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Ship-related energy pollution has received increasing attention but almost exclusively regarding radiated underwater noise, while the effect of ship-induced turbulence is lacking in the literature. Here we present novel results regarding turbulent wake development, the interaction between ship-induced turbulence and stratification, and discuss the impact of turbulent ship wakes in the surface ocean, in areas with intense ship traffic. The turbulent wake development was studied in situ, using Acoustic Doppler Current Profilers (ADCP) and conductivity, temperature, depth (CTD) observations of stratification, and through computational fluid dynamics (CFD) modelling. Our results show that the turbulent wake interacts with natural hydrography by entraining water from below the pycnocline, and that stratification influences the turbulent wake development by dampening the vertical extent, resulting in the wake water spreading out along the pycnocline rather than at the surface. The depth and intensity of the turbulent wake represent an unnatural occurrence of turbulence in the surface ocean. The ship-induced turbulence can impact local hydrography, nutrient dynamics and increase plankton mortality due to physical disturbance, especially in areas with intense traffic. Therefore, sampling and modelling of e.g., contaminants in shipping lanes need to consider hydrographic conditions, as stratification may alter the depth and spread of the wake, which in turn governs dilution. Finally, the frequent ship traffic in estuarine and coastal areas, calls for consideration of ship-induced turbulence when studying hydrographic processes.
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1 Introduction

Anthropogenic introduction of energy to the marine environment is considered a type of pollution (MSFD, 2008/56/EC). Until now, energy pollution has mainly embraced studies on underwater noise, where ships are a well-recognised source (Duarte et al., 2021), and ship-induced waves inducing resuspension and erosion, (Soomere and Kask, 2003; Soomere, 2005; Kelpšaite et al., 2009), especially in areas with intense ship traffic. An additional type of energy pollution is ship-induced turbulence (Figure 1), pioneered by Jürgensen (1991) but still commonly overlooked. Nylund et al. (2021) advanced the characterisation and understanding of turbulent ship wakes from an environmental impact perspective through a combination of in situ and ex situ observations. Nylund et al. (2021) also estimated that the input of ship-induced turbulent energy can be in the same order of magnitude as natural wind-induced turbulence, in areas of intense ship traffic. Hence, there is a need to investigate the potential impacts of shipping on local/regional hydrography, especially in areas and seasons of natural stratification of the surface ocean.




Figure 1 | The turbulent wake region and the Kelvin wake pattern are illustrated in (A). The dimensionless length scales of the near field, intermediate, and far field wake regions are indicated in (B). L, wake longevity (in time or length); W, wake width, and D, wake depth. Note that these illustrations are schematics and not true in scale or shape. Figure reprinted with permission from Nylund (2023).



The development of the turbulent wake is affected by the ship’s speed, geometry, and manoeuvring, as well as environmental conditions such as currents, stratification, and waves (Loehr et al., 2001; Stanic et al., 2009; Ermakov and Kapustin, 2010; Voropayev et al., 2012; Fujimura et al., 2016; Somero et al., 2018). There are a dozen of studies where field observations of the wake extent have been presented with reported wake depths of 15–30 m, wake longevities of 10–20 min, and visible temperature signals in the surface water from ship-induced vertical mixing extending tens of kilometres after ship passage (Nylund et al. (2021) and references therein). None of studies reviewed by Nylund et al. (2021) investigated the turbulent wake. Instead, parameters such as the induced bubble cloud, temperature, or dilution of a dye/substance, were used as proxies for the turbulent wake extent. Regarding turbulent intensities, Nylund et al. (2021) calculated the rate of turbulent kinetic energy dissipation (ε) in the wake, as an estimate for the turbulent intensity and mixing effect. The in-situ estimated ε values in the turbulent wake generally exceeded 10-4 m2 s-3 and even reached values of 10-3 m2 s-3. However, these ε values do not represent the region within 30 s of the propeller, a duration corresponding to approximately 1–2 ship lengths for a ship with length > 100 m at speeds of 10–20 knots, i.e., the early part of the near wake (Figure 1).

The early part of the near wake has been well studied for the purpose to optimize ship hull and propeller design, using high-resolution Computational Fluid Dynamics (CFD) using 3D Reynolds-averaging Navier-Stokes (3D RANS) models. However, the high-resolution CFD modelling is very demanding in terms of computational power (Wall and Paterson, 2020), hence it is not possible to expand them to cover the entire extent of the turbulent wake. Moreover, high-resolution ship wake CFD models for stratified wakes is still a field in development (Wall and Paterson, 2020). Semi-empirical models can either be derived for the near wake (Chou, 1996; Golbraikh and Beegle-Krause, 2020), or the intermediate and far wake (Tennekes and Lumley, 1972; Milgram et al., 1993; Chou, 1996; Katz et al., 2003; Dubrovin et al., 2011; Voropayev et al., 2012), and thus overlap with the region covered by the CFD models. However, despite the benefits of a large spatiotemporal range, they are simplified numerical models, valid for the vessels and conditions they have been verified for. Of the previous models only Voropayev et al. (2012) was derived for stratified conditions, and apart from (Milgram et al., 1993), none were developed with the aim of characterising the extent and intensity of the wake turbulence.

The are a few estimates of the turbulent wake extent and intensity in numerical modelling studies and experimental studies of model scale ships and propellers (Hoekstra and Ligtelijn, 1991; Milgram et al., 1993; Loberto, 2007; Wall and Paterson, 2020). Hoekstra and Ligtelijn (1991) measured turbulent intensity in the wake of different self-propelled model scale ships, and Milgram et al. (1993) fitted a function to their observations, with an exponential decay rate of (-4/5). Finally, Wall and Paterson (2020) and Brucker and Sarkar (2010) have modeled the turbulent wake development for a self-propelled ship in stratified conditions, although based on an idealized ship wake. Both studies presented non-dimensional centerline values of ε and found an exponential decay rate of (-7/3). Hence, there are some previous estimates of the ε decay rate in the near field and potentially intermediate part of the turbulent wake (Figure 1), but measurements of the turbulent intensities in the entire wake region of a full-size ship are lacking (Ermakov and Kapustin, 2010; Kouzoubov et al., 2014; Golbraikh and Beegle-Krause, 2020).

From numerical modelling and model scale laboratory experiments it is well known that stratification impacts the turbulent wake development (Merritt, 1972; Lin and Pao, 1979; Brucker and Sarkar, 2010; Jacobs, 2020). In addition, turbulent ship wakes have been reported to penetrate in situ stratification (Jürgensen, 1991; Lindholm et al., 2001; Loehr et al., 2001; Nylund et al., 2021), thereby entraining deeper water from below the stratification. During a ship passage, an intense local mixing is induced, where the lighter surface water is mixed with denser water from below, creating a new water mass with an intermediate density. The intermediate water will spread and stabilize at a depth where the surrounding water has the same density (Merritt, 1972; Arneborg, 2002). Moreover, strong currents and shear have been observed to shift the wake horizontally (Benilov et al., 2001; Loehr et al., 2001) and a strong stratification can reduce the vertical extent of the turbulent wake (Lin and Pao, 1979; Brucker and Sarkar, 2010; Voropayev et al., 2012; Jacobs, 2020). Stratification is important for the turbulent wake development, still, few previous studies have been conducted during conditions where the wake depth reached the stratification (Jürgensen, 1991; Lindholm et al., 2001; Loehr et al., 2001; Weber et al., 2005; Voropayev et al., 2012; Nylund et al., 2021). Hence, there is a knowledge gap regarding the interaction between stratification, and the turbulent wake development.

