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Abstract 

The near-surface hydrodynamics in the area enclosed by a 

cylindrical-shaped skirt (40 cm diameter; walls 4 mm thick; 

inserted 4 cm in the water at rest) exposed to monochromatic 

deep-water gravity waves was studied. The cylindrical 

intrusion was positioned fixed at the centreline of a 3 m wide 

wave flume and was exposed to trains of monochromatic 

deep-water gravity waves, with two combinations of 

frequency and wave height in the range of interest for 

environmental applications. An Acoustic Doppler Velocimeter 

(ADV) under the centre of the skirt was employed for the 

measurement of the 3D components of the water velocity. 

Compared against the background situation without the 

cylindrical intrusion, the presence of the skirt increased the 

magnitude of the turbulent velocity fluctuations and the rate of 

dissipation of turbulent kinetic energy, and interfered with the 

orbital wave-induced velocity.  

Introduction  

Enclosure devices are widely used for the sampling of 

atmospheric pollutants emitted from liquid surfaces, such as 

wastewater treatment plants, liquid waste storage tanks, 

reservoirs and wetlands (for instance, see [1,11,14]). However, 

there is a concern that the presence of the enclosure device can 

significantly interfere with the mass transfer conditions in the 

liquid and gas phases, leading to a biased assessment of the 

emissions [7,11]. Cylindrical-shaped skirts intruding into the 

water surface are a common feature of many enclosure 

devices, especially flux hoods (or flux chambers). Therefore, it 

is of great interest to understand how the presence of these 

intrusions in the liquid surface affects the near-surface 

hydrodynamics of the wave fields, which in turn is a critical 

factor controlling the inter-phase mass transfer.  

In the liquid side, the rate of dissipation of turbulent kinetic 

energy (𝜀) has been identified as a potential key variable 

characterising this process [9,11,15]. Using velocity 

measurements from an Acoustic Doppler Velocimeter (ADV), 

Vachon et al. [11] calculated 𝜀 at 10 cm depth below the 

centre of the area enclosed by a sampling chamber 

(rectangular shape, with a skirt intruding 6 cm in the water) 

floating on lakes. In general, they found that the values of 𝜀 

below the chamber were one order of magnitude larger than 

the corresponding 𝜀 outside the chamber, and attributed this to 

the “extra” turbulence generated by the movement of the 

chamber. Those authors also highlighted the need for a better 

understanding of the way intrusions in the water surface 

influence the turbulence below sampling chambers.  

In this context, the present paper presents our initial findings 

on the near-surface hydrodynamics in the area enclosed by a 

cylindrical-shaped skirt exposed to monochromatic deep-water 

gravity waves, with focus on changes in the value of 𝜀 due to 

the intrusion in the liquid surface. 

Methodology 

Experimental Setup and Operation 

The cylindrical-shaped skirt had a cylindrical body (diameter 

of 40 cm, total height 17.8 cm), with walls made of acrylic 4 

mm thick, and was inserted 4 cm in the water at rest. These 

dimensions and insertion depth were chosen so as to represent 

a configuration commonly used for sampling hoods [1,4]. The 

skirt was positioned fixed at the centreline of a 3 m wide wave 

flume, with the centre of the circular footprint 3.16 m away 

from the wave paddle. The (undisturbed) water depth in the 

flume was kept constant at 0.85 m. An ADV (Vectrino+ VNO 

1301, Nortek USA; acoustic frequency 10MHz) was mounted 

underneath the centre of the cylindrical skirt, with the 

transmitter pointing towards the water surface, using an 

adjustable metallic support that allowed the variation of the 

depth (ℎ𝑣𝑒𝑙) of the ADV sampling volume. The 3D 

components of the water velocity were measured by the ADV 

at a sampling frequency 200 Hz; additional settings of the 

ADV were: velocity range ± 0.30  m s-1; transmit length of 1.8 

mm; height of the sampling volume 2.5 mm; and power level 

“high”. Two values of ℎ𝑣𝑒𝑙, 5 cm and 10 cm below the 

undisturbed water level, were tested. Figure 1 schematically 

illustrates the positioning of the ADV in relation to the 

cylindrical body of the surface intrusion.  

