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Planning is underway for placement of infrastructure needed to begin offshore wind (OSW) energy generation along the West Coast of the United States and elsewhere in the Pacific Ocean. In contrast to the primarily nearshore windfarms currently in the North Atlantic, the seabird communities inhabiting Pacific Wind Energy Areas (WEAs) include significant populations of species that fly by dynamic soaring, a behavior dependent on wind and in which flight height increases steeply with wind speed. Therefore, a more precise and detailed assessment of their 3D airspace use is needed to better understand the potential collision risks that OSW turbines may present to these seabirds. Toward this end, a novel technology called the ThermalTracker-3D (TT3D), which uses thermal imaging and stereo vision, was developed to render high-resolution (on average within ±5 m) flight tracks and related behavior of seabirds. The technology was developed and deployed on a wind-profiling LiDAR buoy in the Humboldt WEA, located 34 to 57 km off California’s coast. During the at-sea deployment between 24 May and 13 August 2021, the TT3D successfully tracked birds moving between 10 and 500 m from the device, around the clock, and in all weather conditions; a total of 1407 detections and their corresponding 3D flight trajectories were recorded. Mean altitudes of detections ranged 6-295 m above sea level (asl). Considering the degree of overlap with anticipated rotor swept zones (RSZ), which extend 25-260 m asl, 79% of detected birds (per m3 of airspace) moved below the RSZ, 21% moved at heights overlapping the RSZ, and another 0.04% occurred at heights exceeding the RSZ. The high-resolution tracks provided valuable insight into seabird space use, especially at heights that make them vulnerable to collision during various environmental conditions (e.g., darkness, strong winds). Observations made by the TT3D will be useful in filling critical knowledge gaps related to estimating collision and avoidance between seabirds and OSW facilities in the Pacific and elsewhere. Future research will focus on enhancing the TT3D’s identification capabilities to the lowest taxon through validation studies and artificial intelligence, further contributing to seabird conservation efforts associated with OSW.
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1 Introduction

Offshore wind (OSW) is a non-carbon energy source that, if captured, would help achieve national goals for transitioning away from fossil fuels. OSW energy generation in U.S. coastal waters has only recently been initiated along the East Coast. However, actions to expand to the West Coast are underway, with several Wind Energy Areas (WEAs) delineated by the Bureau of Ocean Energy Management (BOEM) off California and Oregon in the California Current System (CCS). The CCS is characterized by wind-driven upwelling that brings nutrient-rich water to the surface (Lynn and Simpson, 1987; Bograd et al., 2009; Checkley and Barth, 2009). This results in an elevated and diverse community of marine fauna, such as cetaceans, sea turtles, and seabirds, many of which travel across the Pacific Ocean to capitalize on the foraging opportunities in the CCS (Block et al., 2011). While the CCS has the wind needed to support a robust wind energy industry, uncertainties remain about the potential magnitude of impacts of OSW facilities to the region’s unique marine community, especially seabirds (Kelsey et al., 2018; Leirness et al., 2021; Croll et al., 2022).

Information on seabirds present in the CCS collected since the 1980s using at-sea aerial and vessel surveys is extensive and these data indicate approximately 50 regularly occurring marine bird species, including coastal ducks, grebes, gulls, terns and auks, but also albatrosses, shearwaters, petrels and storm-petrels in more offshore environments (Ainley, 1976; Briggs et al., 1987; Howell, 2012; Leirness et al., 2021). Several species known to occur in outer continental shelf waters off the West Coast, e.g. small albatross, gadfly petrels, have no analogous counterparts regularly present within existing OSW leases in the Atlantic Ocean. The differences in seabirds present are a result of WEAs being positioned in outer shelf break waters that are characterized by enhanced productivity. Owing to the narrow shelf, deeper-water habitats are much closer to shore than in many other ocean areas, such as the U.S. East Coast. Importantly, because OSW facilities have not yet been constructed in these deeper-water habitats, this represents the first situation where seabird species with an affinity for deep-water will regularly encounter turbines at sea.

