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While the number of kelp farms have steadily increased, few have been deployed with sensors to measure mooring tensions with substantial biomass. During the kelp farming season of 2018–2019 in Saco Bay, Maine USA, a field study was conducted to assess mooring loads due to environmental conditions and kelp growth. The effort included the deployment of a farm with a 122 m cultivation line and spread mooring with rope, chain, and anchors in 15.2 m of water. The system was deployed with seeded twine in late November and harvested in May. In April, with kelp biomass estimated at 7.8 kg m−1, two load cells were installed to measure mooring tensions in response to currents and waves. The currents and waves were measured with two Acoustic Doppler Current Profilers deployed adjacent to the load cells. From these measurements, we characterized the maximum loading case in response to a complex hydrodynamic environment. The maximum tension occurred on the landward side of the farm even though wave exposure was seaward. The tension in the landward side mooring was dominated by steady drag from the currents going to the east southeast. During this event, the two profilers were positioned on the leading and trailing edges of the farm relative to the prevailing current direction. Velocities measured at 0.5 m bins showed a 26.7% reduction at the depths where the kelp was located. To analyze the dynamic portion of the load cell datasets, the oscillatory components were processed into energy density spectra. Results showed that mooring tensions were not affected by waves at frequencies greater than 0.175 Hz, with most of the energy occurring near 0.12 Hz. The tension spectra did reveal energy at frequencies between 0.0075 and 0.01 Hz, indicating a low frequency response, possibly due to nonuniform velocity profiles inducing vertical motion of the cultivation line. It was also observed that the landward mooring, subjected to higher currents, was more sensitive to oscillating loads than the slack seaward side. The high-fidelity dataset will be useful for numerical modeling validation to further understand these dynamics and to optimize kelp farm designs.
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1 Introduction

The farming of brown macroalgae of order Laminariales (kelp) in temperate oceans has grown in recent years (Grebe et al., 2019). In the northeast of the United States (US), especially in the Gulf of Maine, the kelp industry has expanded by nearly 3,000% from 2015 to 2020, characterized by mostly small owner-operators (St-Gelais et al., 2022). This sector of the traditional working waterfront utilizes existing fishing industry infrastructure, including lobster fishing vessels, often with just 2–3 individuals as crew (Piconi et al., 2020). At this infrastructure scale, gear cannot be oversized even though more exposed sites are being considered. These factors influence both capital and equipment replacement costs that represent a significant portion of the cost of production (Coleman et al., 2022).

The evaluation and design of kelp farming systems is challenging because kelp can grow densely (Kim et al., 2015; Augyte et al., 2017), is compliant (Buck and Buchholz, 2005; Henry, 2014; Rominger and Nepf, 2014), and is often close to being neutrally buoyant (Vettori and Nikora, 2017). Because of these qualities, Fredriksson et al. (2020) examined the steady flow hydrodynamics of a full-scale physical model representing 1 m aggregates of Saccharina latissima grown on an ocean-deployed farm in a series of tow tank experiments. The intent was to produce normal and tangential drag coefficients to be utilized in time domain numerical models, based on the empirical approach using a modified Morison equation (Morison et al., 1950), and using the finite element method (FEM). One set of FEM approaches stem from the work of Gosz et al. (1996); Tsukrov et al. (2003), and Fredriksson et al. (2003) focusing on net systems. Many others have also developed numerical modeling techniques for containment net structures. Examples include Li et al. (2006), Zhao et al. (2007), Zhao et al. (2015), Lee et al. (2008), Lee et al. (2015), Huang and Pan (2010), Reite et al. (2014), Cifuentes and Kim, (2017), Tsarau and Kristiansen (2019), and Martin et al. (2021). Commercial codes are also available such as OrcaFlex (https://www.orcina.com/), ProteusDS (https://dsa-ltd.ca/proteusds/overview/), and AquaSim (Berstad et al., 2012; Berstad and Heimstad, 2019). Considerable work has also been done modeling single line aquaculture systems such as mussel farms (e.g., Raman-Nair and Colbourne, 2003 and Raman-Nair et al., 2008; Pribadi et al., 2019; Knysh et al., 2020). Many of these net and mussel farm modeling techniques can be modified for kelp farming applications, such as Knysh et al. (2022). As with any engineering approach, however, these computational methods are only as valuable as they are accurate. Thus, the predictions must be validated with measurements of the behavior of in-situ macroalgae cultivation structures.