The interaction between the turbulent wake and stratification is also one of the ways in which the turbulent wake can impact the marine environment. In stratified conditions, a ship passage could entrain water from below the stratification and cause a small local upwelling. Further, a previous study has reported a deepening of the stratification depth due to ship-induced turbulence, with potential impact on local biogeochemistry (Lindholm et al., 2001). Compared to the natural turbulent intensities in the ocean, the available observations of ship-induced ε are much higher than typically found for wind-induced mixing (Nylund et al., 2021). Reported open ocean ε intensities range from 10-8–10-6 m2 s-3 and rarely exceed 10-5 m2 s-3, whereas in tidal channels, estuaries, and the surf zone, the upper values range from 10-5–10-3 (Fuchs and Gerbi, 2016; Franks et al., 2022). However, field observations of surface water turbulence below the wake-braking zone are limited in number, as the top 10–20 m of the water column are regularly excluded from the analysis, due to contamination from the research vessels turbulent wake e.g. (Lass et al., 2003; Franks et al., 2022). Hence, there is a common understanding that turbulent ship wakes impact the natural turbulence and stratification, but so far this knowledge has mainly led to a lack of observations of both the natural ε levels and the influence of turbulent ship wakes. Still, there are a few Baltic Sea studies with ε observations in the top 20 m. Lass et al. (2003) observed ε values during a 10 day period, and did not find ε values > 5  10-5 m2 s-3 below 10 m depth. Zülicke et al. (1998) measured the entire surface layer and reported surface ε values > 10-5 m2 s-3, during limited time periods, but these values never reached deeper than 7 m. To complement the scarce field observations of surface ocean ε, the wind-induced ε at different depths below the breaking surface waves, can be estimated from the law of the wall (Thorpe, 2007). Such estimates of ε are in line with available field observations and indicate that below 2 m depth ε seldom exceed 10-4 m2 s-3, when the significant wave height is less than 1 m (Supplementary Figure 1).

Another consequence of ship-induced turbulence is the impact on plankton, where two studies found episodic intense turbulence comparable to a ship passage, to increase plankton mortality even during short exposure times (30 s and 45 s, for copepod Acartia tonsa and diatoms Thalassiosira weissflogii and Skeletonema costatum, respectively) (Bickel et al., 2011; Garrison and Tang, 2014). Beside impacts on hydrography and plankton, the turbulent wake region from individual ships will govern the distribution of pollutants discharged from the ship into the wake (Katz et al., 2003; Loehr et al., 2006; Situ and Brown, 2013; Golbraikh and Beegle-Krause, 2020). Ships are floating industries and give rise to discharges of an array of pollutants, such as eutrophying and acidifying substances, and organic and inorganic contaminants e.g. Jalkanen et al. (2020).

In summary, energy pollution from ship-induced turbulence affects hydrographic, biogeochemical, and marine ecological processes in the surface ocean. To make a realistic environmental impact assessment of turbulent ship wakes in natural conditions, it is necessary to characterize the entire wake development for different hydrographical conditions. Therefore, the aim of this paper is to quantify the magnitude and spatiotemporal distribution of ship-induced turbulence to the upper surface layer and to investigate the interaction between stratification and the turbulent wake development. The turbulent wake characterization is made for stratified and non-stratified conditions and considered spatiotemporal scales relevant for the potentially impacted processes. To capture as much as possible of the turbulent wake extent, a combination of in situ observations and CFD modelling is used. The field observations were conducted in the intensely trafficked shipping lane in the stratified strait of Oresund, Baltic Sea, using acoustic doppler current profilers (ADCPs) and CTDs (conductivity, temperature, depth) to observe turbulent ship wakes and water column stratification. The CFD modelling was performed using a k-ω-SST RANS turbulence model in full scale with resolved propeller rotation and wake refinement for two representative ship geometries from the field observations; both a homogeneous water column as well as two representative examples of realistic stratification were modelled.

The following questions will be addressed in the paper:

	How much turbulent energy is introduced to the upper surface layer by turbulent ship wakes, i.e., what is the maximum intensity, extent, and duration of ship-induced turbulence during a ship passage?

	How does the observed and modelled input of ship-induced turbulence in the surface ocean, compare with wind-induced turbulence?

	How does stratification impact the spatiotemporal development of a ship’s turbulent wake and how does turbulent ship wakes impact stratification and entrainment of deeper waters into the surface mixed layer?



There is still a limited amount of field observations of turbulent ship wakes during stratified conditions and this study provides new field and model information in the work of characterising the wake development and identify the interaction between stratification and the turbulent wake.




2 Materials and methods

To estimate the turbulence intensity and development, for as large a portion as possible of the temporal extent of the turbulent wake, a combination of ADCP field observations and CFD modelling was used. The CFD modelling covered the initial 30 s of the wake, and from the ADCP observations the turbulence could be estimated from 30 s to 1 min after ship passage.

The Baltic Sea region, where the field observations were conducted, is one of the most heavily trafficked areas in the world (HELCOM, 2010; Swedish Maritime Administration, 2015). In the Oresund strait (Figure 2), there are approximately 30 000 passages each year, corresponding to a passage every eighteenth minute, on average (HELCOM, 2021). The Oresund strait is suitable to investigate the impact of stratification on turbulent wake development, as there is generally a strong stratification due to the outflow (northernly) of low-saline surface water from the Baltic Sea, and the inflow (southernly) of high saline water below the pycnocline from the Kattegat and North Sea (Snoeijs-Leijonmalm and Andrén, 2017).




Figure 2 | Overview of the field observation area in Oresund (A), located on the Swedish side of the strait. The black box indicates the location of the zoomed in map (B), where the location of the Signature 500 (S500), Signature 1000 (S1000) and Sea Guard II (SGII), are indicated. The approximate distance between the two instruments was ca 200 m. The shipping lane on the Swedish side is north bound.





2.1 Field observations in Oresund

The acoustic field observations were conducted between August 19–31 in 2020. Stratification observations were conducted between August 19–25. The experimental setup and configuration was the same as described in Nylund et al. (2021), with an upward-facing Nortek Signature 500 kHz (S500) broadband ADCP (ping frequency 1 Hz, cell size 1 m) placed on the seafloor, at 33 m depth, underneath the northbound shipping lane outside Helsingborg (lat N56.019233, lon E12.676900) (Figures 2, 3). In addition, a mooring with an Aanderaa SeaGuard II ADCP (SGII), close to the bottom at 32 m depth, and with a Nortek Signature 1000 kHz ADCP (S1000) (ping frequency 1 Hz, cell size 0.5 m), placed in a subsurface float about 22 m below surface, was deployed approximately 200 m east of the S500 instrument (lat N56.019283, lon E12.679683) (Figure 2B). The latter measured the water column between 2 and 20 m depth. Movements, changes in tilt and heading, of this instrument has to be post-compensated for. The SGII measured current velocities in the water column (ping frequency 0.25 Hz, cell size 0.5 m). In addition, this instrument was equipped with sensors to measure salinity/conductivity, temperature, pressure, waves, tide, and oxygen concentration close to the bottom. The 200 m distance between the instruments was chosen to cover a large part of the shipping lane, but still be close enough to observe the same ship passages in both instruments if the ship passed between the instruments. The distance was based on the observations by Nylund et al. (2021), where bubble wakes were frequently observed 3–6 ship widths from the passing ship, indicating that wakes from ships > 17 m wide should be possible to detect in both instruments when passing between them.Two small and fast leisure boats were used to access the instruments and passing ships. The water column stratification was measured using a handheld CTD SonTek CastAway®-CTD (Xylem, San Diego, California). During the study period, each day several profiles were measured at the location of the ADCP instruments at different times of the day. In addition, opportunistic stratification measurements in the wake of passing ships were conducted. First, 2–4 profiles were made before ship passage, and then 2–6 profiles were made in the ship wake as soon as possible after ship passage (usually 2–10 minutes).




Figure 3 | Illustration of the instruments used in the field observations. The Signature 500 ADCP (S500) was in a fixed stationary frame on the sea floor, whereas the Signature 1000 ADCP (S1000) and the SeaGuard II ADCP (SGII) were moored. Note that in the field, the instruments were placed on a line perpendicular to the shipping lane, and not in a line along the shipping lane. The illustration is not true to scale.