Seabirds that fly at altitudes that vertically overlap rotor swept zones (RSZs), which begin no lower than 25 m and extend to at least 260 m above sea level (asl) for the current OSW turbine reference design, are vulnerable to collision with the rotating turbine blades (Band, 2012; McGregor et al., 2018; Croll et al., 2022). Seabird flight behaviors (including flight height) are known to vary as a function of wind speed, especially in the CCS, with the exact functional relationship varying according to the morphology and flight style of the various seabird species (Spear and Ainley, 1997; Ainley et al., 2015). Furthermore, wind speeds vary considerably within and across days. While many coastal and nearshore seabird species rely on a flapping flight style and tend to remain relatively close to the sea surface (under 10 m; Ainley et al., 2015) to minimize the energetic cost of flight, various species with an affinity for deep-water “open ocean” habitats (e.g., shearwaters, petrels, and albatrosses) minimize energy expenditure by engaging in a flight style called dynamic soaring. During dynamic soaring, seabirds harness the power of wind to repeatedly “swoop” up to substantial altitudes and make forward progress during an accelerated descent (Pennycuick, 1987a, 1987b, 2002). Consequently, these birds repeatedly enter airspace that overlaps RSZs (Richardson et al., 2018). Although much has been learned about the capabilities of terrestrial and marine birds to detect and avoid collision with turbine blades, generalizing findings to these untested deep-water seabirds may not be appropriate. It is possible that unique aspects of the dynamic soaring species’ behavior and physiology may compromise their ability to successfully navigate around and through turbine arrays relative to other previously studied species. For example, many dynamic soarers remain active at night (Bonnet-Lebrun et al., 2021), can travel for days without landing on the water (Weimerskirch et al., 2016) and even sleep on the wing (Rattenborg et al., 2016). Moreover, their circular flight trajectories require them to make decisions to change direction far earlier than would seabirds in flapping flight.

Threatened and endangered species are generally afforded more rigorous levels of protection to prevent further population decline. Dynamic soaring seabirds are currently among the most threatened birds on Earth (>30% of shearwaters, petrels, and albatross are classified as globally threatened; Dias et al., 2019). This means that OSW developers and regulatory agencies will need a priori estimates of the potential for turbine blade collisions (hereafter, “collisions”) over their permitted term of operation (typically >20 years) with sufficient levels of certainty. This will likely be required for at least a subset of impacted species to complete the pre-construction environmental review and permitting process. Following permitting and construction, these estimates will also likely need to be validated to ensure that actual collisions do not exceed the permitted limits.

Collision Risk Models (CRMs) have become widely adopted for environmental impact assessments as the standard approach for setting expectations of collisions between birds and wind facilities (e.g., Band, 2012; Brabant et al., 2015; Masden and Cook, 2016; McGregor et al., 2018; Masden et al., 2021; Croll et al., 2022). CRMs depend upon numerous inputs in order to provide accurate pre-construction prediction of collision rates; many of these inputs require addressing critical knowledge gaps regarding activity patterns of different seabirds in space and time. Aside from avoidance rates, the most critical piece of information is species-specific passage rates through RSZs. These rates provide the number of individual birds passing through the RSZ over a given time period and thus the theoretical number of birds at risk. Passage rates through RSZs can be affected by offshore wind turbine size and spacing, as well as species-specific behaviors including flight speed, flight height and flight style. Logistical challenges associated with collecting passage rate data of sufficient quality are likely to be much greater for the West Coast relative to what has been encountered elsewhere, owing to the windscape and related ocean conditions, and likely would require a shift from more traditional aerial- and ship-board survey methods to more innovative approaches such as LiDAR, GPS tracking, and newer radar technologies (Cook et al., 2018; Jenkins et al., 2018; van Erp et al., 2021, 2023; van Bemmelen et al., 2024). Specific challenges include: 1) the often inhospitable (to humans) conditions of offshore waters, which severely limit the times when surveys can be safely conducted; and 2) the diminishing ability of human vision to detect birds with increasing vertical distance above sea level (Harwood et al., 2018) and at night (e.g., Furness et al., 2018).

One potential solution to acquire the data to develop CRMs is to use remote sensing technology that can reliably detect flying birds, record data continuously, both day and night, and operate effectively in the harsh offshore environment. To that end, the Pacific Northwest National Laboratory (PNNL), with funding from the U.S. Department of Energy, has spent the last decade engineering and testing a thermal camera-based system known as the ThermalTracker-3D (TT3D). The autonomous detection and tracking performance of the TT3D has previously been evaluated on land (Matzner et al., 2015, 2020).

Here, we report on findings from the first at-sea deployment of the TT3D (Matzner et al., 2022) and evaluate its ability to 1) track seabird activity and passage rates across the entire vertical extent of a typical offshore RSZ; 2) assess seabird activity patterns at different timescales and at different windspeeds; 3) collect bird- and wind-specific parameters required for CRMs; and 4) establish which species are present and flying at collision risk heights. From this, we recommend actions to continue advancing the TT3D’s ability to provide such information.




2 Materials and methods



2.1 Study area

This study was conducted within the Humboldt WEA, a prime wind-energy site along the U.S. West Coast that has been leased by BOEM to two developers for commercial energy development (BOEM, 2022). At its nearest point, this WEA is situated 34 km offshore of Eureka in northern California (Figure 1) and encompasses 534 km2 of outer continental shelf habitat; waters range 500-1100 m deep (BOEM, 2022). The Humboldt WEA is located within the CCS, a highly productive eastern boundary current system in the Pacific Ocean extending from British Columbia, Canada, to Baja California, Mexico (Lynn and Simpson, 1987; Checkley and Barth, 2009). Eastern boundary currents sustain a remarkable diversity and abundance of marine life. Persistent winds along the eastern margins of ocean basins, in conjunction with the inertial force due to the Earth’s rotation, push surface waters away from the shoreline and pull deeper, nutrient-rich waters to the surface (Rykzaczewski and Checkley, 2008; Checkley and Barth, 2009). This wind-driven influx of nutrients fuels phytoplankton growth and determines the amount of consumable energy (i.e., food) that can be transferred upward in the food web (Eddy et al., 2021). The productivity of the CCS regularly supports roughly 50 marine bird species, attracting many from far away (Fernández et al., 2001; Shaffer et al., 2006; Block et al., 2011). Overall avifaunal composition of the more abundant species has been summarized recently (Leirness et al., 2021; Russell et al., 2023); there have been a total of 120 species observed off northern California in recent history (eBird, 2023).