Understanding in-situ physical properties of these aquaculture systems requires field instrumentation with specific sampling strategies. A body of work has been established focusing on field measurement of engineering parameters for aquaculture systems. For example, Colbourne and Allen (2001); Fredriksson et al. (2003), and Fredriksson et al. (2007a, b), developed techniques to measure loadings on fish cage systems, while Stevens et al. (2007); Stevens et al. (2008), and Nguyen et al. (2019) deployed engineering instrumentation on shellfish farms. A need also exists to establish a similar understanding of the in-situ characteristics of kelp farms. Specifically, this information will guide the application of numerical models and associated design procedures, especially as larger scale farms are designed for exposed ocean areas to meet demand for non-food end uses of biomass (biofuel, animal feed, bio-composite materials, carbon, and nutrient removal).

The objective of this study was to assess mooring load characteristics due to biomass and environmental conditions for an exposed kelp farm. The engineering study was conducted during the kelp farming season from November 2018 to May 2019 in Saco Bay, Maine USA. Submersible load cell instruments were custom designed and deployed on farm mooring lines to measure the tension response to directional waves and currents recorded with two bottom-mounted Acoustic Doppler Current Profilers (ADCPs). Tension datasets with wave and current information were examined along with the amount of kelp biomass growing at the time of measurement. We then examined the current velocity profile and directional wave details associated with the highest tension event. The goal is to use this high-fidelity dataset in the future to improve numerical modeling approaches, filling a critical research and development need for kelp aquaculture in emerging production regions.




2 Methodology



2.1 The kelp farm site and system

The field study was conducted at an aquaculture lease (St-Gelais et al., 2022) where a kelp farm was deployed at an exposed site in Saco Bay, Maine, USA (Figure 1). The site was permitted with a Limited Purpose Aquaculture (LPA) license, having surface dimensions of 0.3 x 122 m, a nominal mean sea level of 15.2 m, and bottom substrate composed mostly of sand. The intent of the LPA license in Maine is to provide opportunity for entry into aquaculture with a yearly lease of a single grow line. The Saco Bay LPA site was chosen for its exposure to the east, but still accessible for farm operation with only a 3.5 km transit from a pier in the Saco River.




Figure 1 | The kelp farm site in Saco Bay, ME was exposed to storms coming from the east. Access to the site was about 3.5 km from a pier in the Saco River (Google Earth Pro 7.3.6.9345, 2022).



As described in St-Gelais et al. (2022), the mooring system designed for the LPA site was based on an extreme condition that occurred in April 2007, called the Patriot’s Day storm. Offshore wave characteristics of the storm were obtained at station 44007 operated by the National Data Buoy Center (NDBC) with a maximum zero-order moment wave height (Hm0) value equal to equal to 9.64 m with a dominant period of 11.43 s. Even though station 44007 is located approximately 19 km from the LPA site in a depth of 49 m, return period analysis was performed using 35 years of 44007 historical datasets to characterize storm severity. The analysis applied the annual maxima method (for every month) with a Weibull distribution and least squares fitting as described in Goda (2010). This produced an offshore 50-year storm condition with waves having an Hm0 equal to 9.51 m.

To relate offshore conditions to the nearshore LPA site, wave hindcast simulations from Zou and Xie (2016) were examined for the same Patriot’s Day storm that included the LPA site within the computational domain. The dataset yielded an Hm0 value approximately 4.5 m with peak periods on the order of 11 s. We used these parameters to develop our nominal 50-year storm wave condition for the design of the kelp farm. The design condition also included an estimated 50-year current equal to 0.56 m s−1. This value was based on a set of ADCP measurements obtained at the site from 2018 that yielded a major axis tidal current (M2) in an east–west orientation equal to 0.3 m s−1. This value was multiplied by a factor 1.85 according to the Norwegian Standard NS 9415. The design condition assumed both waves and current coming from the east as a potential worst-case orientation.




