially for observations from ships traveling along major shipping lanes
(i.e. FerryBox systems), as there is a high likelihood that the sampled water is from the
wake of another ship. As the thermal wake was observed to be up to 1°C colder
compared to the surrounding water, a large difference considering that the general
uncertainty of seawater temperature measurements is in the order of 0.0025°C (e.g.
(Schmidt et al., 2016)). Sampling in a thermal wake would hence not be representative
for the surrounding water and would significantly increase the sampling uncertainty
(Paper I). Although the 1°C temperature difference was observed at the surface, the
extensive longevity of the thermal wake (estimated median duration 34 min, max 1 h 42
min) indicates that the temperature change was not only in a shallow surface layer, but
in the entire wake region. This is supported by the ADCP observations and model
results of ship-induced entrainment, as they indicate a change in the entire wake, not
only at the surface. Consequently, the impact of ship-induced turbulence should be
considered when collecting and interpreting FerryBox data.
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7 CONCLUSIONS

This thesis provides new insights regarding turbulent wake development for full-scale
ships in naturally stratified waters. The applied interdisciplinary methodological
approach, of combining in situ observations of the far wake with CFD modelling of the
near wake, made it possible to characterise the extent and intensity for the entire
turbulent wake. The extensive dataset of turbulent wake observations highlights the
large natural variability, and the complexity of turbulent wake development in natural
conditions. The spatiotemporal scales of the turbulent wake are challenging to observe
and model and the environmental impact from ship-induced turbulence is therefore
easily overlooked. The wake characterisation presented in this thesis, is a first step
towards assessing the environmental impact of ship-induced turbulence in surface layer
of the coastal ocean.

7.1 ANSWERS TO THE RESEARCH QUESTIONS
Objective 1: To review, test, and develop suitable methodologies and approaches for
detecting and characterising turbulent ship wakes and their impact.

RQ1a: Which available methodologies are suitable for observing turbulent ship wakes
and their impact?

During the work with this thesis, a large set of methods and methodological approaches
has been tested and developed. The results have shown that ADCP current
measurements can be used to estimate ¢ in the turbulent wake, and that the estimated
levels are in good agreement with CFD modelling estimates. Bottom-mounted, upward-
facing ADCPs placed under the shipping lane are suitable to observe the vertical and
temporal extent of the wake and the interaction between the turbulent wake and
stratification. However, the horizontal wake extent was not well captured by a single
ADCP, but using multiple ADCPs or a multibeam would likely be able to capture the
horizontal extent below surface. SST satellite images were used to observe the spatial
extent at sea surface, but a drone would likely be more suitable, as it could more easily
be combined with below-surface observations. Due to the interference from the ship
echosounder and bow wave, the ADCP observations cannot be used to estimate the
initial ~30 s of the turbulent wake development. Therefore, CFD modelling was
successfully used to estimate the turbulent wake development for the first 30 s of the
wake. When there is a strong stratification, it is challenging to observe any ship-induced
changes in stratification using CTD instruments deployed into the wake from the
surface, as the buoyancy frequency of the wake water is so high it re-equilibrates before
a CTD instrument can be deployed.

RQ1b: To which extent can machine learning models be trained to accurately detect
ship wakes in acoustic data, with only a limited dataset to train on?

The developed machine learning model for detecting ship wakes in acoustic data was
able to accurately detect ship wakes, except for noisy datasets affected by large waves or
migrating plankton. Hence, until a larger training dataset is available, expert
annotation and analysis of the acoustic dataset is still needed for noisy data, but the
developed machine learning algorithm can help detect a large portion of the wakes.
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Objective 2: Characterise the turbulent wake development with respect to
spatiotemporal scales and turbulent intensity, for stratified and non-stratified conditions,
using in situ observations and modelling.

RQ2a: What is the spatiotemporal extent and intensity of turbulent ship wakes?

