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Abstract we quantify the lake dynamics, near-bottom turbulence, flux of dissolved oxygen (DO) across the
sediment-water interface (SWI) and their interactions during oxygenation in two lakes. Field observations show
that the lake dynamics were modified by the bubble plumes, showing enhanced mixing in the near-field of the
plumes. The interaction of the bubble-induced flow with the internal density structure resulted in downwelling
of warm water into the hypolimnion in the far-field of the plumes. Within the bottom boundary layer (BBL),
both lakes show weak oscillating flows primarily induced by seiching. The vertical profile of mean velocity
within 0.4 m above the bed follows a logarithmic scaling. One lake shows a larger drag coefficient than those
in stationary BBLs, where the classic law-of-the-wall is valid. The injection of oxygen elevated the water
column DO and hence, altered the DO flux across the SWI. The gas transfer velocity is driven by turbulence
and is correlated with the bottom shear velocity. The thickness of the diffusive boundary layer was found to

be consistent with the Batchelor length scale. The dynamics of the surface renewal time follow a log-normal
distribution, and the turbulent integral time scale is comparable to the surface renewal time. The analyses
suggest that the effect of bubble plumes on the BBL turbulence is limited and that the canonical scales of
turbulence emerge for the time-average statistics, validating the turbulence scaling of gas transfer velocity in
low-energy lakes.

1. Introduction

In freshwater lakes, biodegradation of organic matter mostly occurs on and within the sediments, resulting in
consumption of dissolved oxygen (DO) and a downward flux of DO from the hypolimnion into the sediments
across the sediment-water interface (SWI) (Lorke et al., 2003). The rate of oxygen utilization in the sediments is
critical to the mass balance of DO in the water column and influences the vertical distribution of DO in the water.
Low DO in the bottom boundary layer (BBL) of the water column and in the sediments also affects the release
of reduced chemical species to the lake from the sediments, hence, affecting the water quality in the hypolimnion
(Beutel & Horne, 1999; Miiller et al., 2012). Together, the biodegradation of organic matter and the oxygen mass
flux at the SWI are recognized as the two primary driving forces responsible for hypolimnetic DO depletion
during the stratified, productive season of most lakes (Miiller et al., 2012).

To restore DO levels and hence, improve the ecosystem of lakes, artificial aeration (i.e., injection of air)
and oxygenation (i.e., injection of pure oxygen) using bubble plumes have been widely used (e.g., Beutel &
Horne, 1999; McGinnis et al., 2004; Singleton & Little, 2006; Wiiest et al., 1992). Bubble plumes have been
shown to strongly modify the thermal structure and the DO at mid-water depths in the near-field of bubble plumes
(McGinnis et al., 2004). Bubble plumes also have the potential to influence far-field lake dynamics when inter-
acting with lake internal motions (McGinnis et al., 2004). However, it remains unclear whether an oxygenation
bubble plume can effectively alter the turbulence within the BBL that is not in the direct entrainment region of the
bubble plume. Although oxygenation bubble plumes are designed to cause minimal mixing of the hypolimnion,
past studies have shown links between oxygen injection and increased consumption of DO at the SWI. This is
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primarily linked to two main processes: (a) the larger DO gradient between the water column and sediments
because of the elevated DO in the water column, and (b) alteration of the turbulence in the BBL by currents
induced by the bubble plume (Brand et al., 2009; Bryant et al., 2010).

In deep lakes, currents in the BBL are usually weak. In such low-energy environments, the BBL is expected to be
restricted to a limited height above the lake bottom, typically one or a few meters (Troy et al., 2016). Large-scale
lake seiching interacts with the shear flow close the lake bottom, which may further limit the thickness of the
BBL where logarithmic profiles of velocity are expected (Lorke et al., 2002). Therefore, the BBL flow struc-
ture depends on the overall flow characteristics and the overlying stratification and internal motion. Even within
a low-energy boundary layer, the logarithmic profile of velocity is widely observed, and the law-of-the-wall
scaling seems to be valid for predicting turbulence parameters including turbulent kinetic energy (TKE) and
the dissipation rate of TKE (Troy et al., 2016; Valipour et al., 2015). The law-of-the-wall hypothesizes that the
turbulent shear stress (z,) in the inertial sublayer of a boundary layer is approximately the bed shear stress (z),
hence, that the shear velocity u, = m can be obtained from the turbulent shear stress profile. Here, we test the
law-of-the-wall scaling in the BBL of two oxygenated lakes to determine whether the structure of the turbulence
is affected by the bubble plumes.

Turbulence in the BBL affects the gas transfer at the lake bottom by intermittently flushing the diffusive boundary
layer at the SWI. Averaged over time, the consumption of DO from the diffusive boundary layer and regeneration
of DO levels by turbulent eddies result in a mean exchange rate, described by the DO difference across the diffu-
sive boundary layer and a mass transfer coefficient, known as the gas transfer velocity (k) (e.g., Lorke et al., 2003;
Lorke & Peeters, 2006). Therefore, the thickness of the BBL, the characteristic time and length scales of turbulent
eddies, and other associated turbulent statistics are routinely used as controlling parameters to determine the
gas transfer velocity at the SWI (e.g., Brand et al., 2009; Bryant et al., 2010; Lorke & Peeters, 2006). Similar
processes also occur at the air-water interface, and Lorke and Peeters (2006) suggested a unified scaling relation
for gas transfer velocity at both interfaces using law-of-the-wall scaling, hypothesizing that & is dependent on ..
The validity of this relation at the SWI under the influence of bubble plumes is tested in this paper.

