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An autonomous surface vehicle instrumented with optical and acoustical sensors was deployed in Kane'ohe Bay, HI, U.S.A., to provide high-resolution, in situ observations of coral reef reflectance with minimal human presence. The data represented a wide range in bottom type, water depth, and illumination and supported more thorough investigations of remote sensing methods for identifying and mapping shallow reef features. The in situ data were used to compute spectral bottom reflectance and remote sensing reflectance, Rrs,λ, as a function of water depth and benthic features. The signals were used to distinguish between live coral and uncolonized sediment within the depth range of the measurements (2.5–5 m). In situ Rrs, λ were found to compare well with remotely sensed measurements from an imaging spectrometer, the Airborne Visible and Infrared Imaging Spectrometer (AVIRIS), deployed on an aircraft at high altitude. Cloud cover and in situ sensor orientation were found to have minimal impact on in situ Rrs, λ, suggesting that valid reflectance data may be collected using autonomous surveys even when atmospheric conditions are not favorable for remote sensing operations. The use of reflectance in the red and near infrared portions of the spectrum, expressed as the red edge height, REHλ, was investigated for detecting live aquatic vegetative biomass, including coral symbionts and turf algae. The REHλ signal from live coral was detected in Kane'ohe Bay to a depth of approximately 4 m with in situ measurements. A remote sensing algorithm based on the REHλ signal was defined and applied to AVIRIS imagery of the entire bay and was found to reveal areas of shallow, dense coral and algal cover. The peak wavelength of REHλ decreased with increasing water depth, indicating that a more complete examination of the red edge signal may potentially yield a remote sensing approach to simultaneously estimate vegetative biomass and bathymetry in shallow water.
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INTRODUCTION

Coral reefs are among the most diverse and productive ecosystems worldwide (Odum and Odum, 1955) and provide a variety of goods and services to many tropical and sub-tropical coastal nations (Spurgeon, 1992; Moberg and Folke, 1999). Coral reef health and diversity are on the decline worldwide in response to local human impacts and global changes in climate (Hughes et al., 2003) and this trend is expected to continue (Kleypas et al., 1999; Anthony et al., 2008; Hoegh-Guldberg, 2011). In response, programs to monitor the health of coral reef ecosystems have been and continue to be implemented, including remote sensing in the visible and near infrared portions of the light spectrum (Dekker et al., 2011). Likewise, more capable remote sensing systems are planned with features that are designed to enhance coral reef monitoring on a global scale. For example, the NASA Hyperspectral Infrared Imager (HyspIRI) is envisioned as an imaging spectrometer operating in the visible to the near infrared region of the spectrum (0.38–2.5 μm, 10 nm channels) with a nadir spatial resolution of 30 m (Lee et al., 2015).

The success of any remote sensing application depends upon the collection of key environmental information that can be used to vicariously calibrate at-sensor radiance, test atmospheric correction procedures, and develop, test, and validate product algorithms. For shallow water aquatic applications, data sets that include water optical properties, depth, and benthic cover are needed that span appropriate length scales (e.g., >1,000 m) and with sufficient spatial resolution (e.g., <1 m). This is especially true of spatially complex coral reef ecosystems, but the collection of such observations with diver-based approaches alone is not feasible. in situ measurements of benthic reflectance using diver-operated spectrometers have, for example, highlighted the spectral differences between various coral reef components and aided assessments of remote sensing systems for coral reef mapping (Hochberg and Atkinson, 2000; Hochberg et al., 2003; Kutser et al., 2003), but field operations are laborious and inefficient for surveying purposes. In situ photogrammetric and spectral imaging approaches to mapping coral reef structure have been reported using diver-operated and towed systems (e.g., Gleason et al., 2007; Lirman et al., 2007; Shihavuddin et al., 2013). While these approaches have yielded high-quality photo mosaics and thematic images of benthic features that can be used to validate remote sensing products, such as benthic cover, the data are generally qualitative from a radiometric perspective and of limited use in developing and testing shallow-water light models.

To address these limitations, this research explored the use of an autonomous surface vessel (ASV) instrumented with calibrated radiometers and a side-scan sonar for surveying large areas of shallow coral reef environments in high spatial resolution in support of remote sensing operations. To illustrate the potential utility of the data from a remote sensing perspective, a coral biomass detection algorithm was developed based on reflectance features within the red and near-infrared portions of the spectrum and applied to data collected in the same time frame using an airborne imaging spectrometer deployed at high-altitude. It was shown that high resolution optical and acoustical surveys can be conducted with minimal human presence resulting in high-quality data necessary to support remote sensing operations and algorithm development. The work was conducted in Kane'ohe Bay, Hawai'i, to assess the potential application of HyspIRI data in studies of coral reef health in support of planning for the NASA HyspIRI mission (https://hyspiri.jpl.nasa.gov).