 

Figure 1. Schematic representation of the cylindrical body of the 

surface intrusion and the position of the ADV transmitter. The red 

rectangle represents the ADV sampling volume, at a depth ℎ𝑣𝑒𝑙 below 

the level of the undisturbed water surface. The reference axes of the 
ADV measurements are also shown; the direction of wave 

propagation is from right to left (positive x). 

Trains of monochromatic deep-water gravity waves were 

mechanically generated by a wave paddle, with two 

combinations of frequency (𝑓) and wave height (𝐻) in the 

range of interest for environmental applications [8], identified 

here as Conditions I and II. To characterise the wave field, 
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capacitance wave probes were applied to record the elevation 

of the water surface at frequency 100 Hz, at three transversal 

positions across the flume (aligned with the centre of the 

surface intrusion). Table 1 presents the nominal values of 𝑓 

and 𝐻, and the ranges of 𝑓𝑝 (frequency of the peak of the wave 

spectra) and 𝐻𝑠 (significant wave height) recorded by one of 

the wave probes (located 45.5 cm away from the centreline of 

the flume; the values recorded by the other two wave probes 

were similar) across the experimental runs, for each of the 

wave conditions. It is worth mentioning that Condition II 

presents steeper and more energetic waves than Condition I. In 

total, eight experimental runs were conducted: 2 wave 

conditions  2 ADV sampling depths  2 surface intrusion 

conditions (4 cm intrusion and background situation without 

the cylindrical intrusion). The number of valid waves in the 

wave trains for each run varied from 21 to 27 waves. 

Variable Condition I Condition II 

Nominal 𝑓 (Hz) 1.57 1.65 

Nominal 𝐻 (mm) 38 53 

Experimental 𝑓𝑝 (Hz) 1.56 – 1.59 1.63 – 1.67 

Experimental 𝐻𝑠 (mm) 39 – 44 50 – 53 

 

Table 1. Nominal values of 𝑓 and 𝐻, and ranges of 𝑓𝑝 and 𝐻𝑠 recorded 

by one of the wave probes across the experimental runs, characterising 

the two wave conditions evaluated. 

Processing of the ADV Data and Calculation of 𝜀 

The raw x,y,z-velocity time series measured by the ADV were 

preliminarily filtered using the software WinADV (version 

2.0.0.28), selecting for minimum average correlation of 70% 

and signal-to-noise ratio (SNR) of 5, and applying the phase-

space thresholding despiking technique proposed by Goring 

and Nikora [2], as modified by Wahl [12]. Since a few clear 

spikes were still present in the filtered series (changes in the 

correlation and SNR thresholds did not eliminate these 

spikes), a second filter was applied over the output from 

WinADV, discarding data for which the magnitude of the 3D 

velocity vector was larger than three standard deviations. The 

gaps in the time series of each velocity component were filled 

by linear interpolation. As an example, figure 2 shows the raw 

and processed z-velocity time series measured at ℎ𝑣𝑒𝑙 = 10 

cm, for Condition I, without the cylindrical intrusion. 

 

Figure 2. Raw (blue) and processed (red) z-velocity time series 

measured at ℎ𝑣𝑒𝑙 = 10 cm, for Condition I, without the cylindrical 
intrusion. 

According to Kolmogorov`s theory, for isotropic turbulence 

and high Reynolds numbers, the inertial subrange of the 

wavenumber power spectra of any of the components of the 

velocity can be described by equation 1: 

𝑃(𝑘) =  𝛼𝜀2 3⁄ 𝑘−5/3 (1) 

Where 𝑘 is the wavenumber (m-1), and 𝛼 is a dimensionless 

empirical constant (Kolmogorov`s constant).  

Assuming Taylor`s [10] frozen turbulence hypothesis, the 

wavenumber power spectra can be converted into frequency 

power spectra, and equation 1 then becomes equivalent to 

equation 2, where �̅� is the average advective velocity (m s-1).  