Figure 1 | Location of the WindSentinel™ buoy, which provided a platform for the ThermalTracker-3D offshore prototype system, at 40.9708°N, 124.5902°W, within the Humboldt Wind Energy Area (outlined in black) 35 km off Eureka, California, USA.






2.2 ThermalTracker-3D buoy deployment

The TT3D offshore prototype system (Figure 2A) consisted of a stereo pair of thermal cameras (Flir A65, 7.5-13 μm wavelength, 25 mm lens, 640 x 512 pixels), an optical camera (Lucid Triton 2.8 MP with Fujinon 12 mm lens), orientation sensors for each camera (Yost 3-Space Sensor), a microcontroller (PJRC Teensy 4.0), a GPS (SkyTraq Venus 838LPx-T), and a computer (OnLogic Karbon 700 with an Intel Core i7 2.4 GHz processor and 32 GB of RAM). The computer ran the TT3D software developed by PNNL. The software processed the video streams from each thermal camera in parallel at 30 frames per second, detecting flying animals and recording their 3D flight tracks in real time. The detection algorithm used the thermal contrast between birds and bats and the (typically cooler) background to reliably detect them in a wide range of conditions. The detections from both cameras were combined using stereo vision (OpenCV) to generate the 3D tracks. When an animal was detected by the thermal cameras, video from the color camera was saved, to be reviewed post-deployment to aid in taxonomic identification. The GPS and orientation sensor data were used in post-processing to transform the raw x-y-z coordinates output by the system into georeferenced coordinates (longitude, latitude, altitude).




Figure 2 | Close-up of ThermalTracker-3D offshore prototype system sensors (A) and a depiction of this system during deployment in 2021 on a WindSentinel™ buoy (outlined in a white bounding box) (B).



Previously, the TT3D system tracking accuracy was evaluated on land using a GPS-equipped drone (Matzner et al., 2020). The TT3D position estimates were, on average, within 5 m in each dimension of the drone GPS-reported positions. And although the TT3D estimates did not appear to be biased towards over- or under-estimation in any direction, the variance between the estimates and the GPS positions increased with distance due to the relatively low resolution of the thermal cameras.

The offshore TT3D prototype was installed on a WindSentinel™ buoy (AXYS Technologies) and mounted on a 1.5 m tall mast at the bow (Figure 2B). A two-axes stabilization system (Perfect Horizon) was integrated between the camera assembly and the mast to stabilize the cameras by correcting for pitch and roll motion. The cameras were oriented to look approximately 60° above the horizon to maximize the coverage of the area corresponding to future RSZs. The thermal cameras had a field of view (FOV) of approximately 25° horizontally and 20° vertically.

The buoy was deployed on behalf of BOEM. Its primary mission was to characterize the wind energy resource using a wind-profiling LiDAR system. Wind speed and direction were measured at 10 m increments 40-240 m asl (Severy et al., 2021). Other sensors on the buoy measured surface wind speed and direction, air temperature, water temperature, humidity, and barometric pressure (PNNL 2023). All sensors, including the TT3D, were synchronized to GPS time, allowing information on seabird flight behavior to be evaluated in relation to environmental conditions at the site. Data from all sensors were transmitted to shore via a satellite link throughout the deployment and stored on the DOE’s Atmosphere to Electrons Data Archive and Portal (DAP). TT3D data were transmitted hourly to shore and stored with the other buoy data, except for the color image data which was stored onboard because the images were too large to transmit.




2.3 Data post-processing

The raw TT3D data were downloaded from the DAP and processed to generate the dataset used for this study. The processing consisted of the following steps: 1) track validation and noise removal, 2) conversion to geo-referenced coordinates, 3) wingspan and body length estimation, and 4) track statistics summarization. The processing was implemented in Python.