The present study is a continuation of a previous effort to understand the impact of bubble plume flow rate on
the spatial and temporal variability of sediment oxygen uptake in two oxygenated lakes (Bierlein et al., 2017).
Bierlein et al. (2017) focused on fine-scale measurements of DO near and through the SWI of these lakes and
discussed the increased sediment DO flux due to hypolimnetic oxygenation. The measurements employed a
diverse group of sensors under well-controlled oxygenation conditions in two stratified lakes, allowing us to
evaluate the lake dynamics, the structure of the BBL turbulence, and the influence of oxygenation bubble plumes
on gas transfer at the SWI. This is important to understand the fate of oxygen supplied to lakes by oxygenation
bubble plumes and to help optimize oxygen injection to achieve efficient restoration of hypolimnetic waters.

In this paper, we elucidate the effects of bubble plumes on near- and far-field dynamics of a stratified lake
using temperature, velocity, and DO measurements in the water column. Velocity measurements included two
acoustic Doppler velocimeters (ADVs) and a high-resolution acoustic Doppler current profiler (ADCP). From
the velocity data, we examine the near-bed turbulence in low-energy lakes and evaluate the influence of bubble
plume oxygenation. Particularly, we evaluate the validity of the law-of-the-wall in quantifying the BBL velocity
profiles and determine whether the bubble plume causes unconventional parameterization of near-bed flow and
turbulence. Combining turbulence analyses with the DO flux measurements in Bierlein et al. (2017), we extend
observations of the relation between k and u.. proposed in Lorke and Peeters (2006) toward the lower end of u, by
one order of magnitude. We also examine the scales of turbulent eddies and interfacial renewal time as a further
assessment of the mechanisms determining the turbulence control over the DO flux in the BBL of oxygenated
lakes. The scope of this paper is limited to understanding the physical processes, whereas chemical and biological
factors (e.g., redox processes) of DO dynamics are not discussed here.

This paper is organized as follows. In Section 2, we introduce two study sites, describe their oxygenation systems,
and present the methods used to measure BBL turbulence using ADVs and ADCPs. The results of the measure-
ments and their discussion are followed in Section 3. These include flow statistics in the hypolimnion of both
lakes under different, controlled oxygenation settings, thermal structure and the spectra of temperature and veloc-
ity, velocity profiles and turbulence in the lake BBL, and the turbulence mechanisms responsible for gas transfer
at the SWL. Finally, Section 4 summarizes the conclusions.
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Figure 1. Bathymetry data of the two study lakes and the locations of instrument deployments and oxygenation diffusers. (a) Carvins Cove Reservoir; (b) Lake Hallwil
(LH); (c) Zoom-in view of the instruments around the diffusers in LH (the black box in (b)).

2. Methods
2.1. Sites Description

Two field campaigns were conducted in two moderately deep (>20 m) inland water bodies. The first campaign was
carried out during 14 May to 1 June 2012 in Lake Hallwil (LH), which is located in the Canton of Aargau, Swit-
zerland (47°16°51.2” N, 8°13°02.8” E; Figures 1b and 1¢). The second campaign was carried out during 26 May
to 2 June 2013 in Carvins Cove Reservoir (CCR), which is located in the State of Virginia, U.S. (37°23°19.2”N,
79°56°54.3”W; Figure 1a). Both water bodies are eutrophic, dimictic, and have weak inflows. Seasonal anoxia
was reported in LH; whereas, CCR maintains relatively better DO levels according to available data (Doubek
et al., 2018; Holzner et al., 2012). Oxygenation is used to counter the low hypolimnetic DO level during the
summer stratification in both lakes. Figure 1 shows the bathymetric map of each system, the locations where
various instruments were deployed, the locations of conductivity, temperature, and depth (CTD) measurements
(i.e., CTD casts), and the location of the oxygenation diffusers. During both campaigns, the lakes exhibited clear
stratification, which is observed from the measured temperature data (Figure 2).

2.2. Oxygenation Systems

Carvins Cove Reservoir has two, line-source oxygen diffusers, each about 750 m long, located in the deepest
region of the lake, at the southern bank near the dam (Figure 1a). Lake Hallwil has six 6.5 m-diameter, circular
diffusers, located in a circular pattern with a 300 m diameter ring in the deepest part of the lake near the centroid
of the area (Figures 1b and 1c) (McGinnis et al., 2004). During the experiments, the diffusers were operated
at different flow rates each day. The time-varying gas flow rates were adjusted with pre-defined on-duty and
off-duty durations (Figure 3).

2.3. Measurements

DO concentration at the SWI and the DO fluxes were measured at both sites using an in situ oxygen micro-profiler
(Bierlein et al., 2017). The micro-profiler measures DO concentration at 1 Hz frequency within a spatial region
between 10 mm below the SWI and 100 mm above the SWI. The vertical resolution is up to 0.1 mm within 5 mm
distance from the SWI on both sides. The DO fluxes across the SWI were estimated from measured profiles of
DO concentration using Fick's law (Bryant et al., 2011). The details of DO measurements and data analysis can
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Figure 2. Temperature profiles in the two study lakes measured using conductivity, temperature, and depth (CTD) casts.
Carvins Cove Reservoir was sampled from 26 May to 2 June 2013 (a). Lake Hallwil was sampled from 14 May to 1 June
2012 (b). Different colors show different CTD casts made during the experimental campaigns. The locations of CTD casts are
marked in Figure 1.
be found in Bierlein et al. (2017). At the same time as DO measurements, the turbulence in the BBL of each lake
was measured using one or two ADVs (Nortek Vector) and a high-resolution ADCP (Nortek Aquadopp Profiler,
1 MHz), mounted on bottom platforms close to the micro-profiler. The ADVs recorded continuous measure-
ments at a sample rate of 8 Hz, which is adequate to resolve the smallest turbulent time scales (see later Table 3).
The sample volumes of the ADVs were positioned about 15 cm above the SWI. The ADCP was mounted in a
down-looking configuration at a height of approximately 1.5 m above the sediments. The ADCP measured the
BBL turbulence at a sample rate of 4 Hz using a burst configuration (512-s burst of data collection followed by
a 1,288-s interval of downtime).
CTD casts and thermistor chains were deployed in the two study lakes to monitor the thermal structure in the
water column. These measurements showed strong stratification in both lakes (Figure 2). Periodic variation of
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Figure 3. Time series of gas flow rates for the oxygenation diffusers at the two study sites in the unit of normal cubic
meter per hour. The velocity measurements were conducted at all times when diffusers were operating, except for the period
indicated by the shaded areas at the Lake Hallwil site. CCR: Carvins Cove Reservoir; LH: Lake Hallwil.
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temperature at mid-water depths was observed, which is likely due to internal motion that responded to changes
in the gas flow rates as the buoyant forcing provided by the plumes changed. The DO sensor on the CTD also
provided vertical distributions of the DO concentration in the lakes during the experiments. A weather station
was also deployed at each experiment site and recorded ambient conditions such as wind speed, air temperature,
and precipitation.