𝑃(𝑓) =  (
�̅�

2𝜋
)

2 3⁄

𝛼𝜀2 3⁄ 𝑓−5/3 (2) 

Observing that the log–log plot of equation 2 is a straight line 

with slope -5/3, the interconversion between wavenumber and 

frequency power spectra allows the derivation of 𝜀 based on 

the time series resulting from the ADV measurements. To 

estimate 𝜀 from the ADV measurements, we used the 

frequency spectra of the processed z-velocity time series 

(which generally was the clearest signal). Following the 

practice adopted in other studies where wave motion was 

present [3,11], the power spectra were computed applying 

Welch`s [13] method (using the pwelch function built in 

Matlab`s Signal Processing Toolbox, with default settings). 

Having the frequency power spectra, 𝜀 was obtained by fitting 

a straight line with fixed slope -5/3 to the log–log plot of the 

power spectra over the inertial subrange (where equation 2 

gives the variation of 𝑃(𝑓) with 𝑓), which results in equation 

3: 

𝜀 =  (
2𝜋

�̅�
) {

𝑒𝑥𝑝〈𝑙𝑛[𝑃(𝑓)𝑓5/3]〉

𝛼
}

3 2⁄

 (3) 

Where the brackets 〈 〉 indicate averaging over the inertial 

subrange. 

The value 𝛼 =  0.52 was taken, following [11]. For situations 

where the wave orbital motion is the main responsible for the 

advection of the turbulent eddies, Lumley and Terray [6] 

recommend the use of the wave orbital velocity as the value of 

�̅�. In the present case, the wave orbital velocity was estimated 

as the time-average of the magnitude of the 3D velocity vector 

(after applying, to each of the velocity components, the 

filtering and gap-filling procedure previously discussed).  

Results and Discussion 

The processed z-velocity time series for the background 

situation (no intrusion) and for 4 cm intrusion are compared in 

figure 3, for wave Condition I and the two ADV sampling 

depths. For both depths, in the absence of the cylindrical 

intrusion, the variation of the z-velocity follows a distinctive 

pattern, consistent with the orbital motion of the waves. By 

contrast, the presence of the surface intrusion greatly affects 

the wave-coherent pattern of the z-velocity in the area 

enclosed by the cylindrical skirt. The same qualitative 

behaviour was observed for Condition II. Also, the amplitude 

of the z-velocity oscillations becomes smaller, whereas the 

small-scale, turbulent fluctuations of the velocity appear to 

become more intense with the presence of the surface 

intrusion. This last point is confirmed by the changes in the 

value of 𝑢, the standard deviation of the velocity magnitude 

(that is, the root-mean-square of the turbulent velocity 

fluctuations) shown in table 2.  

𝒉𝒗𝒆𝒍 (cm) Intrusion Condition I Condition II 

10 No 0.012 0.026 

10 Yes 0.045 0.075 

5 No 0.017 0.022 

5 Yes 0.049 0.082 
 

Table 2. Standard deviation of the magnitude of the 3D velocity vector 
(after applying, to each of the velocity components, the filtering and 

gap-filling procedure), in m s-1. 



 

Figure 3. Processed z-velocity time series for the background situation 

(blue) and for 4 cm intrusion (red), for wave Condition I and ADV 

sampling depths ℎ𝑣𝑒𝑙 = 10 cm (a) and  ℎ𝑣𝑒𝑙 = 5 cm (b). 

It can be noticed in table 2 that the increase in 𝑢 is larger for 

Condition II, which is a more energetic wave condition. It is 

also important to mention that the values of (𝑢/�̅�)3 ranged 

from 0.004 to 0.267 (0.091 on average), attending the criteria 

(𝑢/�̅�)3 < 1 recommended by Kitaigorodskii et al. [5] for the 

validity of Taylor`s hypothesis of frozen turbulence, which is 

one of the conditions for the calculation of 𝜀 by means of 

equation 3. 