2.3.1 Track validation

The raw flight-track data were in the x-y-z coordinate frame of the thermal cameras, where the z dimension was perpendicular to the image plane and gave the distance between the target and the camera assembly. Based on the separation between the two thermal cameras (approximately 1 m) and the resolution of the cameras, targets could be reliably detected starting at 10 m away from the camera assembly and out to 500 m. A track was considered valid if the z values were within this range. The valid ranges for the x (Equation 1) and y (Equation 2) values were then determined by the z values and the FOV angles of the camera:

 

 

Positions in the flight track with invalid x, y or z coordinate values were discarded. If all the positions were invalid, the entire track was excluded from the dataset. The time-series of valid positions was then smoothed using cubic spline interpolation as implemented in the SciPy interpolate module. The smoothing reduced the uncertainty in the position data due to the limited spatial resolution of the thermal data, which depends on the distance of a target from the camera (Matzner et al., 2015).




2.3.2 Geo-referenced coordinates

The validated x-y-z coordinates of each flight track were then converted to geo-referenced coordinates using the GPS and IMU data. The GPS data gave the location of the camera assembly, and the IMU data gave the camera orientation relative to the earth. The x-y-z coordinates of the flight tracks were transformed into azimuth and elevation angles relative to the camera. Then the pymap3d module was used to perform the conversion to latitude, longitude and altitude.




2.3.3 Wingspan and body length estimation

The wingspan and body length estimates were calculated from the thermal images of the detected birds using the method developed by Li and Song (2013). The method uses the periodicity of the animal’s shape in a video sequence to determine the orientation of the wings; no assumption is made as to the bird’s orientation relative to the camera.





2.4 Analyses

For this analysis, the flight tracks were summarized to generate a single record in the dataset for each track, here on referred to as a “detection.” Each detection record included the following fields:

	A unique identifier,

	The date and time of the initial detection,

	The duration of the flight through the field of view in seconds,

	The minimum and maximum straight-line distance from the camera,

	The wingspan estimate in meters,

	The body length estimate in meters,

	The latitude and longitude of the start of the flight track, and

	The minimum and maximum altitude asl in meters.



We assumed that all detections were either birds or bats since those are the only warm-bodied targets that should be moving through the airspace in the study area; to confirm this assumption, a companion study (Matzner et al., 2022) reported that 80% of a random sample of 180 detections were confirmed to be birds and the remaining 20% were not identifiable due to motion blurring but may also have been birds; a different way to look at these data are to say that every detection with valid flight tracks was determined to be a bird.

Each detection represented a single individual. However, there was no way to track an individual’s movements beyond the FOV so if one individual were to repeatedly enter and exit the FOV, these would be represented in the database as separate detections. All downstream data filtering, processing, and analysis of detection-level data were achieved using R (Version 4.2.2, R Core Team, 2022) and relied on ‘dplyr’ (Wickham et al., 2023) and ‘ggplot2’ (Wickham, 2016).



2.4.1 Seabird movement dynamics

Passage rates are key to quantifying spatiotemporal movement dynamics of various objects, including birds and bats. In general, passage rates are generated by counting targets passing through either a 3D volume of space and/or 2D area over a known time interval. If 3D cubic passage rates are calculated, the associated 2D planar passage rates can be derived using the cross-sectional area through which volumetric flow occurs. Here we will present TT3D detections partitioned in various ways across space, in time, and relative to environmental conditions (e.g., ambient light and wind conditions) that may be important to enhancing understanding of seabird movement dynamics. Importantly, thermal sensors operate equally well across a full spectrum of light conditions as well as in most weather conditions (exceptions include heavy rain or dense fog).



2.4.1.1 Spatial

Spatial-only patterns of all detections made across the study period were investigated in two ways. First, the distribution of detections was visualized in 2D space relative to the position of the TT3D as a way of understanding their overlap with the vertical extent of the offshore reference turbine’s RSZ. To do this, the average distance between the target and the TT3D device was plotted against the average altitude of each target for each detection. Second, because the cone of the TT3D’s viewshed became broader with increasing distances (e.g., height asl) from the thermal sensors, counts of detections occurring at different heights asl had to be normalized by the volume of airspace being observed to calculate passage rate across the vertical extent of a RSZ. To accomplish this, we first divided the vertical airspace encompassed by the FOV into 10-m increments between 0 and 500 m. We then calculated the volume of each cone segment using the formula for a partial cone (Equation 3) and tallied counts within each height bin to generate the passage rate at each 10-m incremental increase in height strata.

 

where r is the smaller radius of the cone section and R is the larger radius.




2.4.1.2 Temporal

First, we assessed how daily activity varied across the entire study period by tallying the number of detections occurring in each 24-h interval. Next, variation in activity relative to the daily fluctuation of ambient light levels was assessed by partitioning each 24-h period into four categories: dawn, day, dusk, and night. To further explore variation in activity during the darkest period of the daily cycle, detections occurring at night were further separated based on the moon status (absent, present). If the moon was above the horizon at the location of the TT3D at the time of each nightly detection, the fraction of illumination was also noted and variability in detection as a function of moon illumination was also explored. Finally, because the altitudes of each detection were known, detections were standardized by the volume and hours of observation for each 10-mincrease in height asl to visualize differences in the magnitude and vertical distribution of passage rates across each of these periods.