3. Results and Discussion
3.1. Large-Scale Lake Dynamics
3.1.1. Near-Bed Velocity Statistics

The measurements from the ADVs and ADCP show good agreement on the variation of velocity magnitudes
and directions (Figures S1 and S2 in Supporting Information S1). Very weak velocities were present during the
experiments in both lakes (Figure 4). The majority of the velocity magnitudes from the ADCP at 1 m above the
bottom (mab) (>90% of the data) were smaller than 2 cm/s in both lakes. Lake Hallwil had a slightly broader
current speed distribution, with about 23% of current speeds >1 cm/s; whereas, CCR had 15% of observed
currents > 1 cm/s (Figures 4a and 4b). Velocity data show oscillating currents in both lakes, and the major flow
directions were aligned with the long-axis of the lakes at the measurement locations (Figures 4c and 4d, see also
Figure S3 in Supporting Information S1).

3.1.2. Lake Dynamics Parameters

The meteorologic data and several bulk lake parameters summarize the atmospheric forcing and lake condi-
tions during the experiments (Table 1). Wind data from the weather station were analyzed to characterize the
atmospheric boundary layer over the lake. U, is the wind speed at 10 m height. The wind shear velocity on the
water side is computed as .y, = ( p.CpU 120 / pw) 1/2, where p,, is the density of air, p,, is the density of water, and
Cp, = 1.3 - 1073 is drag coefficient (Smith & Banke, 1975). From the ADCP measurement, we report the mean
water flow U 1, at 1 mab. We also report u.,, the median friction velocity in the BBL measured with the ADCPs.
In Table 1, we define the bulk Reynolds number as Re = ﬁlmzlm/v, where v = 1 - 107® m%s is the kinematic
viscosity of water, z,,, = 1 m indicates 1 m above the lake bottom, ﬁlm is the averaged velocity at z,,. The period
of the barotropic seiche (T, o) is estimated using both the Merian formula and the three-layer method (Miinnich
etal., 1992). Both methods yield similar values, within a 10% difference, and the results of the three-layer method
are reported. The period of the first mode of internal lake seiche (T, ,) is computed after Mortimer (1952) as
2L()/\/g(ph — pe)/(pn/hn + pe/he), where L is length of the lake; g is gravitational acceleration; p, and p, are
the water densities in the hypolimnion and epilimnion; %, and &, are the hypolimnion and epilimnion thicknesses.

These scales are used in the following sections to help interpret the fine-scale observations.

3.1.3. Effect of Bubble Plume on Near- and Far-Field Dynamics

The buoyant plume caused by the oxygenation lifted cold and low DO water from the near-bed region into
the water column (Figure 5). The water column temperature and DO were obtained from 32 CTD casts within
40 m distance, centered at the diffuser ring. In the near-field of the bubble plume, the thermal stratification was
disrupted as a result of strong vertical mixing induced by the plume entrainment. The measured upwelling flow
represents a “snapshot” around the bubble plume determined by the path of CTD casts, which does not show
a symmetric feature about the ring center. However, in the far-field of the bubble plume on the lake-scale, the
upward movement of water was compensated by a returning, downwelling flow. The returning flow had a much
larger spatial scale, which may be attributed to the interactions between the plume-induced flow and the internal
seiching (McGinnis et al., 2004). In this case, the oxygenated lake showed a depression of the isotherms with
persistent warmer water at greater depths in most of the lake when the diffusers were operational (Figures 6a
and 6b). Only the near-field of the bubble plume showed isotherms deflected upward. After the diffusers were
turned off, oscillations were initiated by removal of the buoyant force of the oxygenation, and the thermal struc-
ture gradually restored to its natural stratification (Figures 6¢ and 6d).

3.1.4. Spectra of Velocity and Temperature

Spectral analysis of the ADV data illustrates the dynamics of the large-scale motions that were sensed near the
bottom (Figures 7a and 7b). The spectrum was calculated for the velocity of the entire period of observation
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Figure 4. Statistics of the bottom boundary layer currents from the acoustic Doppler current profiler in the two study lakes during the field campaigns (26 May to 2
June 2013 for Carvins Cove Reservoir; 14-19 May, 22-26 May, and 28 May to 1 June 2012 for Lake Hallwil): (a and b) probability density function and cumulative
distribution function of the flow speeds at 1 m above the bottom (mab). (c and d) Polar-histogram of flow directions at 1 mab.