2.1.1 Additional datasets

To identify the vessels inducing the detected wakes, access to the Helsinki Commission (HELCOM) Automatic Identification System (AIS) database was purchased from the Swedish Maritime Administration (HELCOM, 2018). Detailed information about the vessels geometry and propulsion system was retrieved from the Sea-web Ships (2022) database. Observations from the study by Nylund et al. (2021) were included for comparison, and is available for download at https://doi.org/10.5281/zenodo.5066997 (Arneborg et al., 2021).




2.1.2 Analysis of field data

The wake detection and data analysis were conducted as described in Nylund et al. (2021). In short, the elevated echo amplitude from the bubbles in the turbulent wake region was used to identify the ship wakes in the ADCP datasets, and the AIS data was used to identify the ship inducing each detected wake. The dissipation rate of turbulent kinetic energy can be used as a measure of the intensity of the ship-induced turbulence, and of the mixing across density interfaces in a stably stratified water column. We estimated ε from the S500 and S1000 along beam current velocity observations, using the structure function method (e.g. Lucas et al. (2014)), as described in (Nylund et al., 2021). However, unlike (Nylund et al., 2021) the current velocities were not wave corrected. This was to retain as much of the ship-induced turbulence as possible and was assumed reasonable as the Oresund site was sheltered and the significant wave height during the observations was generally below < 1 m, half of the time < 0.5 m. As the top 2 m of the water column were excluded due to reflection from the water surface, we assumed that the majority of the detected energy in the remaining wake area originated from the ship and not from surface waves. The density observations from the CTD measurements were used to calculate the buoyancy frequency of the water column using the Thermodynamic Equation Of Seawater – 2010 (TEOS-10) software package Gibbs-SeaWater (gsw) Oceanographic Toolbox for Python (McDougall and Barker, 2011).

The echosounder and bow wave of the wake-inducing ships interfered with the current velocity observations of the ADCPs (see Figure 4 for example), and the initial 0.5–1 min of the turbulent wake were therefore excluded from the ε calculations. The structure function calculation required time averaging of the current velocities over 30 s, hence the resolution for the ε values was 30 s, compared to the echo amplitude and current velocity observations which had a 1 Hz resolution. The decay rate of ε was estimated by calculating the mean ε over 2–20 m depth, every 30 s for the first 10 minutes of the ADCP wake (i.e., start 0.5–1 min aft of the rudder). Only the top 20 m were included, as no wakes reached deeper than 20 m, and since the signal to noise ratio was higher in the deeper part of the water column, likely due to ambient noise from fish, plankton, and turbidity. The ε decay rate was estimated by a linear fit to the logged ε-values versus time.




Figure 4 | Example of an (A) echogram [dB] and (B) calculated ε [m2 s-3] for the five beams of the S500 ADCP (indicated by numbers 1–5), during the passage of a Ro-Ro Cargo (15:45) and Tanker (15:57) (for an illustration of the S500 beam configuration see Supplementary Figure 8). High yellow and red values indicate the wake areas. The thin vertical line visible at the start of the echogram wakes (A) is the echo sounder of the passing ship. A similar vertical line is visible in the ε figure (B), but in that case it is a combination of the echo sounder interference and the velocity changes induced by the ship’s bow wave (this section is excluded from the turbulence intensity analysis). In beam 3 (A) it is also possible to see the reflection of the ship hull as a small U-shape before the echo sounder line. The stratification depth was 10.5 m (Supplementary Figure 7B).







2.2 Ship wake modelling

To complement the field measurements, CFD simulations were performed of two different ships, in stratified and non-stratified conditions. The objectives were to get detailed information on the mixing incurred by the fluid motions caused by the propeller in the ship wake. Detailed ship data, such as hull design, draft, propulsion arrangement, or shaft rmp, were not available for any of the observed vessels.. Thus, two generic ship models were selected as representative vessels for ship types with different wake characteristics in the field observations, one single screw Tanker and one twin screw RoPax (ferry); ship data is listed in Table 1. These are two typical types of ships that navigate through the Oresund strait in which ships with a draft deeper than 8 m cannot pass.


Table 1 | Main particulars of the simulated ships.



The ships were simulated in full-scale using RANS modelling and the k-ω-SST turbulence model with wall functions (Menter et al., 2003). The open source libraries of OpenFOAM were used to perform the simulations (Weller et al., 1998). Stratification was modelled using a Boussinesq approximation, deemed valid for the density variations that are considered. Temperature profiles and thermal expansion coefficients, primary solver quantities, were developed to represent the stratification from the field observations for the days August 19 and August 21 2020, giving three different conditions for the simulations: one without stratification, one with shallow and smooth density variation, and one with deeper but sharper variation (Supplementary Figure 2).

In order to capture the rotational effects of the propeller on the ship wake, resolved rotating propellers were used in combination with a refinement box stretching aft of the ship for several ship lengths. However, to save computational effort, the ship generated waves were not resolved. For the objectives in this study the ship waves are not expected to be important, and the computational overhead would be extensive. Mesh sizes were 33 M cells for the Tanker and 30 M cells for the RoPax; for the RoPax, being a twin-screw vessel, only half the hull was simulated with a symmetry plane. Simulations were run for more than 30 s real time with a time step corresponding to less than 1° of propeller revolution.




2.3 Total ship-induced turbulent kinetic energy dissipation rate

An estimate is the total ship-induced power [kW] in the turbulent wake was calculated using the field observations of ε in the far wake and the model output of the near wake, for a Tanker and RoPax vessel. From the field data, a Tanker and RoPax passage from August 19 were chosen, as the ship dimensions and stratification were similar to the model cases (Supplementary Figure 2). The observed tanker was 95 m long, 13 m wide, having a 6 m draught, and installed engine power of 2 380 kW, and the RoPax 178 m long, 30 m wide, with a draught of 6 m, and an installed engine power of 23 760 kW. The total power ( ) for the far wake of the two ships was calculated for each beam ADCP beam according to Equation 1:



where   is the observed   values in each 1 m ADCP bin ( ) for the initial 10 minutes of the wake,   is the time step between the   values (30 s),   is the ship speed in m s-1,   is the seawater density observed in the surface mixed layer (1010 kg m-3), and   is the wake width in m (estimated to twice the ship width). The values were summed over 2–20 m depth and 600 s to estimate the total observed effect in the entire far wake region. The power in the near wake was calculated using Equation 1, with the   output from the simulations the centreline just behind the propeller as  ,   equalling 1 m, a  of 7.2 s, and the modelled ship speeds (Table 1). The total power in the wake was then calculated as the sum of the near and far wake estimates and related to the ship’s installed engine power.





3 Results



3.1 Field observations in Oresund

Background measurements of currents (0–160 cm s-1, main transport towards south southeast (SSE)) (Figure 5), waves (0–1.4 m significant wave height), tides (10–20 cm), bottom salinity (~33 PSU), bottom temperature (~10°C) and bottom water dissolved oxygen (~33% air saturation) was carried out by the SGII-ADCP instrument that was logging every 10 min for the entire period (Supplementary Figure 3). Most of the time, the ships in the shipping lane had a counter current (SSE), but occasionally it was in the same direction as the ship’s heading (north northwest, NNW) (Figure 5B). During the initial part of the study period (19–22 August), the weather was calm with significant wave heights close to 0 m, but the latter part (August 23–26) had strong winds and significant wave heights of 0.5–1.4 m, which caused increased noise in the ADCP measurements (Supplementary Figure 3).




Figure 5 | (A) Horizontal current speeds [m s-1] in Oresund (SeaGuard II ADCP) during the period included in the wake analysis (Aug 19–26, 2020). Speeds were measured at every meter from surface to 30 m depth. The top observation (0–1 m) is excluded due to interference from the sea surface. (B) Progressive current vectors in Oresund at six different depths below surface (indicated by color legend), observed with the SeaGuard II during the sampling period Aug 19–31, 2020. Note that the current direction is alternating between south southeast (150°) and north northwest (330°).