MATERIALS AND METHODS

The approach consisted of instrumenting a small ASV with synchronized optical and acoustical sensors, deploying the system to collect in situ observations in high spatial resolution on and around a small patch reef within Kane'ohe Bay, using the observations to derive shallow benthic properties of ecological importance, including water depth, benthic cover and reflectance, relating these properties to computations of water column reflectance, and comparing the in situ measurements with similar remotely sensed observations corrected for atmospheric effects. Measurements of water optical properties, collected manually, were used to aid the analysis of the autonomous data. The data processing procedures and underpinning radiative transfer theory are presented briefly in the following sections.

Study Site

Kane'ohe Bay is a semi-enclosed embayment (surface area of 41.4 km2) located on the east coast of O'ahu, Hawai'i. The bay is bounded on the eastern side by a barrier reef that is cut by two tidal channels that bracket a semi-exposed barrier island, Ahu O Laka. The bay is flushed with clear oceanic waters driven by waves topping the barrier reef and tidal exchange through the channels. Seaward of the barrier island, within the depth range 0.3–1.2 m, the bottom consists almost entirely of mixed corals and sand (Jokiel, 1991). Landward of the barrier island, the bay is characterized as an estuarine lagoon of average depth 19 m and highlighted by numerous patch reefs with depths of less than 1 m that are partially exposed during extreme spring tides. Shallow fringing reefs are present along most of the shoreline. Bottom sediments within the bay are composed of coral rubble and gray coral mud.

The study was focused primarily on a 33,000 m2 patch reef located southeast of Moku o Lo'e (Coconut Island) in the southern portion of Kane'ohe Bay (centered at 21.4304°N latitude and 157.7849°W longitude, Figure 1). The reef, referenced as the coconut patch reef, forms a nearly flat plateau that rises abruptly from the surrounding bay floor to an average depth of between 3 and 4 m. The reef was dredged during World War II in order to make room for a seaplane base (Hunter and Evans, 1995). Since that time, the area has become partially recolonized by coral and associated reef organisms that have gradually built up portions of the reef to within 2.5 m of the surface.
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FIGURE 1. The study location, Kane'ohe Bay, is located on the east coast (windward side) of O'ahu, Hawai'i. In situ physical and optical measurements were collected across a shallow patch reef located off the southeast shore of Coconut Island in the southern portion of the bay.



Measurements

Physical and optical data were collected in situ on 12 February 2017 using sensors deployed with a small, commercially available, coastal kayak equipped for autonomous operations (Figure 2) and described in detail by Curcio et al. (2005) and Wood et al. (2007). The ASV received GPS signals and navigated to pre-defined waypoints by controlling the speed and orientation of an articulating electric trolling motor located in the stern and powered with a 12 V marine battery. Autonomous control was achieved with a 3D Robotics Pixhawk auto-controller and GPS with compass and mission planning and execution was conducted using Mission Planner software. A Lowrance Structure Scan 3-D side-scan sonar and depth finder was mounted through the center of the keel and operated at 800 KHz, yielding bathymetry and high-resolution acoustical images of the surrounding bay floor. SonarTRX Pro side-scan sonar software was used to process and view sonar images as geo-referenced mosaics and to extract bathymetric information including water depth and benthic roughness. Surfer v.11 2D & 3D mapping and visualization software was used to create geo-referenced, 2-D bathymetric contour plots and 3-D bathymetric contour surfaces using Kriging interpolation.
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FIGURE 2. A survey of the coconut patch reef was conducted on 12 February 2017 using an instrumented, autonomous kayak capable of navigating pre-planned routes and collecting simultaneous optical and acoustical observations of benthic features in high spatial resolution.



A Satlantic HyperPro hyperspectral radiometer buoy was attached to the ASV with a power and communications cable and towed at a trailing distance of approximately 3 m, in order to avoid shadows cast by the ASV hull. The system measured downwelling irradiance above the water surface Ed, λ(0+) and upwelling radiance just below the surface at a depth of 0.24 m Lu, λ(0.24) in 137 spectral bands between 349 nm and 804 nm with an average half-power bandwidth of 3.34 nm. The Ed, λ(0+) sensor was fitted with a diffuse cosine collector. The in-water field of view (FOV) of the Lu, λ(0.24) sensor was 8.5°. A weighted keel of length 1 m was built into the radiometer buoy and provided a relatively stable, vertical orientation. A tilt and roll sensor provided deviations in radiometer orientation (measured in degrees) from a horizontal plane in two orthogonal directions. A Teledyne Benthos PSA-916 acoustical depth sounder was attached to the keel of the radiometer at a depth of 0.95 m, and it measured the distance to the bottom Dr m beneath the radiometer with an accuracy of ±0.01 m. Therefore, the total water column depth was computed as D = Dr + 0.95.