Table 1

in CCR; whereas, the spectrum for LH was calculated for the second period of velocity measurements, after
the diffuser had been operated at steady-state for three days (23-26 May 2012; Figure 3). The spectrum was
smoothed by applying a Gaussian filter at the cut-off window of the Kolmogorov time scale and by averaging
sections of the velocity record that had a window size of 10% of the total record length and applying a 50% over-
lap between each averaging window. In the spectra data, a well-defined inertial subrange across at least two orders
of magnitude in the frequency domain can be observed in both lakes, showing the Kolmogorov scaling, that is,

Parameters of the Two Study Sites Analyzed From the Measurements

Uogo [cm/s]  Uplem/s] @ [em/s]  Re[-]  h,[m]  h,[m] p,[ke/m®] p, (ke/m?] Ticheo [min] T, [hr]
Carvins Cove Reservoir 0.35 0.85 0.044 8,500 11 3 999.9 997.8 14 13.3
Lake Hallwil 0.77 1.12 0.18 11,200 30 3 1,000.1 999.3 13 38
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Figure 5. Map of temperature and dissolved oxygen (DO) in the near-field region of one of the bubble plumes in Lake Hallwil. Data were obtained from conductivity,
temperature, and depth transect measurements on 30 May 2012 close to one ring of diffusers. (a) Temperature; (b) DO concentration. Zero on the x-axis is centered on

one of the 6.5 m-diameter diffuser rings.

a universal —5/3 spectral slope. The low frequency bound of this —5/3 region occurs around 103 cycles per day
(cpd), which is equivalent to ~90 s. This is about 6 and 29 times the Kolmogorov scale in CCR and LH, respec-
tively. This criterion satisfies the definition of an inertial subrange. The Kolmogorov scale in the inertial subrange
will be later used for estimating dissipation rates of TKE. Both spectra exhibit multiple peaks, indicating several
modes of internal wave motions in the lakes that resulted in oscillatory motion within the BBL.

The calculated periods of the barotropic seiche mode (Table 1) agree well with the peaks observed in the velocity
spectra (14 min for CCR and 13 min for LH; Figure 7). The 13 min oscillation in LH was also reported in velocity
spectra during June and September of 2001 (Gwaze, 2003). Using the three-layer method, the first-order inter-
nal seiche mode in both the horizontal and vertical directions was calculated to be 10.5 hr for CCR and 14.5 hr
in LH. The Mortimer (1952) equation for internal wave dynamics, which does not use the thickness of the metal-
imnion, gives a period of 13.3 hr for CCR and 38 hr in LH. If these longer periods were present, their signatures
were eclipsed by noise and other peaks in the spectra, which may be due to the operation of the diffusers during
these experimental campaigns. For example, the influence of the diffusers is observed in the spectrum data in
CCR, where the change of flow rate was made periodically at 24 hr intervals, yielding a subtle peak at 1 cpd in
the velocity spectrum for CCR (Figure 7a).

Temperature spectra also show a respectable —5/3 subrange (Figures 7c and 7d). Peaks in the spectra for the
sensors located in the thermocline region may indicate the time scales of interactions between the bubble plume
and the internal wave dynamics. However, the quantitative relationship between basin-scale motions and the
bubble plume operations remains unclear and is subject to future studies.

3.2. Bottom Boundary Structure
3.2.1. Velocity Profiles

We evaluate the bottom shear and the structure of the BBL at both study sites using all of the velocity data,
irrespective of the different oxygen flow rates of the bubble plume diffusers. The probability density function of
the velocity (Figure 4) and low-frequency peaks in the velocity spectra (Figure 7) indicate that the BBL flows
are oscillatory, with oscillation frequencies corresponding to basin-scale barotropic and baroclinic wave modes.
Thus, these velocity data elucidate the flow structure of an oscillating BBL that is primarily induced by lake
internal wave motion.

The velocity data show that the main flow oscillations having changes in the direction of the velocity generally
occurred at seiching periods of 10-20 hr. This corresponds to a Stokes layer thickness §; = 1/2v/w of 0.1-0.15 m,
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Figure 6. Map of temperature and dissolved oxygen (DO) concentration at Lake Hallwil. Data were obtained from the conductivity, temperature, and depth (CTD)
measurements across the lake, where the locations of CTD casts are shown in Figure 1. The diffusers are located in the deepest area of the lake. (a) Temperature and
(b) DO were measured on 16 May 2012 when the diffusers were operational. (c) Temperature and (d) DO were measured on 19 May 2012 when the diffusers were not

operational.

where v is the kinematic viscosity of water and w is the angular frequency (Spalart & Baldwin, 1989). Hence, the
Reynolds number defined for an oscillatory boundary layer flow can be estimated as Re = 6, U,,, /v = 2,000 — 3,000
using the free-stream maximum velocity magnitude U, = 1.5 — 2 cm/s estimated from the 90th-percentile of
the cumulative distribution function of the velocity magnitude. Therefore, the oscillating boundary layer flow
presented in this study is likely within the fully developed turbulence regime, that is, turbulence is present during
most of the oscillating cycle (Jabbari & Boegman, 2021).

Lorke et al. (2002) show that a logarithmic fit to the velocity profile starting from 0.5 m above the SWI would
lead to overestimation of bottom shear and roughness in the oscillating BBL. That being said, the canonical
law-of-the-wall is not valid in an oscillatory BBL because it is strictly for stationary shear induced flows. Lorke
et al. (2002) suggest that the law-of-the-wall is likely valid in the lowest 0.5 m, depending on the modification of
the oscillatory currents to the stationary shear. The validity of the logarithmic velocity profile in a short vertical
region of the oscillating boundary layer is also shown in other studies (Jensen et al., 1989), especially within
the fully developed turbulence regime (Jabbari & Boegman, 2021). To examine the velocity profiles obtained
here using the law-of-the-wall scaling and its modification, we fit logarithmic profiles to the profiles of mean
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Figure 7. Spectrum of the longitudinal velocity component measured from the acoustic Doppler velocimeters and the temperature from the thermistor chain: (a)
velocity, CCR; (b) velocity, Lake Hallwil (LH). “No-average, no-filter” represents the spectrum of the entire time series of the velocity data; “averaged, filtered”
represents the averaged spectrum of velocity data sections with a 10% window size at a 50% overlap, and filtered with a Gaussian filter. (c) Temperature, CCR; (d)
temperature, LH. Spectra were averaged with a 10% window size at a 50% overlap similar to the velocity spectra. “HAB” in the legend indicates thermistor locations as

height above bottom.