2.2 Kelp growth at the Saco Bay site

During the 2018–2019 growing season, kelp was seeded on October 30, 2018, on the 122 m horizontal cultivation line secured to the pretensioned mooring system deployed on the same day. The seed slowly grew over the following months. Accelerated growth occurred in March and April before being harvested in May. During this time, biomass samples were taken from the eastern, middle, and western sections of the farm throughout the growing season. Each sample consisted of 0.5 meter of biomass from the cultivation line with holdfasts included. The number of blades were recorded along with individual length and width values. The width was measured at 3 locations along the blade. The samples were weighed at sea while suspended out of the water using a spring scale. Logistic growth curves were fitted to the time series of biomass per meter using the curve-fitting methodology described in St-Gelais et al. (2022). While St-Gelais et al. (2022) was focused on biomass for harvest and thus fit a single time series to the total biomass, the present analysis focused on quantifying biomass on the farm while the instrumentation was deployed, including the distribution of the biomass within the farm. Therefore, a separate logistic fit was applied for each of the three locations, and a composite average was derived.




2.3 Engineering instrumentation and deployment strategy

The strategy for deploying instrumentation was to measure mooring line tension in response to waves and currents from spring storm events to coincide with near harvest levels of biomass. Mooring tension measurements were obtained with two custom made load cells with data acquisition systems designed for submersible applications. The submersible load cell, data logger, and power supply components were mounted as an assembly to a stainless steel strongback that was shackled in line with each of the moorings, one of which is shown on Figure 2A. Inline tensions were measured with a pancake type load cell attached with a spacer to the flange of the strongback. A custom threaded eye was inserted through the center of the load cell to engage the instrument upon loading. The spacer was needed to allow the attachment of a thin bolt and cotter pin securing the eye to the load cell. Small gaps were maintained on either side of the spacer with washers to allow some water exchange to prevent crevice corrosion. The pancake load cell shown in Figure 2A was specified with a capacity of 8.9 kN with the strongback having a limit of 35.6 kN. The data logger and power supply were developed as part of a series of ocean observatories described in Comeau et al. (2007). For this application, the data logger was modified with two analog ports for load cell input with 16-bit, analog to digital conversion. The assembly weighed about 222 N. To make it neutrally buoyant, lobster floats were attached to both sides of the data logger above the heavier battery pack. The 8.9 kN load cell system was deployed on the west mooring line (landside) since it was not expected to carry the primary load of exposure. A similar load cell system was deployed on the east mooring line (oceanside), but with a higher capacity of 44.4 kN and a strongback designed for a load of 80 kN (Figure 2B). The higher capacity instrument was installed on the east due to expected higher exposure levels. Both load cells were set to measure for 30 minutes each hour at a rate of 4 Hz.




Figure 2 | (A) The component details of the 8.9 kN capacity load cell instrumentation package deployed on the west mooring line. (B) Lobster floats were used to make the load cells instrumentation neutrally buoyant. The suite of instruments deployed on the kelp farm included two ADCPs and two load cell instruments.



Current profile and directional wave datasets were obtained with two, 1 MHz ADCPs manufactured by Nortek (Figure 2B). The load cell and ADCP deployment positions, with respect to the kelp farm, are shown in Figure 3, and were deployed from April 24 to May 1. The ADCPs were configured to alternate between sampling velocity profiles and directional waves. East- and north-going velocities were obtained at thirty-four, 0.5 m bins above the instrument. The configuration considers the estimated depth of the water (15.2 m), height of the transducers above the bottom (0.5 m), the instrument blanking distance (0.4 m) and a 3 m tidal range. Profiles were measured every 15 min as 3 min averages (from 7 Hz sampling) from 0–3, 15–18, 30–33 and 45–48 minutes past each hour.




Figure 3 | The spatial configuration of the kelp farm with the ADCPs and the load cells at the Saco Bay site (Google Earth, 2018).