Some definitions were required to achieve the desired partitioning. Dawn was defined as the transition period between night and day, encompassing the full period of twilight (i.e., astronomical, nautical, and civil) associated with the sun being positioned between 18° and 0° below the eastern horizon. Day was defined as the time between dawn and dusk, when the sun was fully visible and daily light levels reached their maximum. Dusk was defined as the transition period between day and night, encompassing the full period of twilight progressing in the reverse order of dawn as sun position moved from 0° to 18° below the western horizon. The remainder of the 24-h cycle was defined as night, the time when daily light levels reached their minimum. After dividing the daily cycle in this way, the date and time of each detection could be used to assign one of the ambient light conditions and tallied as appropriate for each analysis.

At the latitude of the Humboldt WEA, the timing and duration of each of these four periods (dawn, day, dusk, night) differed each day relative to known seasonal cycles. As such, accurately partitioning each 24-h period into these four periods must account for the specific geographic location and date. Daily start and end times for each of the four periods of the daily cycle at the location of the buoy in the Humboldt WEA were obtained using the ‘getSunlightTimes’ function of the ‘suncalc’ package (Thieurmal and Elmarhraoui, 2022) and accounts for the exact GPS coordinates of the TT3D deployment location. A lookup table defining the daily start and end times of dawn, day, night, and dusk was used to label each detection based on its date and timestamp. Moon-specific metrics also differed in ways that were predictable based on date, time, and location; a manual approach was used to assign moon status and illumination to each detection based on its time using information obtained for the Humboldt WEA (U.S. Navy, 2023).




2.4.1.3 Across wind speeds

To better understand how seabird activity patterns varied in response to the windscape, we linked detections metrics generated by the TT3D to simultaneous measures of wind conditions made by the adjacent wind profiling LiDAR on the WindSentinel™ buoy. This wind profiling LiDAR made motion-compensated measurements of wind speed at 20 m intervals 40-240 m asl, and these measures were provided as 10-min averages for the duration of deployment. Wind speed and direction data from 160 m asl, the approximate hub height of the current OSW turbine reference design, were integrated with TT3D data using the 10-min date and time stamp during which targets (and wind measurements) were detected.

To assess whether the observed frequency of target detections matched what would be expected if they were proportional to the wind speeds available, wind speeds were binned into four categories relevant to the power production curves for a generic offshore wind turbine (Severy and Garcia, 2020; Younes et al., 2022). Wind speeds between 0 and 3 m/s were associated with zero power production due to an absence of rotation below “cut-in” wind speed (Category 1). Wind speeds between 3 and 11 m/s were associated with increasing power production (Category 2). Wind speeds between 11 and 25 m/s were associated with stable power production at a rated wind speed of 12,000 kW (Category 3). Wind speeds above 25 m/s were associated with zero power production due to an absence of rotation above cut-out wind speed (Category 4).

Counts of both the 10-min averaged wind speeds and the TT3D target detections were partitioned according to each of these wind-speed categories and a Chi-square Goodness of Fit Test was used to assess whether the distribution of detections deviated from the availability of winds to understand if birds might be moving about during certain wind conditions in preference to others. Additionally, a linear regression was used to explore the functional relationship between wind speed and the mean flight altitude of all targets.





2.4.2 Species identification

Visible-spectrum sensors were triggered to capture a series of optical images whenever targets were detected by the thermal sensors. There was limited bandwidth for transmitting data back to shore in real-time, so all optical imagery was stored as ‘.png’ files onto the computer’s hard drive using the timestamp of capture as the file name and retrieved once the buoy returned to shore (Matzner et al., 2022). Initial screening was done by scanning through entire image sequences to select all images of sufficient quality to potentially support identification to family, genus or species level by subject matter experts. For targets that could be identified to the family level from optical imagery, associated thermal flight tracks were further inspected by subject matter experts to evaluate if, independent of optical imagery, the thermal tracks contained information useful for identifying targets to the lowest taxon possible and preferably to species level.




2.4.3 Additional parameters for collision risk models

Assessing rates of bird collisions with wind turbines requires a comprehensive consideration of diverse parameters relating species-specific features, turbines and wind facility features, and environmental features that impact how birds detect and move through the turbine array. The most widely used CRM originated through efforts supported by the Scottish Government in the early 2000s (Band et al., 2007, SNH, 2000) and, as its use in a variety of real-world applications has been expanded over the decades, iterative refinements have been ongoing (Band, 2012; Masden, 2015a, 2015b, Trinder, 2017; McGregor et al., 2018). The most recent iteration of this CRM (McGregor et al., 2018) was made available as an interactive ShinyApp online (Donovan, 2017), and we used this to compile a list of all features needed for input in the “Species features” component to do a side-by-side comparison with data that can be gathered by the TT3D.