velocities over each data burst from the down-looking ADCP. Several sequential steps were carried out for this
process. First, we defined a coordinate system with the x-axis being the main flow (longitudinal) direction, such
that the mean velocity on its perpendicular direction (y-axis; transverse) is zero. We found that the logarithmic
profiles held from the SWI to 0.4 mab in both lakes, and the flows became less organized above 0.4 mab. Given
that the law-of-the-wall was only found to apply within the lowest region of our velocity profiles, logarithmic
fits were only performed to the bottom 0.4 m of the velocity profiles U(z), where U is the burst-average velocity
in the x-direction. Second, we applied the law-of-the-wall fitting to the measured data using the classical profile

U(z) = “;1n<z—zo> (1

where z,, is the roughness height; we take the von Karmén constant x as 0.41. Fitting this canonical profile to the
data yielded the fit parameters u, and z,. Third, log-linear profiles were fitted to the same data using the profile

(24 2
U(z) = - ln<20>+ L] 2)

where u., and the length scale L were fitting parameters, keeping z, fixed and equal to the previously found
value based on fitting the canonical law-of-the-wall profile. The length scale L depends on modifications of
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05 ] the profile, with positive values for flow deceleration and negative values
04+ 1 for flow acceleration (Lueck & Lu, 1997). The modified log-linear profile
03} , fits the BBL structure better in low-energy deep lakes, where flows tend to
be more unsteady, that is, containing more accelerating/decelerating events
0.2} | (Cannon & Troy, 2018; Troy et al., 2016). Figure 8 shows an example of
%: applying these logarithmic fits to the oscillatory flow observed in the BBL of
€ 01¢r 1 CCR. Similar results were observed in LH (not shown).
= 0.08 ¢ ]
0.06 | ] 3.2.2. Drag Coefficient
0.04 O data i The shear velocities obtained from the logarithmic fits define the bottom
- - -LOW shear stress 7y = p,u?. We used a quadratic-law drag correlation between ,,
_mod.ified \ and the burst-average velocities measured at 1 mab, U, and obtained the
0.02f Iog-‘llnearo . 1 drag coefficient (C,,,) from the regressions fit to
1.5 1 O.5U (Cm?S) 0.5 1 " = CllfUlm 3)
Figure 8. An example of two logarithmic fits to the oscillating flow in the Results for each lake are shown in Figure 9. Although the flows deviate from
bottom boundary layer of Carvins Cove Reservoir. Data shown here span the law-of-the-wall scaling above 0.4 mab, U, , is still a good representative

17.5 hr during 29-30 May 2013. LOW is the law-of-the-wall scaling, given in

' = ; > H ! : outer-layer forcing responsible for generating the bottom shear stress. Here,
Equation 1; the modified log-linear profile is that defined by Equation 2.

we choose U, to allow us to compare to previously reported values in other
lakes using this scale. We found that u.-values obtained from fitting both
the canonical law-of-the-wall and the modified log-linear relations result
in strong correlation between U, and u., where the modified log-linear fit gives a better correlation than the
law-of-the-wall. C, were found to be 0.0027 in CCR and 0.0085 in LH. If we use the u,-values obtained from
the law-of-the-wall fitting, C,  were found to be 0.0018 and 0.0088 in CCR and LH, respectively. C,,, in CCR
is comparable to the values reported in the literature for similar weak flow environments; whereas C,  in LH is
higher than values reported in other deep lakes. For example, for large, deep lakes, the literature reports 0.0023
in Lake Baikal (Ravens et al., 2000), 0.002 ~ 0.003 in Lake Superior (Churchill et al., 2004), 0.0044 in Lake
Michigan (Cannon & Troy, 2018; Troy et al., 2016), 0.0042 ~ 0.0048 in Lake Erie (Valipour et al., 2015). Lorke
et al. (2002) used classic law-of-the-wall scaling and calculated C,, = 0.009 in a similar weak oscillatory bound-
ary in Lake Alpnach, a lake much more similar in depth and size to LH. Lorke et al. (2002) attributed the large
C,,, values to the invalidity of the law-of-the-wall scaling as the oscillation compressed the turbulent bottom layer
and thereby increased the apparent drag coefficient.

Typically, different drag coefficients are due to different bottom substrate, as the bottom roughness can increase
the drag coefficient in the BBL (Davis & Monismith, 2011; Reidenbach et al., 2006). The range of drag coeffi-
cients can also be affected by the performance of logarithmic fitting. In oscillating flows, the correlation between

0.3 0.4
o LOW o LOW
o modified log-linear o modified log-linear
0.2r s :CIIT/”2 Uiy, LOW ] 026 - __w :Clli/nz Uy, LOW |

T Cim=0.0088, R? = 0.98
Uy = C‘l1 /f Uh,n, » modified log-lineag;

Ci,n=0.0018, R? = 0.68

Uy = Cll,/f Uy, , modified log-linear

@ 01 = 0.0027, R? = 0.93 1= = 0.0085, R? = 0.98
g o%® g 0f 1
= K
SEEN 13
-0.21 1
0.1} ]
04+ i
0 | | | (a) CCR (b) LH
' -4 2 0 2 4 -6 -4 -2 0 2 4
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Figure 9. Correlation between shear velocities (u,) and the burst-mean velocities at 1 mab (U ). The drag coefficients (C, ) were calculated from the regressions.
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cADCP, Low (w*/s?)

the velocity at 1 m and the logarithmic velocity structure in the lowest 0.4 m
may be different from that for stationary shear flows. Interestingly, the large
7 values of C, were only found in LH; whereas, the oscillatory flows in CCR
do not lead to large drag coefficients. With the present data, it is unclear
what is responsible for this difference in drag coefficient. The bubble-plume
induced flow may play a role, but a definitive cause requires further study.