A down-looking GoPro camera (GP1), enclosed in a watertight housing, was affixed to the bottom of the radiometer keel, and it provided high definition photographic documentation of shallow benthic features. The in-water FOV of the camera was determined to be 83.4° in the long direction and 63.9° in the short direction. It was uncertain precisely where the radiometer sampled within the GP1 imagery. However, care was taken to visually aligned the camera with the radiometer keel to ensure that the radiometer subsampled the GP1 frames simultaneously. A second GoPro camera (GP2) was affixed to the aft deck of the ASV and pointed toward the stern to provide simultaneous photographic documentation regarding the orientation of the radiometer, the sea state, and atmospheric conditions. All data were collected at 1 Hz or greater and time-stamped for post processing.

The ASV survey consisted of a 3 km track, starting within a small boat basin on the southeast shore of Coconut Island, extending out of the basin through a narrow cut and to the study area, where nine East-West transects (labeled T1 through T9 from South to North) were conducted over the coconut patch reef before returning to the boat basin (Figure 3). The average speed of the ASV was approximately 1.8 km h−1, yielding a set of optical and acoustical measurements every 0.5 m.
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FIGURE 3. The ASV survey route (black line) on 12 February 2017, included nine East-West transects over the coconut patch reef labeled T1 through T9 from South to North.



Water column properties within 2 m of the surface, including spectral absorption (apg,λ m−1), attenuation (cpg,λ m−1), and backscatter (bbp,λ m−1) due to particulate and dissolved impurities, were collected over the coconut patch reef from a small boat several days after the ASV survey, on 17 February 2017, using equipment and methods reported by Dierssen and Russell (2017). In addition, fluorometric chlorophyll, Fchl mg m−3, water temperature t°C, and salinity s psu were collected on 16 and 18 February using a pre-calibrated, self-logging YSI EXO2 water quality sonde deployed by hand from a second, manned kayak.

A hyperspectral image of the study site was collected on 3 March 2017 using the Jet Propulsion Laboratory Airborne Visible Infrared Imaging Spectrometer-Classic sensor (AVIRIS) deployed on the NASA ER-2 aircraft at an altitude of approximately 19.8 km (Figure 4). AVIRIS measures radiance in 224 contiguous bands between 400 nm and 2,500 nm with a nominal spectral channel full-width at half maximum and sampling interval of 10 nm (Vane et al., 1993). At the deployed altitude, the ground sampling distance was approximately 7 m. The overflight occurred at 19:00 GMT, 09:00 local time, with the sky partly cloudy, but clear over most of Kane'ohe Bay, including the coconut patch reef.
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FIGURE 4. (A) Hyperspectral image of Kane'ohe Bay collected on 3 March 2017 at 19:00 GMT, 09:00 local time, using the Jet Propulsion Laboratory Airborne Visible Near Infrared Imaging Spectrometer - Classic (AVIRIS) deployed on the NASA ER-2 aircraft at an altitude of approximately 19.8 km. The ground sampling distance was approximately 7 m. (B) Reef areas examined for spectral reflectance. (C) The coconut patch reef, where ASV surveys were conducted.



Theoretical Considerations and Computations

In Situ Observations

Radiometer buoy data were used to compute in-water radiance reflectance at 0.24 m depth as
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In order to perform this computation, the downwelling irradiance at 0.24 m must be computed from the measured downwelling irradiance impinging upon the surface and knowledge of the optical properties of the water;

[image: image]

where nw is the real portion of the refractive index of water relative to air (≈1.34), [image: image] is the surface reflectance of downwelling irradiance illuminating the surface (≈0.02), and Kd, λ is the diffuse attenuation of downwelling irradiance within the top 0.24 m of the water column. The exponential term in Equation (2) defines how much downwelling irradiance is transmitted to the depth of the down-looking radiometer and Kd, λ is a function of the absorbing and scattering properties of the water, including particulate and dissolved matter (Mobley, 1994 and references cited therein). Kirk (1984) reported an empirical relationship for Kd, λ based on numerical simulations of radiative transfer;

[image: image]

where aλ (= aw, λ + apg, λ) is the total absorption coefficient of the water mixture and bλ (= bw, λ + cpg, λ − apg, λ) is the total scattering coefficient of the water mixture. The subscript w refers to pure water, the properties of which are considered constant (Smith and Baker, 1981; Pope and Fry, 1997), and μd is the average cosine of the in-water, near-surface, down-welling radiance distribution. In relatively clear water, as is the case in Kane'ohe Bay, μd may be approximated as the cosine of the in-water solar zenith angle θs, i.e., after refraction at the water surface; [image: image].