3 Results

The WindSentinal™ Buoy, along with the integrated TT3D offshore prototype, was moored in the Humboldt WEA at 40.9708°N, 124.5902°W on 24 May 2021 and remained there until successful retrieval on 30 June 2022 (Figures 1, 2). The WindSentinal™ Buoy was fully operational until 13 August 2021, when the power system was compromised due to a failure of the diesel generator. Following diesel generator failure, all systems on the buoy were powered by the backup renewable-energy system and, to conserve energy and prioritize operation of wind profiling instrumentation, the TT3D system was only operated intermittently after this date. Consequently, the 23.4 million cubic meters of airspace encompassed by the TT3D’s FOV was monitored for approximately 1968 uninterrupted hours and observations made during this truncated operational period provide foundation of everything presented herein.



3.1 Movement dynamics revealed



3.1.1 Passage across the FOV

Over the 82-d period of continuous operation, the TT3D successfully tracked 1407 targets ranging 6-295 m asl; targets were never observed above 316 m asl. The orientation angle of the TT3D successfully overlapped with the full vertical extent of airspace expected to be occupied in offshore RSZs (Figure 3). Because of how the TT3D was oriented at ~55° angle relative to the sea surface, the volume of airspace observed increased with height asl (Figure 3). Once the total detections for each 20 m height stratum were standardized based on observed airspace, activity was found to be concentrated in the first 30 m of airspace, which is below the standard OSW RSZ (78.9% of passage occurred in this airspace, based on the average altitude of individual flight trajectories). Most activity was concentrated in the first 10 m asl, with a passage rate of 32 targets per km3 across the study period (0.39 targets/km3/day) (Figure 4). Passage was detected across full vertical extent of a RSZ up to 320 m where targets were not detected (Figure 4). Within the RSZ, activity concentrated 140-180 m asl, coinciding with the rotor hub heights (~160 m asl). Only 1% of passages occurred above the standard OSW RSZ at 230 m asl (Figure 4).




Figure 3 | The 2-dimensional position of all 1407 detections made by the ThermalTracker-3D between 24 May and 13 Aug 2021. Positions here represent the horizontal and vertical midpoint coordinates of the 3D track associated with each detection. Their extent in 2D space allows for inferences to be made regarding thermal sensor angle and the overlap between the field of view and the vertical extent of a standard offshore wind turbine’s rotor swept zone (~30 and 260 m above sea level). The lower and upper extents of this zone are delineated with horizontal dashed lines.






Figure 4 | Volumetric passage rate based on all 1407 targets as a function of height above sea level, depicted in 10 m increments and inclusive of all detections within the valid detection distance of the ThermalTracker-3D (10 to 500 m) made over the 82-d operational window (24 May and 13 Aug 2021). Targets were not observed above 320 m. The average altitudes were used to represent each detection, where a detection is a flight trajectory through the thermal cameras’ field of view.






3.1.2 Variations in time

Daily activity varied across the study period, ranging from zero targets on 35% of days (n = 29 d) to a maximum of 197 targets in one 24-h period passing through TT3D’s FOV (Figure 5). The TT3D successfully quantified detections during all ambient light conditions. The greatest percentage of detections occurred during the day (Figures 6A, B), but detections also occurred at night, more so on nights with moonlight and with > 60% moon illumination (Figure 6C). By calculating passage rates partitioned according to time of day, differences in both the magnitude and distribution of heights were discernable during dawn, day, dusk, and nights with and without moonlight (Figure 7).




Figure 5 | Daily tally of detections made by the ThermalTracker-3D for each 24-h period between 24 May and 13 Aug 2021.






Figure 6 | Percent of TT3D detections during dawn, day, dusk, and night periods between 24 May and 13 August 2021, with the night period being further subdivided into nights with (+) and without (-) the moon. Dawn, day, dusk, and night were defined by distinct ambient light conditions and the length of each period varied considerably, with dawn and dusk being relatively short compared to night and day. As such, the percentage of counts by period are presented in terms of absolute counts without respect to the duration over which counts could be made (A) and in terms of counts standardized by the duration over which counts could be made (B). For the subset of detections occurring during nights where the moon was present (n = 82), patterns of activity were related to the percent of moon illuminated (C).






Figure 7 | Cubic passage rates calculated for each distinct ambient light condition typical of a daily cycle based on all detections made between 24 May and 13 Aug 2021.






3.1.3 Association with wind conditions

During the study period, winds at turbine hub-height (~160 m asl were successfully estimated by the LiDAR for 11,490 of the 11,808 available 10-min intervals encompassed by the 82-d study period. Winds during this period ranged 0.6-33.6 m/s, and for most of these intervals (92.9%) winds were at speeds needed to generate energy via wind turbine rotation (i.e., above 3 m/s and below 25 m/s; Figure 8A) and a similar proportion of targets (91.9%) were detected during these winds (Figure 8B). Thus, turbines would have only been stationary for 7.1% of 10-min intervals and a similarly low proportion of birds (8.1%) would have been moving about at this time (Figure 8). Although birds were detected flying across the full spectrum of wind speeds, there were more detections than expected during wind speeds in the 3-11 m/s range and fewer detections than expected during wind speeds in the 12-25 m/s range (X23,1407 = 50.85, p< 0.001); Figure 8). When all detections were considered collectively, without any consideration of species or other potential groupings or vertical changes in the volume of the FOV, flight height and wind speed at hub height were found to be unrelated (r2 = 0.0006, F1,1402 = 0.878, p = 0.35).