E 3.2.3. Dissipation Rate of Turbulent Kinetic Energy

The dissipation rate of TKE (¢) was estimated using two independent meth-
ods, each applied to different instruments. For the ADCP data, we estimated
s e directly from erow = u/(kz) using u, from logarithmic fitting to the
E burst-averaged velocity profiles. For the ADV data, we compute ¢ by fitting to
the velocity spectra in the well-defined inertial subrange (Bryant et al., 2010;

: w w Wang & Liao, 2016). The relationship between ¢ and the one-dimensional

Figure 10. Comparison of estimates of the turbulent kinetic energy

10
2/.3
€ADV, Spectrum (m®/s%)

N 107 10° 10 energy spectrum in the inertial subrange follows (Pope, 2000):

Ea(ki) = aie”k;°" )

dissipation rates from the velocity measurements of the acoustic Doppler ) ) )
current profiler, using law-of-the-wall scaling, and the acoustic Doppler where E,; is the spectrum of each velocity component as a function of the

velocimeter, using fitting of the velocity spectra. Each data point represents wavenumber in the main flow direction (k,) with i = 1, 2, 3 denoting the spec-

512-s burst duration of the velocity measurement.

tral estimation using velocity in the x —, y —, and z — directions. Coefficients
a, = 1.56 x 18/55 and a, = a; = 4a,/3 (Polzin et al., 2021). The time series
velocity data obtained by the ADV were used to calculate energy spectra
in the frequency domain E,(f), which were then converted to spectra in the wave number domain by invoking
Taylor's frozen-turbulence hypothesis: E;; (ki) = 2%Ei,-( f)withk, = %” f.

In order to have a direct comparison between these methods, we evaluate the law-of-the-wall scaling for the ADCP
at the same height z as the sample volume of the ADV. The velocity spectra for the ADV data was computed over
the same burst periods as measured by the ADCP. The inertial subrange fitting of the ADV data was applied to the
spectra of both the longitudinal (x-direction) and transverse (y-direction) velocity components, and the average

32 32
values were used as the final result: gopy = 0.5((E|1k?/3/a1) + (Ezzkfﬂ/az) > The turbulent fluctua-

tions of the vertical velocity component were suppressed due to the close proximity to the bottom, yielding an
unobservable inertial subrange in E;; hence, the w velocity component was not used for this analysis. The spec-
tral fittings with R?-values <0.7 were rejected, concluding that the inertial subrange was not observed in those
cases. These unsuccessful fittings typically occurred when the flow was too weak to be considered as turbulent.
For the successful fittings, the Taylor's frozen-turbulence hypothesis was validated by examining the mean flow
velocity, which was consistently at least an order of magnitude greater than the turbulent fluctuations. The direct
comparison of the two estimates of ¢ in each data burst is shown in Figure 10 and the time series of ¢ are given in
the supplementary file (Figure S4 in Supporting Information S1).

In both lakes, the two methods have a good agreement on the order of magnitude of &, with considerable scatter
among individual estimates. In LH, values of & from the law-of-the-wall estimates are generally larger than those
estimated using the spectral fitting. This may be attributed to the observed large drag coefficients in LH based
on the law-of-the-wall profile of velocities. Lorke et al. (2002) suggests u. can be overestimated by a factor of
1.5 when roughness height and drag coefficient are overestimated by a factor of 5 in weak oscillatory flows. If
the drag coefficient in LH was overestimated by a factor of 3-5, u, may be overestimated by a factor of ~1.5.
This would lead to an overestimation of £ using the law-of-the-wall scaling by a factor of 1.5% = 3.4. Our data
show 10w /eapv = 6.8, which is the same order of magnitude as this estimated factor. Note that even without
factoring, the agreement between the two methods is within the general uncertainty of ¢ estimates, on the order of
108 m?%/s3. Values of € in LH were about two to three times larger than those in CCR (Table 2).

The flow oscillation alternates between acceleration and deceleration, which typically results in enhanced and
suppressed turbulence in comparison to that in a stationary shear boundary layer (Yang & Lee, 2007). Such flow
structures would disrupt the traditional turbulence mechanism and result in an imbalance in TKE production and
dissipation during flow acceleration and deceleration. However, the flow is still shear dominant. Therefore, the
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Table 2
Estimated Turbulent Kinetic Energy Dissipation Rates From Different Instruments Using Different Methods

TKE dissipation rate (m?/s?)

Site Instrument Method Mean Standard deviation

Carvins Cove Reservoir ADV Spectrum 3.8x107° 8.6 x 107°
ADCP Law-of-the-wall 1.1x1078 42x%x1078
Lake Hallwil ADV Spectrum 3.2x 1078 1.9 x 1077
ADCP Law-of-the-wall 45x 1078 1.2x 1077

modification of turbulence should be shown as data scattering around the structure of stationary shear flows. This
is evidenced by generally balanced turbulence shear production and dissipation rate with considerable scattering
in both lakes (Figure S5 in Supporting Information S1). Two orders of magnitude variations of TKE were also
found in both lakes as a result of flow oscillation (Figure S6 in Supporting Information S1).

3.3. DO Transfer Across the Sediment-Water Interface

Time series data of the DO transfer process at the SWI are examined to elucidate the relationship between gas
transfer and the combined effects of bubble plume operations and near-bottom turbulence (Figures 11 and 12).
The interfacial DO flux (J) was computed directly from the micro-profiler data. The DO in the bulk water (C, )
and at the SWI (C,,;) were measured by the micro-profiler. The gas transfer velocity (k) was calculated using
k=J/(Cp — C,,)- The TKE dissipation rate (¢) was obtained from the ADV data and raised to the quarter power.
The shear velocity (.) was determined by fitting the logarithmic velocity profile in the bottom 0.4 m and also

computed using Equation 3 with measured U .