Following shallow water radiative transfer theory and modeling reported by Philpot (1987, 1989) and Maritorena et al. (1994), the in-water reflectance at 0.24 m depth may be expressed as

[image: image]

where the subscript ∞ refers to the reflectance of an optically deep water column and ρb, λ is the irradiance reflectance of the ocean floor. The diffuse attenuation for upwelling irradiance Ku, λ was computed using Eqn. (3) and replacing μd with uu = 0.7, the approximate average cosine for upward propagating light. As D ⇒ ∞, rrs, λ(0.24) approaches the optically deep solution, while as D ⇒ 0.24, the depth of the in-water radiometer, rrs, λ (0.24) approaches [image: image], the radiance reflectance of the bottom substrate. Rearranging Equation (4) for benthic reflectance yields

[image: image]

The unknown quantity in Equations (4, 5) is the reflectance of optically deep water. While the maximum depth encountered within the study site was approximately 14 m, this may not be deep enough to provide an accurate deep-water signal, especially in the green portion of the spectrum where transmittance is expected to be greatest and where the bottom substrate, uncolonized calcareous sediment, can be highly reflective. Gordon et al. (1988) provides an accurate empirical representation of rrs, λ, ∞ as a function of [image: image], where bb (= bbp + bbw) is the total backscatter coefficient for the water mixture;
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and gi are coefficients empirically derived from a Monte Carlo radiative transfer model. Lee et al. (1999) provided updated values based on a large number of simulations using the community model Hydrolight (Mobley and Sundman, 2012); g1 = 0.084 and g2 = 0.125. Thus, benthic irradiance reflectance was computed from measured above water irradiance illumination, in-water, upwelling radiance, water depth, and estimated values of diffuse attenuation and deep-water reflectance from independent measurements of water optical properties.

In-water reflectance of optically shallow water was computed using ρb, λ, rrs, λ, ∞, and D to constrain Equation (5);
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The implicit assumption in Equation (7) is that the deep-water reflectance measured at 0.24 m below the surface is equal to the reflectance measured immediately below the surface (zero depth). While reflectance is a function of radiance distribution and both μd and uu are known to change with depth independent of the water optical properties (Mobley, 1994 and references cited), changes between the surface and 0.24 m in the absence of strong bottom effects are expected to be negligible.

Finally, following Lee et al. (1999), above-water remote sensing reflectance, Rrs = Lu(0+)/Ed(0+), was computed from the in-water reflectance as

[image: image]

Remote Sensing Observations

In order to compare the remotely sensed observations with the ASV observations, AVIRIS measurements of at-sensor radiance, Ls,λ, must be corrected for atmospheric effects and the resulting radiances converted to remote sensing reflectance, [Rrs, λ]AVIRIS. Since no field measurements were collected at the time of the AVIRIS overpass, the atmospheric correction procedure must be completely image-based. Following procedures summarized by Chavez (1996),

[image: image]

where τ is the atmospheric transmittance in the direction of the sensor, Eo, λ(0+) is the downwelling solar irradiance at the water surface on a plane perpendicular to the solar direction, and θs is the solar zenith angle at the location and time of imaging. Chavez estimated that under a clear atmosphere, τ ≈ 0.81 for Landsat TM Bands 1 through 4, which span the spectral range 450–900 nm. La, λ is approximated with the at-sensor radiance representing dark pixels within the image for which surface reflectance is nearly zero; [Ls, λ]dark ≈ La, λ. Substituting the estimates for τ and La, λ into Equation (9) yields.

[image: image]

For the AVIRIS image of Kane'ohe Bay, a dark shadow cast upon a deep water area by a cloud, located slightly south of the coconut patch reef, was used to compute [Ls, λ]dark. Note that this likely yielded a slight over-adjustment as the shadowed water-leaving radiance, while quite small, is not zero. Finally, AVIRIS reflectance was corrected for sunglint, i.e., light reflected from the water surface, using methods reported by Hedley et al. (2005).

Equation (10) has been shown to work reasonably well over land where targets may be treated as Lambertian reflectors. However, over water where Rrs, λ is affected by reflectance and transmittance at the air/water interface, the amount of light entering the water and, thus, available to be reflected must also be taken into consideration. For θs < 30°, surface reflectance, ρs, ≈ 0.02 and about 98% of the energy enters the water. However, as θs increases, so does ρs according to the equations of Fresnel (see (Mobley, 1994) and citations referenced). Replacing Eo, λ(0+) in Equation (10) with (1 − ρs) Eo, λ(0+) yields.

[image: image]

At the time of the AVIRIS overflight, θs ≈ 61.4° and the corresponding Fresnel reflectance of unpolarized light, assuming the water surface to be flat, was ρs ≈ 0.067. Equation (11) was used to compute reflectance for all cloud-free water pixels within the AVIRIS image.