Figure 8 | The frequency distribution of wind speeds measured at 160 m asl, the approximate altitude of the hub of the standard offshore wind turbine, as measured by a wind profiling LiDAR for each 10-min interval between 24 May and 13 Aug 2021 (A) and the corresponding frequency distribution of all 1407 bird detections (B). Data are binned according to four turbine-specific wind speed categories where categories 1 and 4 represent periods where the winds are too slow (1) or too fast (4) for turbine rotation, and categories 2 and 3 where the rotation rate of the turbine is either increasing with increased winds (2) or stabilized at speeds maximizing power generation (3).







3.2 Species identification

To maximize efforts to ID species, approximately 60,000 color images generated in association with thermal-sensor detections were reviewed from the TT3D’s period in the WEA, including a few additional detections occurring after generator failure between14 August to 21 September. Identification from optical imagery proved to be challenging; only six of the detections could be assigned an identification beyond taxonomic class Aves by subject matter experts. A total of five birds were identified as part of the family Laridae (gulls) and one bird of the family Stercorariidae (skuas). For the gulls, 80% could be identified beyond family as large gulls in the genus Larus and one of these could be further identified as a Glaucous-winged Gull (Larus glaucescens) based on that species being abundant in the area, and it being a relatively large, heavy-bodied gull with unmarked, pale primary feathers on the outer wing. For the single skua detection, the presence of long central tail feathers suggested it was either a Long-tailed Jaeger (Stercorarius longicaudus) or Parasitic Jaeger (S. parasiticus) and based on overall structure, likely a Long-tailed Jaeger.

For targets successfully identified using optical imagery, subject matter experts reviewed the corresponding thermal flight tracks to determine whether they could have reached the same taxonomic identification using the thermal flight tracks alone. However, they could only assign identification to taxa of the family level. These assignments were determined based on wing shape, apparent size, species expected to be in the region, and flight characteristics appropriate for existing wind speeds. An example of paired thermal and optical imagery has been provided as a representative example of imagery sufficient to support some level of identification (Figure 9).




Figure 9 | Paired thermal (A) and optical (B) imagery of a single flight track as it was sensed, recorded, and compiled by the various components of the ThermalTracker-3D system for further analysis and species identification purposes. This target was successfully identified as a large gull of the genus Larus.






3.3 Additional parameters for collision risk models

Based on the inputs needed to populate the online stochastic CRM developed with support from the Scottish Government since the early 2000s, all the requisite inputs can be generated with the TT3D either as is, with enhancements, or by integrating this device with additional sensors (Table 1). Additional sensors that could improve the inputs from the TT3D to CRMs include pairing with LiDAR or radar, enhanced optical camera/s for species identification, and including sensors (e.g., vibration, acoustic) to detect actual blade collision (Table 1).


Table 1 | Comparison of bird-related parameters essential for developing Collision Risk Models (CRMs) for estimating the magnitude of expected collisions compared to the capabilities of the ThermalTracker-3D, indicated by ‘Yes’.







4 Discussion

This initial at-sea deployment of the TT3D, and the data collected, complements what we know of seabird activity in space and time, in a range of weather conditions in the study area. The TT3D prototype withstood the at-sea conditions in Humboldt WEA across a yearlong deployment (i.e., winds to 33.6 m/s and consequent seas). Sensors and electronics remained functional even though the operation was interrupted due to failure of the buoy’s power system (Matzner et al., 2022). While powered and operational, the TT3D performed continuously and confirmed the software’s reliability, improved understanding of effects of motion, and collected information on rates of seabird detection, and flight tracks including height asl. Failure of the stabilization system early during the deployment did not impact data in a meaningful way. These findings suggest that logistical challenges associated with implementing robust and timely pre- and post-construction surveys in deepwater offshore environments can be overcome using the TT3D. This deployment verified that LiDAR buoys used to profile winds in OSW development areas can provide a suitable pre-construction platform to gather other environmental data, despite the relatively large range of motion and instability of such platforms relative to what is expected for actual floating OSW platforms.