Both east and west ADCPs were also utilized in wave measuring mode. In this mode, velocities, pressures, and acoustic surface tracking (AST) parameters were acquired in time series bursts. The time series were processed into statistical, spectral, and directional wave information (Krogstad, 1988; Pedersen et al., 2002; Pedersen and Siegel, 2008). Bursts were set to begin following each current profile measurement. Wave orbital velocities and dynamic pressures were sampled at 2 Hz for 1024 counts, while the AST data were measured at 4 Hz for 2048 counts, each for a duration of 8 min and 32 s to fit between velocity profile acquisition.





3 Results



3.1 Kelp biomass

The general kelp biomass dataset as described in St-Gelais et al. (2022) was revisited to focus on the time frame for which the instruments were deployed. Kelp biomass was assessed at three regions along the cultivation line. Samples were taken at 8 locations on the west, 7 locations on the middle and 9 locations on the east sections between February 2 and May 22 (Figure 4). We then developed logistic models of kelp biomass production (Masters and Ela, 2007) for each of the regions on the cultivation line combining them into an average. The average logistic fit is also shown in Figure 4. The resulting fit had an initial value of 0.1 kg m−1 and an environmental limit of nearly 15 kg m−1. The resulting biomass on April 25, was calculated from the data derived fit to be 7.8 kg m−1. In addition to the biomass assessment, specific samples were obtained on April 24. On this day, 5 replicate samples were acquired from east, middle, and west locations along 0.5 m sections of the cultivation line for a total of 15 bundles of kelp. An average of 175 blades were counted from each 0.5 m bundle. The length of each blade collected was measured along with the width at three locations, near the stipe, in the middle and near the tip. The average length was 0.99 m with a standard deviation of 0.32 m. The average width was 0.095 m with a standard deviation of 0.034 m.




Figure 4 | The measured and logistic curve fit biomass from the 2019 kelp growing season.






3.2 General dataset results



3.2.1 Mooring line tensions

Data from the east and west mooring load cells from April 25 to May 1 were first processed to remove offset values associated with a no-load condition. Zero values were recorded for 30 minutes before and after the deployment from each unit while unloaded on the deck of the vessel. The mean and ± the standard deviation values for the no-load condition are provided in Table 1. The west load cell zero values showed less variation than those from the east load cell due to capacity and amplifier design. In all cases, the offsets were within 0.6% of the total capacity of each respective unit and thus we were confident that the tension value margin of uncertainty was at most 100 N.


Table 1 | Mean and ± standard deviation for the no load conditions for the east and west load cells.



The before and after deployment zero values were averaged, then subtracted from the deployed portion of the dataset to create a time series for each instrument (Figures 5A, B). The most prominent event occurred on the west mooring line at 1:21 UTC on April 27 with the maximum tension equal to 2843 N. The corresponding highest tension on the east mooring line during this burst was considerably less at 1515 N. Averaged over the length of the deployment, tensions on the east mooring line (628 N), however, were higher than those on the west side (482 N). The east mooring line also had more frequent events as shown by the peaks greater than the mean values. Mean values for both moorings were not much greater than the calculated static pretension (418 N) created by the submerged floats at each corner.




Figure 5 | The tension results from the load cell deployment from April 25 to 30 for the (A) east and (B) west mooring lines. The largest tension value occurred on April 27 at 1:21 UTC on the west mooring line.






3.2.2 ADCP datasets

Water level, velocity profiles, and directional waves were measured from the east and west ADCPs deployed just south of the load cells (Figure 3). Mean sensor depth was 15.51 m on the east (seaward) and 14.72 m on the west side (landward) as shown in Figure 6A. The water level datasets also show the tides are dominated by the M2 constituent with a period of 12.42 hours with an average range of 2.2 m. Depth averaged velocity profile results are shown on Figures 6B, C for the east- and north-going components. A vertical dashed line is included on the three plots for the time of the maximum tension on the west mooring. The line corresponds with a point between the high and low water marks on (Figure 6A) indicating an ebb tidal current. The vertical dashed line also correlates with the maximum current velocity measured from both the ADCPs.