The CTD observations showed salinities ranging from 9–16 PSU above the stratification and 32.5–33.5 PSU below, resulting in strong density gradients (Supplementary Figures 4, 5). The water temperature ranged from 19–22°C above the stratification and 10–13°C below, thus a clear temperature gradient of ~9–11°C over 2–10 m (Supplementary Figure 4). The pycnocline was located between 7–20 m depth, and the thickness varied from a few meters up to 10–15 m (Supplementary Figure 5). A total of 13 CTD measurements of the stratification inside and outside the turbulent wake were also made. However, none of the CTD observations showed any conclusive indications of ship-induced mixing. This was partly due to the large natural variability in the stratification depth, which oscillated slowly up and down. The other factor was the strong stratification, which made the adjustment period and re-stratification after ship passage very short and near impossible to sample. When the ADCP instruments were retrieved, the distance between them were closer to 300 m than 200 m, indicating that the instruments had a slightly different location than indicated in Figure 2. Therefore, a visible reflection of the echosounder or hull of the passing ships, was used to identify the ships passing right over the instrument. The increased distance meant that the two instruments were too far from each other to observe the same wake, although simultaneous ship-induced internal waves were sometimes observed. Consequently, it was not possible to estimate the maximum wake width by combining the observations from the two instruments. However, the median width of the sampled ships (17 m) indicate that the intended distance of 200 m would have been suitable.

In the S500 and S1000 ADCP measurements, 55 clear wakes were detected (S500: 30, S1000: 25), as well as 19 passages with clear internal waves. Ship passages were also detected by the SGII wave and tide pressure sensor, as a ship-induced drop in pressure of ca 15–20 mbar (see Supplementary Figure 6 for example). However, as the sensor only measured during 64 s every 10 min, only a few passages occurred during the sampling window. The ε wakes were slightly deeper than the bubble wakes, ~10 m compared to ~12 m, and the media and variation were similar for both instruments (Figure 6). The S500 median bubble wake duration (9 min and 45 s) was longer compared to the S1000 bubble wakes (6 min 23 s), and the ε wakes (ca 4 min) (Figure 6).




Figure 6 | Bubble and ε wake depths [m] (A) and duration [mm:ss] (B) for the S500 and S1000 observations. The sample size (n) was 30 wakes for S500 and 25 for S1000. The vertical line and number indicate the median value, and the x marks the mean value.





3.1.1 ADCP observations of the interaction between stratification and the turbulent wake

The ADCP observations showed that the ε wake frequently penetrated a few meters below the stratification. In the S500 data there were 6 clear examples of turbulence reaching below the observed stratification, corresponding to 25% of the detected passages with visible echosounders (see Figure 7 for example). In the S1000 data, there were 5 clear examples of turbulence penetrating the stratification, corresponding to 36% of the analysed passages.




Figure 7 | Example of bubbles (A) and turbulence (B) reaching below the stratification located at 8 m depth (C). In (A) and (B) the x-axis shows the time [hh:mm] and the y-axis the water depth [m]. The top 2 m are excluded due to interference from surface reflection. The ship inducing the wake was a RoPax vessel (speed 17 knots, draught 6 m, length 178 m, width 30 m). The y-axis in (C) shows depth and the x-axis shows the density [kg m-3] (green dotted lines) on the top and Buoyancy frequency [s-1] (purple lines) on bottom. The density profile was observed just before the ship passage and the Buoyancy frequency was calculated based on the density profile.



The stratification was also affected through the generation of ship-induced internal waves, which were observed 29 times (both instruments) (Figure 8). The internal waves were induced by close ship passages, with visible bubble/ε, wakes at the instrument site, and by ships at 100–350 m distance from the instrument, lacking visible bubble/ε wakes. Hence the internal waves affected the pycnocline in a large area by moving the pycnocline vertically. There was a 2–3 min delay after the ship passage before the internal wave reach the instrument at ~15:22 p.m., which indicates an internal wave horizontal group speed of approximately 1.1–1.7 m s-1. There were no observations of mixing caused by the internal waves, but it is well known that internal waves do contribute to mixing when they decay due to instabilities or interactions with bathymetry or the background flow field. The energy flux and conditions when these internal waves appear will be studied in a separate paper.




Figure 8 | Example of a ship-induced internal wave observed with the S500 instrument 25 August 2020. The x-axis shows the time [hh:mm] and the y-axis the water depth [m]. The 2 m closest to the water surface are excluded due to interference from surface reflection. The internal wave was induced by a large cruise vessel (draught 9 m, width 45 m, length 334 m, speed 13 knots) passing at 15:19 p.m. at a distance of 200 m. The stratification depth was approximately 9 m (Supplementary Figure 7A).



There were clear indications that the bubble and turbulent wake development was impacted by the stratification and/or currents. Figure 4 is an example of a type of interaction between the turbulent wake and stratification, which was observed multiple times (for an illustration of the S500 beam configuration see Supplementary Figure 8). The second wake in the figure, induced by a tanker (start 15:57 p.m.), is an example of when vertical mixing has brought up denser water from below the stratification and created a new, denser water mass, which distributes horizontally along the pycnocline (here at 10.5 m). The horizontal spread is visible as an elevation at 10 m depth in beam 1, 3, and 5 in the ε wake (B), and it is clear in all beams of the bubble wake (A).

There were also clear indications that the hydrography (stratification and currents) restricted the vertical extent of the wake development, as a majority of the wakes had a relatively sharp and flat bottom which closely followed the stratification (see Figures 9, 10 for examples). Figure 9 shows the variation in bubble wake development for three similarly sized Ro-Ro Cargo vessels with similar speeds, during different stratification and current. The top figure is from the Oresund S500 observations and the middle and bottom figures are from the observations by Nylund et al. (2021) in 2018, where the same S500 instrument was placed at a similar depth in a shipping lane outside the port of Gothenburg.




Figure 9 | S500 bubble wake development for three Ro-Ro Cargo ships of similar size, for different hydrographic conditions. The x-axis indicates time [hh:mm] and the y-axis shows water depth [m]. The top 2 m are excluded due to interference from surface reflection. (A) Oresund, stratification depth 8 m (Figure 7C). Note the comparatively flat bottom edge of the wake at the same depth as the stratification. (B) Gothenburg, stratification depth 5 m (Supplementary Figure 7C), and (C) Gothenburg, unknown stratification. Note the intermittent and varying bottom edges of the two Gothenburg wakes. For vessel details and ε wake see Supplementary Figure 9.






Figure 10 | S500 bubble wake development for two similarly sized General Cargo vessels. (A) Oresund, stratification at 8 m depth (Supplementary Figure 7A) and (B) Gothenburg, stratification at 5 m depth (Supplementary Figure 7C). For vessel details and ε wakes see Supplementary Figure 10.



In the Oresund observation (A), there was a strong stratification at 8 m depth (Figure 7C), below which there was a strong south going current of about 0.4–1 m s-1 (Figure 5A). The Oresund wake appears limited and compressed vertically, compared to the Gothenburg wakes, indicating that the difference in hydrographic conditions have an impact on the vertical extent of the wake. In the middle Gothenburg case (B), the current velocities were low (< 0.2 m s-1) and there was a clear, but weaker stratification at 5 m depth (Supplementary Figure 7C). The ship draught of 7 m exceeded the stratification depth, which could potentially explain the deep penetration of the wake. For the bottom Gothenburg case (C), there was no available stratification observation, but it illustrates the large variation in turbulent wake development for comparable vessels, indicating the impact of hydrography on wake development. This difference was also noticable in the ε wake development, although not as clearly (Supplementary Figure 9).