RESULTS

The ASV survey of coconut reef was conducted under a clear to partly cloudy sky and low wind. The sea surface varied between smooth and slightly choppy. Acoustical measurements indicated that the reef rose up abruptly from the surrounding bay floor from a depth of approximately 14 m to an average depth on the reef plateau of 3.4 ± 0.57 m. (The confidence range, here and throughout the remainder of the paper, is expressed as plus or minus one standard deviation.) The side-scan sonar recorded higher acoustic backscatter in the central portion of the reef (i.e., lighter tones in the sonar image) and lower returns (i.e., darker tones in the sonar image) in areas mostly around the periphery (Figure 5). Imagery from the GP1 camera revealed benthic features down to approximately D = 5 m. Visual inspection of the imagery indicated that the higher acoustical returns represented uncolonized sediment while the lower returns represented areas colonized by coral. Coral areas tended to be shallower than adjacent areas of uncolonized sediment as a result of the coral structures having been built up over time by reef-forming organisms.
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FIGURE 5. Acoustical data from an autonomous survey was used to map bathymetry within and around the coconut patch reef and identify areas colonized by coral (dark, heterogeneous tones in acoustical backscatter) and uncolonized sediment (lighter, more homogeneous tones). Visual inspection of imagery from a down-looking, in-water camera (GP1) was used to validate the interpretation of the acoustical backscatter signals.



Water Properties

In situ measurements made several days after the ASV survey indicated stable, near-surface temperatures, ranging between 23.5° and 24.6°C, and salinities, ranging between 33.45 and 33.6 psu. Total absorption due to impurities increased toward the blue portion of the spectrum, e.g., apg, 414 = 0.186 m−1, and indicated the presence of small quantities of colored dissolved organic matter (CDOM). Fluorometric chlorophyll concentrations ranged from Fchl = 0.2 to Fchl = 0.8 mg m−3. Light scatter due to suspended particulate matter was relative low, e.g., bp, 400 = 0.82 m−1, indicating relatively clear water, and decreased non-linearly with increasing wavelength, as is typical of coastal marine particles (Babin et al., 2003). Likewise, backscatter measured at three discrete wavelengths decreased with increasing wavelength; bbp, 470 = 0.0106 ± 0.0007 m−1, bbp, 532 = 0.0096 ± 0.0005 m−1, and bbp, 660 = 0.0065 ± 0.0004 m−1. The average fractional backscatter, [image: image], at each wavelength was [image: image] = 0.0149, [image: image] = 0.0141, and [image: image] = 0.0117.

Equation (3) was used to compute near-surface Kd for optically deep water using total absorption and light scatter computed from in situ measurements of apg and bp = cpg − apg, literature values for pure water (Smith and Baker, 1981; Pope and Fry, 1997), and the average solar zenith angle during the February 12 survey, θs = 54.6° (Figure 6). A slight rise in Kd within the blue portion of the spectrum was likely due to the combined effects of absorption by small quantities of CDOM while the shape of the spectrum within the red portion was attributed to absorption by pure water. Likewise, in-water optically deep reflectance was computed using Equation (6), where [image: image] and [image: image] was the spectrally averaged fraction of light scatter in the backward direction (≈0.0136). Equation (8) was used to compute Rrs, λ, ∞. Similar to the Kd spectrum, the spectral shape of Rrs, λ, ∞ indicated that the water column was relatively clear (low reflectance) but, contained small quantities of CDOM (e.g., slightly depressed reflectance at wavelengths < 500 nm), and low concentrations of suspended particles (e.g., slightly elevated reflectance at wavelengths > 500 nm).


[image: image]

FIGURE 6. Remote sensing reflectance Rrs, ∞ str−1 (dashed curve) and diffuse attenuation of downwelling irradiance Kd, λ m−1 (solid curve) computed from near-surface, in situ optical measurements collected over the coconut patch reef.



ASV Survey

In-Water Reflectance

In-water reflectance was highly variable as the radiometer passed over shallow areas of the coconut patch reef due to reflectance from benthic features (e.g., rrs, 550, shown in Figure 7A).
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FIGURE 7. Radiometer data collected along the entire ASV survey course. The boat basin and transects over the coconut patch reef are indicated at the top of the figure and shaded areas indicate portions of the data where variability in cloud effects and radiometer orientation were apparent. (A) In-water reflectance (solid curve) and water bottom depth (dotted curve) along the ASV survey course. (B) Deviation of the radiometer from vertical. (C) Downwelling irradiance, λ = 550 nm, measured above the water surface (solid curve) and in-water, upwelling radiance measured at a depth of 0.24 m.



In comparison, adjacent deep-water areas, D ≈ 14 m, were consistently darker than the shallow reef features and much less variable.

Along the course of the ASV survey, the in situ radiometer orientation changed with the tow direction (Figure 7B) and variability was attributed to how the radiometer interacted with the local wave field. Along eastward transects (T2, T4, T6, and T8), the radiometer deviated an average of 3.6° from a vertical orientation and the maximum deviation at times exceeded 10°. When towed in a westward direction (T1, T3, T5, T7, and T9), the average radiometer deviation from a vertical orientation increased to 6.9° and the maximum deviation exceeded 20°. In order to assess the impact of sensor orientation on the computed reflectance, subsets of the data were examined where tow direction resulted in large changes in radiometer orientation and, at the same time, the effects of bottom reflectance were small and surface illumination was relatively stable. This situation occurred within the time interval between 12.95 and 13.14 h (shaded area within the right hand side of Figure 7B) when the radiometer was over deep water. The sky was fairly overcast, but illumination was reasonably stable. Radiometer orientation changed on average more than 10° as the ASV turned from the eastward T8 track to the westward T9 track and then back toward the boat basin. At the same time, variability in rrs, 550(0.24) was small, with the exception of a slight increase at 13.05 h when the radiometer passed over the northern edge of the reef and D decreased to 5 m. Thus, within the observed range of radiometer motion, radiometer orientation appeared to have a minor impact on computed reflectance relative to the dominant environmental factors, i.e., water depth and bottom type.