Figure 6 | Datasets from the east and west ADCPs including the water levels (A), and the east- (B) and north-going (C) depth averaged velocity components for the deployment in 2019.



With the ADCPs configured to calculate 3 minute averages every 15 minutes, east and west datasets were obtained from 1:15–1:18 and 1:30–1:33, before and after the time of maximum tension at 1:21 UTC. The east- and north-going components with speed and direction are provided in Table 2 for these time periods, bracketing the maximum tension event. The speed values on the west side were greater than those on the east side. Because the prevailing currents in the region were in the ESE direction, the west ADCP was likely on the unobstructed, leading edge of the farm, with the east ADCP in the lee, with a potential reduction of velocity through the farm.


Table 2 | Depth averaged velocity characteristics during the maximum tension event. Current velocity directions are described as “going-to”.



Wave AST bursts measured by the ADCPs for the April 25 to May 1 deployment were used to identify the maximum wave height (Hmax) from each instrument. The time series were also processed into a spectral energy density form. With the spectral energy density, the significant wave heights, based on the zero-order moment about the spectral curve (Hm0), were calculated and paired with the dominant period (Tp). The directions associated with the dominant period (Tp-direction) were also determined from the ADCPs by processing the wave orbital velocity components. The Hmax, Hm0, Tp and Tp-direction results from each burst are shown on Figures 7A through D, respectively. The maximum tension event occurred between 1:18:00 and 1:26:32 UTC on April 27.




Figure 7 | (A) The Hm0 values from the east and west ADCPs. (B) The Hmax values obtained with the zero-crossing method from the acoustic surface tracking (AST) datasets. (C) The Tp time series from the east and west ADCPs. (D) The direction of the Tp from the ADCPs. The vertical dashed line was included to identify the maximum tension event from the west mooring line.








4 Maximum tension load case



4.1 West and east mooring line load cells

The 30 minute burst for the maximum tension load case is shown on Figure 8A for both the west and east side instruments. In additional to the peak value of 2843 N occurring at 1:21:53, it was clear that the west mooring line was bearing more of the load than the east with higher mean and oscillatory components. The maximum tension event coincided with the AST wave bursts obtained from 1:18:00 to 1:26:32 and between two sets of ADCP velocity profiles from 1:15–1:18 and 1:30–1:33.




Figure 8 | (A) The maximum tension occurred during the 30 minute load cell bursts obtained on April 27 at 1:21:53 on the west mooring. (B) The maximum tension value associated with the acoustic surface tracking (AST) wave burst from 1:18:00 to 1:26:32. Both mooring tension time series showed a clear wave component, though the signal was stronger on the west.



Maximum, mean and standard deviation calculations were performed for both the west and east load cells from the section of tension data on Figure 8B. The results are provided in Table 3 with the static pretension. A value of significant tension (Ts) was then calculated as four times the standard deviation and is also included in Table 3. Ts can be interpreted as a measure of wave influence, comparable to the Hm0 of the waves during this burst. The basic statistics show that, for this event, the steady tension values induced by fluid drag and characterized by the mean have more influence on the kelp farm structure than the oscillatory components.


Table 3 | Load cell statistics for the west and east mooring lines from 1:18 to 1:26:32.






4.2 West and east ADCP velocity profiles

To further investigate the depth averaged current velocity results summarized in Table 2, the 1:15–1:18 and 1:30–1:33 profiles from each ADCP were examined as a function of 0.5 m depth bins (Figures 9A, B). The profile results show small differences over time within each site. However, when comparing the spatial results, a distinct velocity reduction was evident between 2 and 6 m at the east ADCP in the lee of the farm. At these bin locations, it seemed that the kelp induced work on the fluid to decrease average speed from 0.45 to 0.33 m s−1 (26.7%), thus creating drag on the system and contributing to the mean tension values shown in Table 3.




Figure 9 | (A) The west side speed profile upstream of the farm from 1:15 to 1:18 and 1:30 to 1:33. (B) The east side speed profile in the lee of the farm from 01:15 to 01:18 and 01:30 to 01:33.