In CCR (Figure 11), the oxygenation plume flow rate was changed daily, reaching a peak flow rate on 28 May
and being turned off on June 1. The bulk DO had a mean value of 162 mmol/m? and a standard deviation of
20 mmol/m? over the whole span of the experiment. A gradual decrease of DO concentration in the bulk water
was observed as the flow rate of the oxygenation system decreased. The DO concentration at the SWI was always
less than that in the bulk water, with a mean value of 72 mmol/m? and a standard deviation of 27 mmol/m?.
Hence, during the entire experiment, the lake sediment was an DO sink, and the flux of DO into the sediments
was mostly controlled by the stronger variation of DO at the SWI than by variation in the bulk water.

The gas transfer velocity, a turbulence-controlled parameter, was plotted along with the TKE dissipation rate to
the power of 1/4 (Figure 11), where k ~&!** represents the small-eddy model of the interfacial gas transfer process
(Lamont & Scott, 1970; Wang et al., 2015; Zappa et al., 2007). The data show that £ was not correlated with & in
the first two to three days but had much better correlation after 29 May when the gas flow rate started to decrease.
Similar correlation is observed between k and u.. The time series of u, show similar variations as 4. The linear
relation between k and u, is an alternative gas transfer model in shear dominant diffusive boundary layers (Lorke

& Peeters, 2006).

In LH (Figure 12), the bubble plumes were switched on and off, and the gas flow rate was constant while the
diffusers were in operation. Similar to CCR, the sediment in LH was always a sink of DO; however, both C,,
and Cswi

the dynamics of patches of water with variable DO concentration being advected over the measurement location.

changed more than in CCR. The variation of C,, and C, ; have a similar tendency, which is likely due to
During the first half of the experiment, the bulk water had a predominantly low DO. The concentration abruptly
increased around 25 May and remained elevated through the remainder of the experiment. The fairly uniform
bulk concentration during these two different periods suggests a fairly well-mixed condition at the measurement
site. C_ . shows much greater variability than the concentration in the bulk water, indicating that mass transfer is

SWi

controlled at the SWI.

Given the larger change of DO, the variability of DO flux in LH (mean = 8.4 mmol/m?d, standard devia-
tion = 5.2 mmol/m?d) is larger than that in CCR (mean = 5.0 mmol/m?d, standard deviation = 1.7 mmol/m?d).
With the strong variability in the DO fluxes, the direct correlation between k and ¢ is not clearly observed
(Figure 12). The relative independence of k and ¢ in the time series data may be due to weak turbulence, where
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Figure 11. Time series for Carvins Cove Reservoir: Q—gas flow rate of the oxygenation bubble plume; /—dissolved oxygen (DO) flux computed directly from the
micro-profiler at the SWI; C,,,—DO concentration in bulk water at the top of the profile measured with micro-profiler; C,, —DO concentration measured at the SWI;
k—gas transfer velocity; e—dissipation rate of turbulent kinetic energy computed from acoustic Doppler velocimeter data; u.—shear velocity: circles represent those
estimated from the law-of-the-wall fitting to the velocity profiles, solid line represents those calculated from Equation 3.

the time and length scales that control the gas transfer do not correlate with those that are responsible for the
turbulent dissipation, known as small-scale processes. Larger scale dynamics may also be important in the sedi-
ment DO flux processes when the turbulent Reynolds number becomes small for weak flows (Chu & Jirka, 1992;
Theofanous et al., 1976). u. shows a slightly better correlation with k, but the correlation is still weak.

Given the relatively weak correlation between k and u, in the time series data, we evaluate both parameters
over the entire measurement period (Figure 13). Lorke and Peeters (2006) provided a relation k = Sc~"?u,/9 for
boundary layers at both air-water and SWIs following the law-of-the-wall scaling, where Sc = v/D is the Schmidt
number and D is the molecular diffusivity, here of oxygen, taken as 1.88 - 10~ m?s. This form of the mass trans-
fer velocity scale is identical to the small-eddy model with the dominant diffusive length scale being the Batche-
lor scale defined by Lg = 27z:(vD2 / e) 4 (Lorke & Peeters, 2006). We plot our observations together with those
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Figure 12. Time series for Lake Hallwil. See Figure 11 for explanation of variables. Only one-third of shear velocity data collected are shown (circles in the lowest
subplot) for those estimated from the velocity profile fitting.

from the literature reported by Lorke and Peeters (2006) (Figure 13). The mean and standard deviation of the data
in each lake are plotted using points and errorbars, respectively. Our measurement data extend the scaling to an
order of magnitude smaller values of u.. Our data also confirm the relationship in Lorke and Peeters (2006) at
even smaller, less energetic scales. This suggests that turbulent structure and diffusivity at the Batchelor scale are
the dominant mechanisms controlling mass transfer at the SWI. However, the weak dependence between k and u.,
in the time series data (Figures 11 and 12) suggests the time scale of gas transfer velocity may be different from
that responsible for the shear velocity. This is similar to the observed weak correlation between k and ¢ in the
time series data. The diffusive boundary layer thickness is found to be close to the Ozmidov scale (I, = \/¢/N3,
where ¢ and buoyancy frequency N are evaluated at the height of the ADV measurements), which can be inter-
preted as the largest horizontal scale that has sufficient kinetic energy to overturn in the stratified environment.
The measured data and analysis suggest that the gas transfer mechanism in low energetic environments may be
influenced by multiple scaling factors, in contrast to the universal, small-eddy scaling in strong turbulent flows
(Zappa et al., 2007).
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100 ‘ To quantify the dominant time scales that are responsible for the DO flux at
$ ggg’ iggp Low the sediment surface, we calculated the surface renewal time directly from
LH, ADCP LOW the measured k: 7, = D/k?. The percentage of occurrence of the renewal times
. o ]SJ}‘I){]{“?Vf SH1999 in both lakes are shown in Figure 14. We observe a substantial range of
* - 5
'» 102 o AW 1:;;12;; , renewal time scales, spanning more than two orders of magnitude within each
g k/Sc™% = u./9 lake and nearly four orders of magnitude across our study. The log-normal
:/ distribution fits fairly well with the renewal time in both lakes, with a mean
< value of ~100 min in CCR and ~20 min in LH (Table 3). The log-normal
U)U 1 0.4 L :Eﬁké | distribution of surface renewal time scales found in our data agrees with the
= -—f-' -4 turbulence-controlled interfacial transfer processes (e.g., heat flux on the
'_f_'}_' ocean surfaces, Garbe et al., 2004).
To compare the surface renewal time scale of DO transfer with the turbulence
10-6 ‘ ‘ ‘ time scales in the BBL, in Table 3, we summarize the characteristic length
107 107 107 107 10° and time scales of near-bottom turbulence calculated from the ADV and

u, (mst)