In addition to radiometer orientation, illumination due to clouds changed significantly along the course of the survey (Figure 7C). Downwelling irradiance, e.g., Ed, 550, varied by a factor of four, ranging from approximately 0.5 W m−2 nm−1 under clouds to >2 W m−2 nm−1 under direct, un-obstructed sunlight. At the same time, as in the case of the radiometer orientation, the response of rrs, 550(0.24) was quite small, as illustrated by the observations within the time interval between 11.96 and 12.12 h (i.e., the shaded area on the left hand side of Figure 7C).

Benthic Cover

The in-water, down-looking imagery (GP1 data) effectively documented the condition of the shallow bottom where D < 5 m (Figure 8). Visual inspection of the imagery indicated that, within the boat basin, the bottom was dominated by turf algae, mixed debris of terrigenous origin, and the frequent presence of benthic fauna, such as the sea cucumber O. spectabilis. The floor of the coconut patch reef, on the other hand, was either comprised of a mixed community of coral, dominated by Porites, or uncolonized sediment and silt.
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FIGURE 8. In-water, down-looking imagery (GP1 camera) of selected benthic conditions along the ASV survey track over the coconut patch reef. The approximate field of view of the in-water, down-looking radiometer is shown as a circle centered on the top right plate representing uncolonized sediment at a depth of 3.5 m.



Benthic Reflectance

Benthic reflectance, ρb,λ, was computed according to Equation (5) for all areas where D ≤ 5 m, the maximum depth at which benthic features could be identified within the GP1 imagery. In order to assess variability in ρb, λ as a function of bottom type, spectra representing coral and uncolonized sediment were selected based on visual inspection of the GP1 imagery. Given the uncertainty in the location of the radiometer sampling within the GP1 FOV (the approximate size of the radiometer FOV is shown as a circle in center of the upper right panel of Figure 8), radiometer data were selected for which the entire corresponding GP1 frame appeared to represent the bottom type of interest, i.e., the FOV was either all coral or all uncolonized sediment. Data representing images with a mixture of bottom type were not included in the analysis. Benthic reflectance representing the two bottom types indicated two distinct reflectance spectra with little overlap throughout the visible and near infrared spectrum (Figure 9). The average water depth for coral was D = 3.0 ± 0.5 m, and for uncolonized sediment the average was D = 3.9 ± 0.6 m.
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FIGURE 9. Mean benthic reflectance of coral (solid curve) and uncolonized sediment (dotted curve) within the coconut patch reef computed using Equation (5), where D < 5 m. Data were parsed based on manual interpretation of in-water imagery (GP1 camera). Vertical bars indicated ±1 standard deviation relative to the mean.



The coral reflectance spectra were similar to the lower range in reflectance of brown hermatypic coral and the uncolonized sediment spectra were similar to terrigenous mud and lower than the reflectance typical of calcareous sand (Hochberg et al., 2003). The low reflectance of the uncolonized sediment was in agreement with previous descriptions of bottom sediments in Kane'ohe Bay as coral ruble, sand, and “gray coral mud” (Bahr et al., 2015 and references cited therein). While the spectra were parsed based upon the apparent dominate bottom type within the GP1 images, it was likely that each spectrum represents a combination of bottom types. For example, gray colored sediment was often apparent within the GP1 imagery covering small spaces between coral features. Furthermore, the benthic environment had a heterogeneous appearance, such that the likelihood of obtaining a pure spectrum for either bottom type decreased with increasing benthic area viewed by the radiometer. Given the field of view of the down-looking radiometer (8.5°), a measurement 2 m from the bottom would integrate ρb, λ across an area of 0.08 m2 (horizontal length scale = 0.31 m), while a measurement made at an altitude of 4 m from the bottom would integrate over 0.31 m2 (horizontal length scale = 0.63 m).

Similar to published in situ measurements, ρb, λ increased rapidly for both uncolonized sediment and coral within the red portion of the spectrum, λ > 680 nm. When live vegetative biomass is present, the absorption of light by chlorophyll leads to a depression in reflectance within a narrow spectral region centered at roughly 675 nm, resulting in an abrupt increase in reflectance at longer wavelengths. This feature, often referred to as the red edge (e.g., Gates et al., 1965), is well documented for healthy terrestrial plants and aquatic grasses (Felella and Penuelas, 1994; Fyfe, 2003; Zimmerman, 2003) and it is apparent in published measurements of ρb, λ for both live coral and, to a lesser extent, uncolonized sediment (Hochberg et al., 2003).