A comparison was also made for the wake development of two similarly sized General Cargo vessels with similar speeds (Figure 10). In the top panel (A) there was a stratification and southernly current (0.5–0.7 m s-1) at 8 m depth (Supplementary Figure 7A and Figure 5A), and a slightly shallower wake extent compared to the bottom panel. In the bottom panel (B) the current velocities were very low (< 0.1 m s-1), and there was a weak stratification at 5 m depth (Supplementary Figure 7C), which the ship draught exceeded. In this example the Oresund ε wake was not very large, but there is an indication of the same tendency as for the bubble wake (Supplementary Figure 10).




3.1.2 Turbulent wake development

Of the 55 turbulent wakes (Figure 6), only the wakes with visible ship echosounder reflections in at least three beams were included in the ε decay analysis, as they were assumed to be induced by ships passing right over the instrument and represent the core part of the wake. As the slanted beams in the S1000 data were very noisy compared to the S500, probably due to the movement caused by the mooring setup, only the S500 dataset was used in this analysis, resulting in a total of 22 wakes.

The observed and modelled ε decay rate, for the 9 wakes in the S500 dataset with a visible ship echosounder signal in all five beams, is presented in Figure 11. The plotted values (open circles, ADCP data) are the mean ε over 2–20 m depth, at each time step. Due to echosounder and bow wave interference, the calculated ε values were only available from 0.5–1 min aft of the rudder, therefore a 30 s delay was added to the plotted data to illustrate the time relationship between the model result and field observations. The linear fit to the logged data (black dashed line) had an R2-value of 0.46 and was in very good agreement with the dataset mean (red line). The linear fit corresponds to an exponential decay rate (-0.64) which is quite similar to that obtained by Milgram et al. (1993) (-0.8). Included for comparison are the modelled ε values for first 30 s of the wake (see section 3.2). The 9 wakes in the figure were induced by five different ship types (Ro-Ro Cargo, RoPax, Tanker, General Cargo, Vehicles Carrier) with similar draughts, but of varying size and speed. Despite this, the ε decay rate was very similar for all passages, indicating that ship type, size, and speed did not significantly affect the observed ε values. To investigate potential ship-type differences, the ε decay rate for the ship types with more than 3 wakes were also analysed (Supplementary Figure 11). Similar to Figure 11, there were no clear differences between the ship types.




Figure 11 | The mean decay of turbulent kinetic energy dissipation rate (ε), for all ships with a visible echosounder in all 5 beams (S500). The ε mean was calculated over 2–20 m depth for each ADCP beam, and then the mean of all beams was calculated (circles). The red line is the datapoint mean, and the red area indicates the 95% confidence interval (CI) of the mean. A linear function f(x) is fitted to the logged data (black line). The model output of mean ε from the rudder position (100) and 30 s onwards for the Tanker (dark blue dashed dotted line) and RoPax (light blue line), both for the 200819 stratified case. 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.



Exposure of ε levels above 2.5 10-4 m2 s-3 for more than 45 s has been found to increase plankton mortality (Bickel et al., 2011; Garrison and Tang, 2014). This ε threshold value was exceeded in 55% of S500 wakes, and 50% of the S1000 wakes (data not shown). Few of the S500 passages had ε values exceeding 1 10-3 m2 s-3, and the duration of the occurrences of ε values above the threshold level were mostly very short (30 s–1 min). In the S1000 data, all but one of the passages exceeding the threshold had ε values > 1 10-3 m2 s-3, and the duration of the high ε values were longer (2–10 min) compared to the S500 wakes. The threshold levels were exceeded at the surface of the wake, over the entire wake depth, or only along the stratification without a surface signal (as exemplified in Figure 4). The ship-induced ε values at the pycnocline reached deeper and were higher than the observed wind generated turbulence during the windy sampling period (see example in Supplementary Figure 12). Overall, the S1000 data recorded higher ε values compared to the S500 instrument.





3.2 Ship wake modelling



3.2.1 Modelled turbulent wake development and intensity

The model output of ε decay rate in stratified conditions (19 August 2020 case, Supplementary Figure 2) is included in Figure 11, for comparison with the field observation. The model output was averaged over the same depth interval as the ADCP data, for the wake centreline (Tanker) and aft of one of the propellers (RoPax). The first 30 s of the wake had the highest ε values, and they were two orders of magnitude larger than the observed values. In the temporal range where the model and observed values meet, there was a good agreement between the Tanker output and observed values, whereas the RoPax model output had higher ε values compared to the observed data (Supplementary Figure 11).

The modelled ε decay rate for the Tanker in homogenous and stratified water showed a more variable and slightly faster decay rate for the stratified cases (August 19 and 21 2020, denoted 200819 and 200821 respectively), although the 200821 case converged with the homogenous case after ca 15 s (Figure 12). For the RoPax, the homogenous case had a higher maximum value, but after 10 s the decay rate was similar for the two cases (Figure 12). Comparing the Tanker and the RoPax ε decay rate, the RoPax had a much higher maximum ε value, but the decay rate was similar for both ship types (Figure 12). In both the stratified and non-stratified case, the decay rates were similar to (-7/3), as previously reported by Wall and Paterson (2020) and Brucker and Sarkar (2010).




Figure 12 | Modelled mean ε values over 2–20 m depth for a 1 dm2 area, for the first 30 s of the wake from the rudder position (100) and 30 s onwards. The mean was calculated for the wake centreline (Tanker) and aft of one of the propellers (RoPax). Black lines are the mean ε values without stratification for the Tanker (dashed line) and RoPax (dashed dotted line). Light blue lines are the 200819 stratified scenarios for both ship types, and the green dashed line is the 200821 stratified scenario for the Tanker. The (-7/3) ε decay rate is included for comparison (thin black line).



For both ships, the maximum ε values declined substantially at either side of the propeller centre line (Supplementary Figures 13-15). The peak in ε at the sides showed a clear delay compared to the centre line, indicating a speed of the sidewards expansion of the turbulent wake of 10 m and 7 m in 30 s for the RoPax and Tanker respectively. For the Tanker, the ε peak was higher at the port side compared to the starboard side (Supplementary Figures 13–15). This likely relates to the interaction between the propeller rotational direction (clockwise) and rudder, which caused the propeller slip stream to split, and where the port side vortex was directed downwards and the starboard side upwards (Supplementary Figures 16, 17, homogenous case). The RoPax also had higher values on the port side of the propeller, but the difference was smaller, and 5 m port side of the RoPax propeller corresponds to 2 m from the centre line, thus not directly comparable with the Tanker case (Supplementary Figure 13, Figure 13).




Figure 13 | Cross-section of the ε wake 5, 10, 20, and 25 s aft of the RoPax for the 200819 stratification case (left) and homogenous case (right). Red lines indicate density [kg m-3] and blue color the ε intensity [m2 s-3]. Distance between horizontal and vertical grid lines is 5 m.






3.2.2 Interaction between stratification and the turbulent wake

The Tanker and RoPax model output clearly show that the stratification is influenced by the ship passage (Figure 13; Supplementary Figures 14, 15). The main vertical movements are caused by displacement of water due to the ship and it is difficult to directly see mixing from isopycnal displacements (Supplementary Figures 16–18). However, the large dissipation rates in the strongly stratified fluid are clear indications of strong/intense mixing. The higher density in the surface layer directly after the ship passage (Figure 14) is also indicative of entrainment into the surface layer. The effect was clearest for the RoPax case. There were no evident signs of the stratification vertically restricting the ε wake development, on the contrary, the Tanker 200821 case had a slightly deeper wake compared to the non-stratified Tanker case (Supplementary Figures 19, 20).




Figure 14 | Density profiles (ρ) [kg m-3] for the propeller centerline from before ship passage (-5 s, black dashed line), and at four times after passage: 5 s (light blue), 20 s (red dashed dotted), 20 s (dark blue), and 30 s (orange dashed dotted). (A) is the 200821 Tanker case, (B) is the 200819 Tanker case, and (C) is the 200819 RoPax case. There is a clear change in the density profile above the stratification (approximately 6 m for 200819 and 10 m for 200821, Supplementary Figure 2) in both (B) and (C), with the RoPax having the largest impact.