The TT3D provided estimates of a bird’s position in 3D space as the bird flies through the TT3D field of view. There is error in the individual position estimates that make up the time series of positions that constitutes a flight track reported by the TT3D. The error in the estimates can be attributed to two sources: 1) uncertainty and precision limits in the stereo vision processing, and 2) the motion of the buoy. The stereo vision position error of the TT3D was characterized using a GPS-equipped drone and the TT3D position estimates were found to be within ±10 m of the GPS-derived positions in the x (horizontal) and y (vertical) dimensions, and within ±20 m in the z (range) dimension for 90% of the data points; on average, the TT3D estimated positions were within +-5 m of the GPS-derived position (Matzner et al., 2020). For the purposes of this study, the individual position estimates of a track were smoothed to reduce the noise (uncertainty, error) and then the average of the min and max of the resulting flight height estimates was used to represent the flight height of the detected animal. The buoy was subject to waves and swell during the deployment that induced angular rotation – pitch, roll, yaw – and linear translation – surge, sway, heave – of the buoy. This wave-induced motion is generally sinusoidal. Over the course of a bird’s flight through the TT3D field of view, the buoy motion will increase and decrease the apparent flight height of the bird. By using the average of the flight height over the course of the bird flight observation period, the buoy motion effects were effectively cancelled out.

Traditional vessel and aerial at-sea survey data have been used successfully to predict locations of activity “hotspots” but typically do not incorporate flight height asl (e.g., Nur et al., 2011; Bradbury et al., 2014; Leirness et al., 2021; Russell et al., 2023). Incorporation of flight height is critical, especially for the CCS in which the avifauna includes a number of species, some abundant at certain times of the year, that fly by dynamic soaring when winds are suitable for wind energy generation, e.g., large diving shearwaters, albatrosses, large gadfly petrels. Efforts to model or document the vertical component of seabird flight are based on visual estimates of flight height (Ainley et al., 2015), with precision often limited when collected from platforms close to the sea surface (Cook et al., 2018; Harwood et al., 2018; Largey et al., 2021). Flight height data have also been obtained via LiDAR deployed from aircraft. Both methods are limited because they are only feasible during daylight. GPS tracking of individual birds can be used to obtain flight height data, e.g., van Bremmelen et al., 2024). However, this method provides extensive information from just a small number of individuals, usually adults tracked from colonies (Largey et al., 2021). Ignored generally would be the non-breeding visitors to the CCS, which contribute disproportionately to the West Coast avifauna (e.g., Leirness et al., 2021; Russell et al., 2023), including the several dynamic soaring species that breed at locations in the Southern Hemisphere. The TT3D successfully provided site-specific seabird flight height and vertically explicit passage rates during the night as well as the day.

Seabird activity in or around European offshore wind farms has been evaluated using radar and optical approaches. Such efforts were carried out to develop methods and technologies to improve understanding of seabird interactions with moving turbine blades (Largey et al., 2021). Unlike radar, the TT3D can be deployed locally in an offshore floating wind farm or at its periphery and provides optical and thermal imaging. In order eventually to develop CRMs, the TT3D can be used to reduce uncertainty about passage (and related avoidance and collision) rates. The system successfully generated height-specific measures of passage at necessary spatial and temporal scales and across a full spectrum of environmental conditions. The TT3D also provided sophisticated synchronization across sensors enabling simultaneous measures of bird and wind parameters (e.g., flight tracks and wind speed at height asl), particularly at RSZ elevations. Although not analyzed in this paper, there are potential benefits of using volumetric versus planar passage rates available from the TT3D, and these can vastly improve current CRMs that rely on numerous assumptions including rotor entry angles and accurate heights.

Upon emplacement of a wind farm, the TT3D could be used to monitor collision rates. Because the TT3D can operate continuously, even rare events are far more likely to be realized. Depending on placement of TT3D units within a windfarm, changes in passage rates, and validation of avoidance rates, could be documented. Future TT3D deployments within windfarms need to consider how to partition and analyze passage rates between sensors relative to their resolution. Redundancies and/or compensatory strategies would be considered to minimize interruptions to data gathering from component failures (internal/external). Real-time processing of TT3D tracks can provide awareness of bird activity in and around RSZs that could be used for targeted collision avoidance and for informing adaptive management strategies addressing collision risk.

In future applications of the TT3D, it will be important to identify seabird flight tracks to the lowest taxonomic level. This would be important from a regulatory perspective, especially for species listed as threatened or endangered under state and federal endangered species acts. Efforts to develop automated species identification are in early development, and field studies involving experienced seabird observers identifying birds as they are detected by the TT3D in real time have been planned to help “train” the TT3D system to enhance accurate identification to the lowest taxon possible. This development will include using data obtained from the TT3D on morphology and flight behavior, in combination with other synchronized sensors such as radar, acoustics, optical imagery, and vibration sensors to improve data quality and resolution. Future uses could include other difficult-to-observe activity patterns with thermal signatures across a wider variety of species and/or scenarios.

Technologies capable of autonomously monitoring the 3D airspace use of seabirds around-the-clock in remote marine environments, especially those having inclement weather, are not readily available. We here show that the TT3D can perform in these conditions and address critical knowledge gaps related to seabirds’ flight behavior. Its ability to operate over 24-h periods in conditions that human observers would find difficult demonstrates some of its promise. We conclude that this technology is essential for developing OSW capability in the CCS, and elsewhere.
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