In Situ Remote Sensing Reflectance

Remote sensing reflectance Rrs, λ was computed for each observation along the ASV track using Equation (8), where D < 5 m. The results represented the combined effects of ρb, λ and bottom depth, assuming stable water optical properties. Parsing the data into primary bottom types using the GP1 imagery indicated that Rrs, λ representing coral, turf algae, and uncolonized sediment remained distinct within the depth range observed (2 m ≤ D ≤ 5 m) and that each was distinguishable from the adjacent deep water signature (Figure 10).


[image: image]

FIGURE 10. Mean remote sensing reflectance of coral (solid black curve) and uncolonized sediment (dotted black curve) on the coconut patch reef where D < 5 m, turf algae within the boat basin on Coconut Island, D < 2 m (dashed black curve), and over deep water, D > 14 m (solid gray curve), adjacent to the patch reef. Data representing shallow water were parsed on bottom type gleaned from manual interpretation of in-water imagery (GP1 camera). Vertical bars indicated ±1 standard deviation relative to the mean.



The reflectance spectra were slightly depressed in the blue portion of the spectrum, λ < 550 nm, typical of absorption by CDOM. Variability around the mean of each class represented the combined effects of ρb, λ and bottom depth, assuming that water optical properties were stable and that the influences of sensor orientation and illumination were small. Areas of uncolonized sediment were quite bright relative to the coral, turf algae, and deep-water reflectance, where λ ≤ 600 nm. Reflectance from coral and algae were generally greater than the deep-water signals, where λ ≤ 550 nm. While there were areas within the spectra where bottom type was indistinguishable, there were also areas where each bottom type was unique. All bottom types, for example, were similar in reflectance at 600 nm, but they exhibited little overlap at shorter wavelengths.

AVIRIS Remote Sensing Reflectance

AVIRIS remote sensing reflectance [Rrs, λ]AVIRIS was computed using Equation (11). Downwelling solar irradiance measured during the ASV survey representing clear sky conditions was used to estimate downwelling irradiance with the sun at nadir; [image: image], where θs, ASV is the solar zenith angle at the time of the kayak survey. [Rrs, λ]AVIRIS was in agreement with in situ determinations of remote sensing reflectance, [Rrs,λ]ASV, representing coral and uncolonized sediment within the coconut patch reef and adjacent deep water (Figure 11). The magnitude of the AVIRIS reflectance tended to be greater than the in situ determinations, especially in the blue portion of the spectrum and, for the adjacent deep water, at all visible wavelengths. This was not surprising as Kane'ohe Bay is influenced by runoff from the adjacent land areas during rain events that transports particulate and dissolved matter into the bay. Light scatter from suspended particles impacted all wavelengths while the effects of impurity absorption were mostly constrained to wavelengths [image: image]550 nm. However, for the shallow coral and sand areas, where benthic reflectance dominated the signal, the in situ and remotely sensed measurements for λ > 600 nm were similar in both magnitude and spectral shape.


[image: image]

FIGURE 11. Comparison of remote sensing reflectance derived from in situ measurements of the coconut patch reef collected on 12 February 2017 (black curves) and high-altitude AVIRIS imagery collected on 3 March 2017 (gray curves) representing coral (solid curves), uncolonized sediment (dashed curves) and deep water adjacent to the reef (dotted curves).



The red edge spectral feature was evident in both the coral and sediment reflectance along the ASV survey route as an increase in red and near-infrared reflectance (Figures 10, 11). The feature was also apparent, but to a lesser extent, within the surrounding deep water area and was likely the result of phytoplankton absorption. An examination of the AVIRIS reflectance from selected reef features within the northern portion of Kane'ohe Bay (locations 1 through 5 indicated in Figure 4) revealed red edge features associated with coral that were far more pronounced than in the coconut patch reef (Figure 12). The patch reefs in the northern bay are very shallow, occasionally piercing the water surface during low tide, and the coral cover tends to be greater than on the coconut patch reef due to the absence of dredging. Also, the water in the northern portion of the bay tends to be clearer due to more efficient flushing by adjacent Pacific Ocean water. Thus, the larger red edge signals in the northern bay were attributed to greater coral biomass and less water attenuation of the benthic signal by the relatively clear, shallow water column.


[image: image]

FIGURE 12. Reflectance from selected shallow reef features in northern Kane'ohe Bay derived from AVIRIS imagery, collected on 3 March 2017; black curves, labeled 1 through 4 (see labeled areas in Figure 4B), represent patch reefs colonized by coral and algae and the gray curve, labeled 5, represents an area that appears to be uncolonized sediment.