Figure 13. Gas transfer velocity as a function of friction velocity. “CCR” is
Carvins Cove Reservoir; “LH” is Lake Hallwil; “ADCP LOW” denotes that
u, is estimated by fitting the law-of-the-wall scaling from the velocity profiles
measured using acoustic Doppler current profiler. “ADV” denotes that u, is
estimated using u, = V —u/'w’ from the acoustic Doppler velocimeter data.
The data point and errorbars represent the mean and standard deviation of
corresponding parameters in each lake. Literature data were reproduced from
Figure 2 in Lorke and Peeters (2006). The literature data are grouped into two
categories: sediment-water (S—W) interface and air-water (A—W) interface.
“SH1999” is Steinberger and Hondzo (1999).

ADCP measurements. By direct comparison between the diffusive boundary
layer thickness (6,,) and various turbulent length scales, we found that 6,
is comparable to the Batchelor scale, though somewhat larger. This agrees
with the Lorke and Peeters (2006) argument that the micro-scale of a passive
scalar tracer provides the smallest length scale of turbulent tracer fluctua-
tions, that is, the length scale that is dominant under Fickian diffusion for
controlling mass transfer at the SWI. At the same time, we found the renewal
time scale was statistically consistent with the largest time scale, the integral
time scale calculated from the velocity auto correlation function, despite the
very large range of individual surface renewal time scales. This suggests that
the large energy-containing eddies are important to the interfacial transfer of
DO at the SWI in weak flow conditions. This mechanism also explains the

observed weak correlation between k and ¢ or u, in the time series data, as the time scales in burst-averaged data
are inadequate to capture the variation of the gas transfer velocity caused by the large-scale turbulent motions
which occur on time scales greater than those captured during each measurement burst. Apart from the physical
mechanisms presented here, biotic processes and abiotic chemical reactions also affect the DO flux across the
SWI including fauna respiration, bioirrigation, and redox transitions (Corzo et al., 2018; Jgrgensen et al., 2022;
Snelgrove et al., 2018). However, evaluation of the influences of these factors is out of scope of this paper and,

hence, not discussed here.

oo}

»

Percentage of occurrence (%)
N

0.1 1 10 100 1000
Surface renewal time, ¢, (min)

Figure 14. Distribution of surface renewal time on log-scale. The two solid
lines represent the log-normal fit to the calculated surface renewal time.

4. Conclusions

In this paper, we investigate the mean flow, turbulence dissipation rate, and
DO transfer across the SWI in the BBL of two deep lakes under operation
of oxygenation bubble plumes. The bubble plumes were found to impact
the dynamics of the lakes, including alteration of the frequencies of inter-
nal motion, which showed correlation with the frequencies of changes in
operation of the bubble plume, creation of vertical flow circulation in the
near-fields of the bubble plumes, and modulation of the time scales of
the large-scale eddies. The effect of the bubble plume on the large-scale
lake dynamics depends on the gas flow rate and duration of the bubble
plume steady-state operation as well as the stratification and geometry of
the lake (i.e., area, depth, shape). However, although the near-field of the
bubble plumes were strongly impacted by the flow induced by the oxygena-
tion bubbles, the bubble plume impact on the turbulent structure within the
BBL in these deep, low-energy lakes was limited. Internal motions yielded
slowly oscillating BBL, but the long time scales allowed the BBL turbulence
to exhibit shear-dominated, quasi-steady structures.

Within the lowest 0.4 m, a logarithmic relationship was found to describe
the mean velocity profiles, whereas the mean velocity profiles above 0.4 m
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deviated from the canonical logarithmic scaling laws. A relatively high drag coefficient was found in LH,
similar to values reported in previous studies. Lower drag coefficients typical of deep lakes were observed in
Carvins Cove. Independent methodologies using spectral fitting in the inertial subrange and the law-of-the-
wall scaling provide satisfactory estimations of turbulent dissipation rates close to the SWI, though with
considerable scatter. These flow characteristics indicate shear-dominant flow structures in the BBL, and the
substantial variations in the data elucidate the non-stationary dynamics.

The substantial changes in DO flux across the SWI are the result of DO concentration changes in the water
column and at the SWI due to injection of oxygen into the system, that is, the main driving force of elevated DO
fluxes. In addition, the gas transfer velocity follows a turbulence-controlled mechanism dominated by eddies
having large time scales. In these two lakes, the thickness of the diffusive boundary layer is consistent with the
turbulent Batchelor scale. The quasi-steady structure of the shear flow within the bottom 0.4 m above the SWI
explains the observation that the corresponding friction velocities correlate to the gas transfer velocity. The vari-
ation of the observed surface renewal times in the concentration boundary layer fit to a log-normal distribution,
and the observed times are statistically consistent with the integral time scale of turbulent eddies in both lakes.
This is also consistent with the fact that we observed weak correlation between gas transfer velocity and the shear
velocity or turbulent dissipation observed for individual data bursts, which were too short to capture the steady
impact of these large time scale eddies. Hence, for these low-energy, deep lakes, the large energy-containing
eddies appear to dominate the dynamics of DO flux at the SWI.
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