4.3 West and east ADCP acoustic surface track

We also investigated if steady wave conditions existed during the maximum tension event. Three sets of AST time series, representing bursts from 1:03:00 to 1:11:32, 1:18:00 to 1:26:32 and 1:33:00 to 1:41:32, were plotted from each ADCP (Figure 10). Figure 10 shows how the load cell sampling coincided with the wave burst measurements to assess potential steady state conditions. The box on Figure 10 includes the wave bursts (1:18:00–1:26:32) that were acquired when the maximum tension value was measured at 1:21:53.




Figure 10 | Acoustic surface tracking wave bursts obtained before, during and after the point of maximum tension (21:53 minutes) at 1:03–1:11:32, 1:18–1:26:32 and 1:33–1:41.32 minutes past the hour.



Wave characteristics including the Hmax, Hm0, Tp and wave direction were calculated for each of the bursts and are provided in Table 4. The values were consistent between the two west and east ADCPs with slightly larger values from 1:18:00 to 1:26:32. With this dataset, we made a general assessment that for the maximum tension case, that steady waves with an Hm0 of 1.77 m created oscillatory tensions of Ts = 860 and 333 N for the west and east mooring line, respectively. By comparing the six wave datasets, we identified the sea as a weak stationary, and ergodic process during the 40 minutes. Therefore, oscillations in the tension time series are less likely the result of “transient effects” due to changing wave and current conditions and thus provide a better situation to assess the mooring system dynamics.


Table 4 | Wave characteristics from the west and east mooring lines during the hour that the maximum tension was measured.







5 Discussion



5.1 Interpretation of the field study datasets

The results of this field study produced a suite of high-fidelity datasets to investigate mooring line tension of a kelp farm in response to quantified wave and current conditions with known levels of biomass. The sampling scheme developed proved effective in identifying a maximum tension event with steady state conditions for both currents and waves by profile sampling before and after wave bursts at 15 minute intervals.

The maximum tension value measured (2.8 kN) on the west mooring occurred during a mild spring storm with an Hm0 = 1.7 m, Hmax = 2.7 m, and Tp = 7 s. The storm produced a unique, localized hydrodynamic environment with peak profile current speeds of 0.5 m s−1. It was unique in the sense that the current direction was to the ESE, nearly opposite that of the wave direction. Based on the direction of the waves and the geometric configuration of Saco Bay, it is hypothesized that waves from the east, pile up on the shore, then formed a “rip” like current out between Eagle and Ram Islands (Figure 1) to the ESE. It was this steady current that generated most of the load on the west side mooring line. This same effect was illustrated in the wave/current/surge model simulations done for the Patriot’s Day storm in Zou and Xie (2016). The ADCP results also quantified velocity reduction from the west to the east side even on this relatively small, single line farm.

The maximum tension event was further examined using a 1st order, superposition approach by removing the mean tension from each 30-minute burst to obtain the oscillatory components. We used a Fast Fourier Transform (FFT) on the zero-mean time series to isolate these frequency components of tension on the farm structure. Then, we multiplied the FFT by its complex conjugate and by normalizing per frequency bin, produced energy density spectra in units of kN2 Hz−1. The curves were smoothed by performing an 8-point frequency bin average. This technique was chosen in lieu of ensemble averaging sections to obtain potential low frequency components that could be resolved from the 30 minute burst (Figure 11A).




Figure 11 | (A) Tension spectra from the west and east load cells calculated from the zero-mean, 30 minute burst of the maximum tension case. (B) Wave spectra from the west and east ADCPs calculated from the 1:18:00 to 1:26:32 AST bursts.