The observed median ¢ wake depths were ~12—13 m, and median wake longevities
ranged from 4—6 minutes for the £ wake. The maximum observed turbulent wake
dimensions were 30 m deep and ~15 min long. The median thermal wake width was
157.5 m and 13.7 km long. The longest observed thermal wake was 62.5 km. The e-decay
rate in the near wake was close to -7/3, and the far wake decay rate was ca -3/5. The
observed maximum ¢ intensities in the far wake were ~104 m? s3, and the maximum
modelled ¢ intensities in the near wake were ~10-2 m2 g3,

RQ2b: What are the effects of the interaction between the ship’s turbulent wake and
stratification?

Ship-induced entrainment of water from below the thermocline, was observed in situ
and modelled. In addition, satellite images of SST showed frequent and long-lasting
thermal wakes, which is concrete evidence of ship-induced entrainment and vertical
mixing. The observed entrainment has implications for nutrient cycling and
hydrography, in areas with intense ship traffic, but assessment of that impact was
beyond the scope of this thesis and should be addressed in future studies. The field
observations indicate that a strong stratification reduced the vertical extent of the wake
and increased the horizontal extent of the wake, which is in line with previous
experimental and numerical modelling studies. Ship-induced internal waves were also
frequently observed, more so at the strongly stratified Oresund study site.

Objective 3: Quantify the impact of ship passages in coastal shipping lanes with respect
to energy pollution and ship-induced methane emissions.

RQ3a: How does the quantity and distribution of ship-induced turbulent mixing
compare to the natural wind driven mixing?

The ship-induced turbulent kinetic energy dissipation rate (¢) was 1-3 orders of
magnitude higher than generally observed in the upper surface layer, and in the same
order of magnitude as in the surf/wave zone at the sea surface. The turbulent wake
penetrates much deeper than the surf zone, and the deeper parts of the wake region thus
constitutes a very unnatural environment of elevated turbulence.

RQ3b: Which ship related and natural processes govern the magnitude and frequency of
ship-induced methane emissions in coastal/estuarine shipping lanes?

Large and frequent CH4 emissions triggered by ship-passages where observed. The main
trigger was likely the ship-induced pressure change at the sea floor. The modelling
results indicated that the ship-induced turbulence could reach the sea floor and thus
potentially increase the air-sea gas exchange. Larger and faster ships induced large CH4
emissions more frequently, hence size and speed limitations could be a potential
mitigation to reduce the emission.

52



7.2 CONTRIBUTIONS TO THE FIELD

1) A characterisation of the turbulent wake extent and intensity based on an extensive
and unique dataset of in situ observations combined with CFD modelling, for stratified
and non-stratified conditions

2) Estimates of the energy pollution from ship-induced turbulence in the surface ocean
in shipping lanes

3) Novel observations and quantification of ship-induced methane release in shallow
coastal shipping lanes

4) The first steps in resolving some of the complexities related to wake development in
natural waters

5) Contributing to the discussion of scale-dependence and the need to consider the
relevant scales

6) Constitutes the first comprehensive work focusing on characterising the turbulent
wake from an environmental impact perspective
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8 FUTURE OUTLOOK

Future studies of the turbulent wake should continue to include different spatiotemporal
scales when observing and simulating the wake development and impact. The governing
parameters for the turbulent wake development should be furthered studied, as the
large variation in the observed turbulent wakes have not been fully explained within the
work of this thesis. The characteristics of turbulent wake development in stratified
waters, should be integrated in modelling estimates of pollution dispersion. The ship-
induced internal waves should be further investigated, especially in relation to their
potential contribution to diapycnal mixing. The impact of ship-induced turbulence on
plankton should also be further studied, and especially with regards to the impact of
shipping lanes on connectivity and biogeochemical cycles. The processes governing ship-
triggered CH4 emissions should be further investigated, and include in situ observations
of pressure, and CH4 flux/ebullition from the sediment to the atmosphere. The modelling
estimate of the wake development should be further expanded, for example by using
CFD model output of the near wake as input in a 2D+time general circulation model,
which could work as an intermediate step between CFD models and regional
oceanographic models.
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