Figure 4 shows the frequency power spectra of the z-

component of the velocity for the background case (without 

the surface intrusion) and for the case with 4 cm intrusion, for 

ADV sampling depth ℎ𝑣𝑒𝑙 = 10 cm and for both wave 

conditions. The features of these power spectra reflect the 

behaviour of the z-velocity discussed in the previous 

paragraphs. For instance, a clear and highly energetic peak is 

observed around the nominal frequency of the waves, for the 

background cases (blue lines), whilst this peak is much less 

energetic for the cases with the surface intrusion (red lines). 

On the other hand, the energy spectral density at higher 

frequencies is considerably higher for the cases with the 

cylindrical intrusion, which is explained by the more intense 

turbulent fluctuations observed in the velocity measurements.  

Table 3 presents the values of 𝜀 calculated from the power 

spectra shown in figure 4. Compared against the respective 

cases for Condition I, 𝜀 was invariably higher for Condition II, 

in which the waves were more energetic and the turbulence 

more intense. The value of 𝜀 at 10 cm depth for the 

background case and Condition I is within the range measured 

by Vachon et al. [11] 10 cm underneath the free surface of 

lakes, whereas the background 𝜀 calculated for Condition II is 

slightly above the upper limit of their range. This is possibly 

due to the fact that the waves of Condition II are likely more 

energetic than the waves in the lakes studied by [11], who 

report conditions of “low turbulence”. In the presence of the 

cylindrical skirt, our results indicate a considerable increase in 

𝜀, of approximately one order of magnitude. The size of such 

increase is similar to the trend identified by [11] comparing 𝜀 

inside and outside the area enclosed by a rectangular sampling 

chamber floating on lakes. Nonetheless, it is worth noting that 

the explanation given by [11] (that the increase in 𝜀 is due to 

turbulence generated by the movement of the chamber) is not 

applicable in our case, since the cylindrical skirt was kept 

fixed and unmoving. Thus, for the wave conditions and the 

geometry of the cylindrical intrusion evaluated herein, it can 

be hypothesised that the interaction of the wave motion with 

the wall of the intrusion was responsible for the observed 

changes in 𝑢 and 𝜀 underneath the centre of the area enclosed 

by the skirt. 

 

Figure 4. Frequency power spectra of the z-component of the velocity 
for the background situation (blue) and for 4 cm intrusion (red), for 

ADV sampling depth ℎ𝑣𝑒𝑙 = 10 cm and for wave Condition I (a) and  
Condition II (b). The solid lines are the power spectra; the dashed 

lines represent the fit given by equation (2), with 𝜀 calculated by 
equation 3; the black vertical dash-dotted line indicates the nominal 

frequency of the waves; and the vertical dotted lines mark the limits of 

the inertial subrange considered for the calculation of 𝜀. In (b), the 
limits of the inertial subrange were different for the background and 4 

cm intrusion cases, and are identified by the dotted lines with 

respective colours (blue = background; red = 4 cm intrusion). 

 

𝒉𝒗𝒆𝒍 (cm) Intrusion Condition I Condition II 

10 No 1.27E-5 1.44E-4 

10 Yes 3.29E-4 3.28E-3 

5 No 1.47E-5 4.04E-5 

5 Yes 5.08E-4 1.31E-3 

 

Table 3. Rate of dissipation of turbulent kinetic energy (𝜀), in m2 s-3. 

(a)

(b)
(a)

(b)



Conclusions 

The near-surface hydrodynamics underneath the centre of the 

area enclosed by a cylindrical-shaped skirt exposed to 

monochromatic deep-water gravity waves was assessed by 

ADV velocity measurements at two distinct depths. Compared 

against the background situation without the cylindrical 

intrusion, the presence of the skirt: (i) affected the orbital 

wave-induced velocity; (ii) increased the magnitude of the 

turbulent velocity fluctuations; and (iii) increased the rate of 

dissipation of turbulent kinetic energy by one order of 

magnitude. Such changes in the hydrodynamics can be 

expected to have considerable implications for the use of 

enclosure sampling devices. 
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