3.3 Total ship-induced turbulent kinetic energy dissipation rate

For the far wake, the mean calculated power and standard deviation for the ADCP beams was 32  7 kW for the Tanker and 146  25 kW for the RoPax. The near wake power calculations based on the model output, gave a power of 3002 kW for the RoPax (two times 1501 kW) and 418 kW for the Tanker, resulting in a total power for each wake of 3148  25 kW for the RoPax and 450  7 kW for the Tanker. This corresponds to 13% and 19% of the installed engine power for the RoPax and Tanker, respectively.





4 Discussion



4.1 Interactions between stratification and the turbulent wake

The field observations clearly showed that stratification affected the turbulent wake development and caused the wake to spread horizontally along the stratification, instead of expanding vertically (Figure 4). This horizontal spread can be explained by two different processes, where the first one (exemplified in Figure 4) is the entrainment of deeper water from below the pycnocline. The vertical mixing across the pycnocline entrains denser water into the wake region, and the wake water becomes denser compared to the surrounding surface water. The increased density of the wake water, leads to a downward movement of the wake water (and bubbles entrained in the wake) towards its new equilibration depth. Due to the strong stratification, this new equilibration depth will be close to the pycnocline, resulting in the wake water layering/spreading horizontally along the stratification. This process was observed on several occasion in both the S500 and S1000 instrument and is evidence of ship-induced vertical mixing across the pycnocline. This was supported by our model results, which showed that both the Tanker and RoPax caused entrainment, with the largest effect/impact in the RoPax case (Figure 14). To our knowledge, this process has never previously been observed in the field. However, 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 the side of the wake. Moreover, Merritt (1972) observed the same entrainment effect in model scale experiments, where a dye was released in turbulent wakes in stratified and non-stratified fluid to observe the wake development. 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 slower compared to the unstratified case.

The second process affecting the turbulent wake development, is the impeding effect of a stratification and/or strong currents. When comparing the Oresund observations with previous observations by Nylund et al. (2021) outside Gothenburg, the vertical extent of the Oresund wakes were restricted and “flattened” in comparison (Figures 9, 10). As the ship-specific parameters size, type, and speed, were similar for the compared cases, the difference in vertical extent was likely due the difference in hydrographic conditions. Although both sites had a stratification, the Oresund stratification was much stronger (see Supplementary Figure 7), which is a likely explanation for the difference in vertical wake extent between the sites. The stratification outside Gothenburg in Nylund et al. (2021) was also shallower than the ship draughts, hence, the ship hulls observed outside Gothenburg would extend below the pycnocline. This could potentially also contribute to the deeper wakes and more intermittent and irregular wake shape, compared to the Oresund wakes, but the difference in stratification is likely the main cause. It is well known that strong stratification impede the vertical and expand the horizontal extent of the wake (Merritt, 1972; Lin and Pao, 1979; Brucker and Sarkar, 2010; Jacobs, 2020), hence our dataset could provide the first observations of this process in the field for full-scale ships.

However, the large difference in current speed could also be a potential explanation to the difference in wake development between the sites. The strong, southernly counter current at the stratification depth in the Oresund cases, could potentially drag the wake towards the aft, and thereby limit the vertical extent and favour a more horizontal expansion. Loehr et al. (2001) observed asymmetric bubble wakes, which they hypothesised were caused by the strong current shear at the site, as the wakes were spreading in the direction of the current. Similar to the observations in Figure 4, the wake in Loehr et al. (2001) was observed to only expand horizontally at depth, and not uniformly in the entire water mass, creating an asymmetric L-shaped wake development. However, in the Loehr et al. (2001) wake, this elongation was only observed at one side of the wake (in the current direction), unlike our observations in Figure 4 which showed elongation at depth on both sides, indicating a radial or upside down T-shaped wake development perpendicular to the current. This difference implies that the current shear is a likely explanation to the asymmetric wake development observed by Loehr et al. (2001), and that currents can affect the wake development. Weber et al. (2005) is the only other previous study where the stratification depth was similar to the wake depth, but the surface current velocities were very low, and they reported no observations of vertical limitations of the wake development. Based on the Oresund field observations, it is not possible to determine if the entrainment or current affected the wake development most, especially since the stratification and high velocity current were located at the same depth. Nevertheless, it is likely that both of these processes impact the spread of the turbulent wake and the wake water. Unlike the field observations, our model results did not show a clear vertical restriction or horizontal spread of the wake (Figure 13; Supplementary Figures 14–20). However, the field observations showed that the deepest part of the turbulent and bubble wake often occurred more than 30 s after ship passage, as it takes time for the wake to move downward (see examples in Supplementary Figure 9 and Figure 4). This could explain the discrepancy between the field observations and the modelling results and highlights how CFD modelling of the near wake only, is not sufficient for estimating the maximum vertical extent of the turbulent wake.

The observed internal waves were expected, as ships in stratified water are known to induce internal waves (Lin and Pao, 1979; Watson et al., 1992; Jacobs, 2020), and the estimated internal wave speed of 1.1–1.7 m s-1 is realistic for these strongly stratified conditions. A rough estimate of the long internal wave speed is (g’h)1/2 where h is the surface layer depth and g’ = g (ρ2 - ρ1)/ρ2, with g the gravitational acceleration, and ρ1 and ρ2 the surface and bottom layer densities. With a difference between surface and bottom layer densities of about 15 kg m-3 and a surface layer depth of 10 m, one obtains a wave speed of 1.2 m s-1. Watson et al. (1992) used ships of three different sizes to induce and study internal waves in a stratified sea loch and found that the largest ship (180 m long) induced the largest internal waves and a stronger stratification led to larger wave amplitude. Two of the largest and clearest internal waves, detected in both S500 and S1000, were induced by the two largest vessels in the dataset; two 334 m long cruise ships (see one of them in Figure 8). Yet, detectible internal waves were induced by ships of all sizes, although mostly by ships > 100 m long, and not all large ships induced internal waves. The stratification was strongest the 21st and 23rd, and many of the internal waves were detected the 23rd, but a large part of the internal waves was detected the 25th, including the largest ones. Hence our results were in line with, but not fully in agreement with the observations by Watson et al. (1992).




4.2 Turbulent wake extent and development

The median wake depths were similar for the S500 and S1000 observations, with an ε median depth of 12 m and a bubble median depth of ~10 m (Figure 6). The wake depths were in line with observations by Nylund et al. (2021), who reported ε and bubble wake depths at 13.5 m and 11.5 m respectively. The slightly larger depths of the ε wakes, could have several causes. Firstly, the buoyancy of the larger bubbles could counteract the downward vertical mixing (Trevorrow et al., 1994; Weber et al., 2005), and potentially decrease the maximum depth the bubble will reach. However, the smaller bubbles of the wake would still be fully trapped by the wake turbulence for several minutes (Stanic et al., 2009), and would be expected to extend to similar depths as the turbulence. The depth difference could also be an artefact of the relatively coarse depth resolution of the observations (1 m bins for S500 and 0.5 m bins for S1000) and the ε calculation, as the ε estimate is influenced by neighbouring cells. Strong turbulence in one cell could result in calculated levels of turbulence in a calm, neighbouring cell. However, as S1000 with the highest depth resolution had a larger difference in wake depth median value between the ε and bubble wake (Figure 6), it could be an indication that the calculation method is more likely to underestimate than overestimate the ε wake depth. Nevertheless, due to the limited ADCP bin resolution, waked depth differences smaller than 1–2 m should not be considered significant.