Each spectral curve was characterized by two distinct peaks. For the west mooring line, the largest peak occurred at 0.13 Hz, or a period of about 7.7 seconds. This was consistent with the dominant wave periods measured with the ADCPs (Table 4 and Figure 11B). In the nominal frequency band between 0.05 and 0.5 Hz, the east mooring line showed less wave energy influence, with a peak frequency of 0.12 Hz (Tp = 8.33 s), despite being oriented toward the incoming waves. This indicates a strong nonlinear interaction between current-induced and wave-induced forces: The amplitudes of the wave-induced oscillations were significantly larger on the west end of the farm. We hypothesize that since this mooring line was under a higher mean tension, it was more sensitive to oscillatory load in this complex current and wave condition. Another set of dominant peaks occurred in the range between 0.0075 and 0.01 Hz (1.6–2.2 min) indicating a substantial low frequency oscillation in the mooring system tension response. Notably, while the mean tensions and tension amplitudes in the wave frequency range were substantially higher on the west side, the amplitudes of the low-frequency tension oscillations were approximately equal between the west and east mooring lines. These low-frequency oscillations are outside of the range of wave frequencies associated with highest wave energy. The wave spectral plots from the ADCPs (Figure 11B) have peak frequencies of 0.14 Hz, with seas having a broad range incorporating both swell and local wind components. It was also evident that the higher frequency wind waves (> 0.2 Hz) have little direct influence on the tension measurements.




5.2 Implications for numerical modeling approaches

The detailed load cell and ADCP datasets for the maximum tension case provided substantial insight regarding the load dynamics of the small kelp farm. The measurements quantified loading on the system as mostly from the steady currents, but with some wave influence. The farm biomass (≈7.8 kg m−1) induced a 26.7% reduction in flow at the depth between 2–6 m. The tension datasets also identified low frequency oscillations. This is likely a farm dynamic response to velocity shear in the water column. It is possible that the farm is vertically oscillating, first by being pushed deeper by the stronger velocities near the surface (overcoming buoyancy) and then while in the deeper, lower velocity zone, relaxing as it floats back up to the depths of higher velocities. This process then repeats every 1–2 min.

The field measurements describe the combination of ocean processes that induce load on the kelp farm, which are transmitted to the anchors through the mooring lines. This oceanographic-structure interaction is complicated with waves and currents propagating in different directions. The waves and currents also interact producing nonlinear components. In addition, wave forcing incorporates both drag and inertia, which are 90 degrees out-of-phase. These complexities are difficult to resolve with just in-situ datasets.

Advanced modeling techniques such as those described in Knysh et al. (2020) and Knysh et al. (2022), however, have been applied specifically for such compliant aquaculture applications. One model platform (called HydroFE) applies the Morison et al. (1950) approach with relative velocities and accelerations. The velocities include both waves and currents with the nonlinear interaction components and the phase relationships between drag and inertia (Fredriksson et al, 2005). HydroFE and other models can use high-fidelity input to include waves and currents from different directions. For instance, our velocity profiles at 0.5 m bin resolution can be used directly as input, with waves propagating in the opposite direction and with values identical to those measured. Clear evidence exists that kelp biomass induces work on the fluid, impacting downstream circulation and current speeds. Changing the horizontal velocity field by incorporating reduction values (Knysh et al., 2022) may also be useful for systems with multiple cultivation lines such as those described in (Kite-Powell et al., 2022). Farms with multiple cultivation lines are becoming more common as kelp systems scale (e.g., DeAngelo et al., 2023). Velocity reduction schemes will also become more important to have optimized numerical modeling approaches. With the information presented here as potential validation, one possible next step would be to develop a numerical velocity reduction approach based on spatial momentum changes, potentially using normal and tangential empirical drag information (e.g., Fredriksson et al., 2020).





6 Conclusion

As macroalgae farms move into exposed areas and scale to accommodate high volume end uses, detailed and accurate modeling approaches will be needed. This high-fidelity dataset focusing on engineering parameters will improve numerical model modeling techniques that include velocity reduction caused by kelp biomass, especially as multiline kelp farms are designed. These model improvements will be crucial because steady drag effects dominate the tension values, at least during conditions with mild storms. Mooring system response as a function of current and wave forcing magnitudes and directionality is an area that needs substantial attention to reduce uncertainty during the design process. The detailed datasets presented here represent multiple potential load cases that could be used to evaluate model performance for a suite of distinct conditions. This will enable us to verify that the pertinent physical processes are adequately represented so that future designs are specified as optimized kelp farming systems.
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