A handful of studies have observed the bubble wake depth (NDRC, 1946; Trevorrow et al., 1994; Loehr et al., 2001; Weber et al., 2005; Stanic et al., 2009; Ermakov and Kapustin, 2010; Soloviev et al., 2010; Soloviev et al., 2012; Francisco et al., 2017). A majority of these studies reported bubble wake depths of 3–12 m, and two studies observed wake depths down to 18 m (Loehr et al., 2001; Soloviev et al., 2010). Our observed bubble wake depths were thus in the same range as previously reported, but at the deeper end of the scale. Comparing the turbulent wake extent with the observed wind/wave induced turbulence during the measurement period, the wind-induced bubbles and turbulence seldom reached below 5 m, and never as far as the stratification (Supplementary Figure 12).

The wake duration differed between the ε and bubble wake and between the two instruments (Figure 6). The difference in bubble wake duration between the S500 (9 min 45 s) and S1000, was likely due to the frequency difference between the two instruments. Small bubbles have a higher resonance frequency than large bubbles (Liefvendahl and Wikström, 2016), hence the smaller bubbles captured by the S1000 (1000 kHz) would dissipate faster compared to the slightly larger bubbles observed by the S500 (500 kHz) (Trevorrow et al., 1994). For S500, the median bubble wake duration of 9 min 45 s was clearly longer than for the ε wake with 4 min 30 s, indicating that the longevity of the bubbles exceeds that of the turbulence/ε. Similar wake durations and a longer bubble wake than ε wake, were also found by Nylund et al. (2021), and the bubble wake durations were within the range of previous studies (NDRC, 1946; Trevorrow et al., 1994; Loehr et al., 2001; Weber et al., 2005; Stanic et al., 2009; Ermakov and Kapustin, 2010; Soloviev et al., 2010).




4.3 Turbulent wake intensity and decay

The highest mean ε values in the ADCP observations were ∼10-4 m2 s-3 (Figure 11), which were calculated for 2–20 m depth. As < 25% of the observed wakes had depths > 15 m (Figure 6), the maximum ε values would likely be larger, as part of the water depth included in the analysis would be outside the wake influence. After ca 300 s from the first ADCP observation, the ε values had usually decreased to the instrument noise levels again. The turbulent intensity in the first 30 s of the wake was estimated using CFD modelling and showed maximum mean ε values of  10-2 m2 s-3 for both ship geometries, but the RoPax had higher values (Figure 12). The modelled maximum ε values were more than two orders of magnitude larger than the maximum values calculated from the ADCP observations, indicating that the initial 30 s of the wake were the most turbulent, as could be expected for propeller generated turbulence. At the end of the initial 30 s, where the observed and model values converge, there was a very good agreement between the observed values and the Tanker case, but the RoPax values were ~5 times higher (Figure 11 and Supplementary Figure 11). The difference in ε magnitude between the two ship types in the model output was expected, as the ships had different size and propeller configuration (Table 1). The RoPax geometry was twice the length and width of the Tanker and would thus be expected to induce more turbulence. The RoPax also induced much larger vertical velocities (Supplementary Figures 16–18), although a large part of that movement was due to water displacement rather than mixing. In addition, the RoPax had two propellers, thus inducing intense turbulence over a larger area than a single propeller (Figure 13; Supplementary Figures 14, 15). Still, as the twin-screw configuration would mainly affect the total ε of the wake and not the mean ε values plotted in Figures 11, 12, it is likely not the main cause of the higher ε values for the RoPax in the model output. In contrast, the field observations did not show a clear difference in ε magnitude between tanker and RoRo/RoPax vessels (Supplementary Figure 11). Considering the small sample size (3 passages for each type), this result is very uncertain and should not be considered conclusive, but could potentially indicate a discrepancy between the modelled and observed RoPax values. Nevertheless, the field observations in this study and Nylund et al. (2021) show that RoPax ships often have clear and intense turbulent wakes, which is in line with the modelling result, and indicates that a sample size of three passages is not enough to capture the natural variability in wake intensity. Future studies would require larger sample sizes to determine if the discrepancy between the model and field observations is related to an underestimation of natural intensities due to the small sample size or to an overestimation by the model. Thus, based on our results it is still not clear how ship-specific parameter(s) (size, speed, shape etc.) impact the depth and intensity of the turbulent wake. The model output indicate that a larger ship induces higher ε in the near wake, but in the field observations of the far wake the ε decay rate and magnitude was very similar between the sampled ship types irrespective of size and speed (Supplementary Figure 11).

The estimated total power in the turbulent wake, was higher for the RoPax than the Tanker (3148 ± 25 kW and 450 ± 7 kW respectively) and 90–95% of the dissipation estimate came from the modelled near wake (first 30 s of the wake). This indicates that a large part of the turbulent intensity variation between ship types could be attributed to processes in the near wake. The estimated total power corresponded to 13% (RoPax) and 19% (Tanker) of the installed engine power. Due to energy loss in the system, the thrust power delivered from the propeller to the water usually corresponds to 55–70% of the engine power (Xing et al., 2020). Our estimated total wake power was thus  3 times lower than expected, indicating either an unaccounted energy loss in the system, or that our methodological approach does not capture all the turbulence in the wake. Part of the losses for the RoPax case could be explained by its comparatively higher hotel load (all energy demanding activities onboard not related to propulsion), which is usually 30–40% of the total engine load, mainly due to passenger-related services (Micoli et al., 2021; Brækken et al., 2023). Consequently, a smaller portion of the installed power will be converted to trust power on a passenger vessel, which is a likely explanation to why the estimated total power was smaller relative the installed power for the RoPax than for the Tanker. Another potential loss is from the estimate of the near wake power, which only includes a 1 m wide part of the centerline aft of the propeller, leaving the energy outside this region unaccounted for. As the modelled ε values decreased rapidly to the sides of the propeller centerline (Supplementary Figure 13), the 1 m width was used as a conservative estimate, but a more accurate estimate is needed to evaluate if there is an underestimation of the near wake power. The exclusion of the top 2 m closest to the surface is an additional energy loss, which is not accounted for with the current methodological approach. Other possible sources of energy-loss in the current estimate, include ship-induced waves, large-scale kinetic energy, the presence of residual currents and large-scale vortices which will dissipate after the 10 minutes included in the field observations, and an increased potential energy in the water column caused by mixing. And finally, it is possible that the vertical resolution of the ADCP observations is too low, for the structure function method to capture all the relevant turbulent length scales of ship wake turbulence. If that is the case, the turbulence in the far wake would be underestimated. To further improve the total power estimate, the modelled turbulence in the entire near wake region should be estimated, and turbulence estimates in the far wake using ADCP observations should be further developed by including a larger range of turbulent length scales.

There are few previous field studies where the turbulent kinetic energy (k) and/or ε have been measured or estimated in the wake region, and none observing full-size ships in situ. Model scale observations and modelling of self-propelled ships have been used to estimate the turbulence in the wake. Two of the few studies where ε and k for turbulent wakes have been modeled for stratified conditions (Brucker and Sarkar, 2010; Wall and Paterson, 2020), reported ε decay similar to (-7/3), which is in agreement with our model results (Figure 12). On the other hand, our observed ε decay rate (approximately -3/5) was smaller than the (-4/5) fitted to data from observations of model scale ships in unstratified conditions (Hoekstra and Ligtelijn, 1991; Milgram et al., 1993). Our observed ε decay rates for the far wake (ADCP data) were very similar between the investigated ship types (Ro-Ro Cargo, RoPax, Tanker, General Cargo, Vehicles Carrier), although they all had varying lengths, widths, and speeds (Supplementary Figure 11). This is in line with the results by Hoekstra and Ligtelijn (1991), however they observed this similarity in the near wake (first 2 ship lengths), which is in slight contrast to our modelling results of the near wake, which showed a clear difference in the maximum mean ε values between the Tanker and RoPax (Figure 12). To our knowledge, there are no previous studies observing turbulent intensities in wakes of full-sized ships.

The initial 30 s of the wake had a much larger ε decay rate compared to the later stages of the wake. This could either indicate a discrepancy between the model and the observed values, or that the turbulent regime differed between the initial and latter part of the wake. For the vessels included in the ε decay rate analysis, 30 s corresponded to roughly one or two ship length behind the vessel, i.e., the near wake (Figure 1). Consequently, the observed ε values covered the transition from the near wake, to intermediate and far wake. The near wake is still affected by the ship and considered a turbulence “production phase” with strong and dynamic turbulence, whereas the far wake is unaffected by the vessel and represents a more stable, decaying turbulence field (Chou, 1996; Reed and Milgram, 2002; Fujimura et al., 2016). Therefore, the difference in decay rate between the model and observations is to be expected, and likely not a discrepancy between the two methodologies.

Our modelled and observed maximum ε levels are 1–3 order of magnitude higher than the highest ε levels generally observed in the upper mixed layer (10-5 m2 s-3) (Fuchs and Gerbi, 2016; Franks et al., 2022)(Supplementary Figure 1). Our values are also in the upper end or higher than the largest ε values previously observed in tidal channels and the surf zone (Fuchs and Gerbi, 2016). Previous studied in the Baltic Sea surface waters, have observed ε values between 10-6-10-5 m2 s-3 (Zülicke et al., 1998; Lass et al., 2003). In contrast to wind-induced turbulence (Supplementary Figure 1), we often observed the maximum turbulence intensity in the ship wake a bit below the surface/at the pycnocline (5–15 m depth), where the natural ε levels are much lower than at the surface (Fuchs and Gerbi, 2016; Franks et al., 2022). At this depth, dissipation rates exceeding 10-3 m2 s-3 would only occur at winds stronger than 100 m s-1 or within the breaking wave zone within 1–2 significant wave heights distance from the surface (for our study period that would be 0.5–2.8 m) (Supplementary Figures 1, 3) (Umlauf and Burchard, 2003). The conditions within the ship wake are therefore highly unnatural below the breaking waves, with wake ε values 1–3 orders magnitude higher compared to the ambient turbulence.

Moreover, the observed and modelled ε values indicate that a majority of the ship passages exceed ε levels found to increase mortality in diatoms and copepods (2.5 ·  10-4 m2 s-3 for more than 45 s) (Bickel et al., 2011; Garrison and Tang, 2014). Consequently, shipping lanes could be potential barriers for plankton, affecting connectivity and mortality, analogous to large roads on land. Increased mortality could also impact nutrient recycling. However, future studies are needed to further investigate the impact of shipping lanes and ship-induced turbulence on connectivity, and if the episodic nature of ship-induced turbulence affect plankton differently compared to from natural sources of turbulence in the surface ocean.




4.4 Evaluation of methodological approach

From our results, it is evident that the bubble size detected by the S1000 dissipate faster than the bubble size captured by the S500, indicating that for studies of the bubble wake, 500 kHz is more suitable than S1000. The turbulent wake, on the other hand, was well captured by both instruments, and thus suitable for the focus of this study. Moreover, the stationary and bottom mounted S500 produced less noisy data compared to the moored S1000, as the latter were affected by currents and internal waves and do not compensate for the instrument movements. For the slanted beams it is mainly the rotation of the instrument that causes observational bias when using the mooring setup (Scannell et al., 2022). The static bottom mounted setup used for the S500, on the other hand, would not be affected by rotational bias, and therefore only the S500 observations were used when estimating the ε decay rate. Consequently, if the water depth and reach of the instrument allows, a bottom mounted solution is preferrable when using the current velocities to calculate ε using the structure function. The S1000 recorded higher ε values compared to the S500 instrument. This can likely partly be attributed to the rotational bias of the moored instrument (Scannell et al., 2022), but could also indicate that the higher resolution of the S1000 better captured the actual turbulence signal when calculating ε using the structure function method (Lucas et al., 2014). A higher resolution of the velocity observations (0.5 m for S1000 compared to 1 m for S500), could potentially capture more of the relevant turbulent eddies, in which case our method would underestimate the dissipation rates when using the S500 instrument. Especially in the pycnocline, where the largest turbulent scales are dampened by the stratification, the present observations do have limitations. The largest turbulent eddies scale as the Ozmidov length scale L0 = (ε/N3)1/2. The buoyancy frequency is about 0.1–0.2 s-1 in the pycnocline (see Figure 7C for example), which means that the dissipation rate needs to be larger than 10-3–10-2 W kg-1 for the largest overturning eddies to be larger than 1–3 m. Therefore, only turbulent eddies associated with very large dissipation rate will be observed in the pycnocline by the two ADCPs. Above the pycnocline, however, the stratification is weaker and there the largest eddies would be as large as the mixed layer thickness. In summary, the used experimental setup can be assumed to capture the large turbulent eddies above the pycnocline well, but likely underestimates ε from turbulence with maximum vertical length scale < 1 m and in the pycnocline.

We have shown that acoustic instruments, like ADCPs, can be used to estimate the turbulent wake development. However, our results also show that it is not possible to use an ADCP for sampling the initial and most intensely turbulent part of the ship wake, as the bow wave and echo sounder interfere with the current velocity measurements. Hence, there is a need to combine field observations with modelling, in order to capture both the near and far field of the turbulent wake development. Our result show good agreement between the observed and modelled ε values, indicating that the methodological approach is able to capture both the near and far wake. The CFD model developed for this study was a first attempt at full-scale simulations of the turbulent wake in a stratified water mass. While the model is judged to be sufficient for the qualitative discussion in this work, several aspects could be further developed towards yielding quantitative data. The primary one would be to use a Detached Eddy Simulation (DES) approach for turbulence modelling as this is known to better represent the vortex dynamics in the wake, preferably in combination with a turbulence model developed for stratified flows. Future studies could also consider extending the simulation period and thereby increase the overlap between the simulations and the field observations. However, full-scale transient simulations are both time consuming and costly, and modelling 1 s of the wake took approximately 3 days using 384 cores on a modern high-performance computing (HPC) system. Changing to a more complex turbulence modelling approach can be estimated to increase the computational time by a factor of 1.5–2, and extending the simulation time to e.g. 60 s would increase the cost by a factor of around 4. We therefore chose to run the simulations for 30 s, considering it an appropriate balance between computational cost and information gained. As the turbulence showed a substantial decayed after 30 s, extending the simulations much further (> 1 min) would likely provide limited additional information and at a very high cost. Still, extending the simulations beyond 30 s might be of interest, especially if the modelled ship is very large. Nevertheless, to fully bridge the gap between the spatiotemporal scale of CFD modelling (near wake) and field observations (intermediate and far wake), an alternative and less computationally costly approach would be more efficient. One potential approach would be to use a 2D+time circulation model with the CFD output as a starting condition. This approach could be used for tracking tracers and/or temperature/density differences in the wake, which is of particular interest for future assessments of the environmental impact from shipping.

Characterization of the turbulent ship-wake development is challenging why a combined modelling and in situ observational approach is needed to cover relevant spatiotemporal scales. Such a combined approach requires conventional CFD modelling of the turbulent wake to be extended (here to the first 30 s of the wake) to bridge to the observations that start 30 s aft of the propeller. Results from modeled Tanker and RoPax cases are in very good agreement with our in situ observation of turbulence intensity and decay, irrespective of ship type. Ship-induced turbulence was frequently observed to entrain water from below the pycnocline, which indicates that shipping can affect local nutrient dynamics. The turbulence intensity below the wave breaking layer is far above natural conditions. A majority of the wakes also caused a turbulence exposure above threshold levels previously found to increase mortality in plankton. Finally, the turbulent wake’s interaction with natural hydrography and stratified conditions may force the wake to spread wider at shallower depths. Hence, sampling and modelling of e.g., contaminants in shipping lanes need to consider hydrographic conditions, as stratification may alter the depth and spread of the wake, which in turn governs dilution.
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