Red Edge Height

Given that the waters in the Kane'ohe Bay, and on coral reefs in general, are typically very low in chlorophyll concentration, the red edge feature can potentially be used as a proxy for shallow, benthic vegetative biomass. In order to examine the red edge feature further, the red edge height, REHλ, was defined as the difference between the measured reflectance and a baseline reflectance, computed as a cord connecting the endpoints of the spectral region of interest; Rrs, λ1 at the shorter wavelength end and Rrs, λ2 at the longer wavelength end;

[image: image]

where

[image: image]

Based upon inspection of the in situ and AVIRIS reflectance data, the lower and upper wavelengths bounds of the red edge feature were defined as λ1 = 675 nm and λ2 = 740 nm, respectively. Positive values of REHλ were expected to indicate the presence of live, photosynthetic biomass.

Computations of REHλ with in situ measurements over the coconut patch reef representing both coral and uncolonized sediment was positive at shorter wavelengths, λ < 710 nm, and negative at longer wavelengths (Figure 13). The curves representing coral decreased in amplitude with increasing water depth and appeared to converge upon the deep-water signal. This result was to be expected since deeper water, i.e., a longer optical path length, will result in greater attenuation of the benthic signal at longer wavelengths. Furthermore, the wavelength of maximum REHλ representing coral decreased with increasing water depth from approximately 690 nm, where 2 m ≤ D ≤ 3 m, to approximately 688 nm, where 3 m ≤ D ≤ 4 m. The peak REHλ wavelength for uncolonized sediment, where 3.5 m ≤ D ≤ 4.5 m, was approximately 687 nm. REHλ computed from AVIRIS data collected over the coconut patch reef yielded results that were similar to both coral and uncolonized sediment, where D > 3 m. AVIRIS data representing shallow patch reefs in the northern portion of the bay yielded REHλ values that were as much as 2 orders of magnitude greater than the coconut patch reef and values were generally positive for all wavelengths within the computation range. AVIRIS data representing adjacent bright areas within the image that appeared to be shallow uncolonized sediment yielded REHλ values that were similar to the in situ results for uncolonized sediment on the coconut patch reef. Furthermore, the maximum REHλ values for the northern bay patch reefs were shifted to longer wavelengths relative to the coconut patch reef results, 702 nm ≤ λ ≤ 708 nm, suggesting that the northern patch reefs were shallower and perhaps more densely covered with coral.


[image: image]

FIGURE 13. Red edge height computed for data collected during the in situ survey of the coconut patch reef on 12 February 201 (left) and selected patch reefs in the northern Kane'ohe Bay imaged by AVIRIS on 3 March 2017 (right; locations indicated in Figure 4B). For comparison, the AVIRIS REHλ signal is also plotted with the ASV data (dash-dot curve in both panels).



As an operational means of detecting and mapping the distribution of live vegetation biomass associated with coral, a REHλ-based algorithm was defined as

[image: image]

where the magnitude of the red edge height at 705 nm was normalized to the computed base reflectance at that wavelength. This approach was necessary to reduce the effects of the magnitude of the baseline reflectance, e.g., high reflectance over areas of very shallow, bright sand, such as the Ahu O Laka barrier island. Applying Equation (14) to the in situ data revealed areas of coral cover along each transect across the coconut patch reef (Figure 14). For D < 5 m, REHN > 0 and positive values tended to occur in shallower areas, where the GP1 imagery and sonar data indicated the presence of coral, i.e., dark acoustical returns due to increased benthic roughness associated with coral cover (Figure 5). The maximum depth at which positive REHN values were detected was between 3 and 4 m. Parsing the data between coral-dominated and sediment-dominated observations, [REHN]CORAL = 0.06 ± 0.13 and [REHN]SAND = −0.13 ± 0.05. Where D ≤ 3 m, [REHN]CORAL = 0.12 ± 0.33.


[image: image]

FIGURE 14. Red edge height (REHλ, solid curves) and depth (dotted curves) representing observations collected by the ASV along transects across the coconut patch reef.



The REHλ signal was used to estimate coral cover as the fraction of observations exceeding a defined threshold value. Defining the threshold as [REHN]CORAL ≥ 0.057 (the mean [REHN]CORAL minus one standard deviation) and constraining the analysis to in situ measurements over the coconut patch reef where D ≤ 5 m, the percent coral cover along the combined nine ASV transects was 25.2% (N = 2,039). Hunter and Evans (1995) reported on decadal changes in coral cover at selected sites within Kane'ohe Bay, including the coconut patch reef, in response to sewage exposure using traditional diver-based methods. The coconut patch reef was found to have increased in coral coverage, from 1.2% in 1971, when the bay was impacted by sewage outflow, to 33.3% in 1990, after the sewage outflow was diverted to deeper waters outside of the bay. In addition, the percent coral cover generally increased with decreasing depth to a maximum cover of >40% where D = 2 m. From the ASV survey of the coconut patch reef, the percent coral cover was also found to increase as depth decreased; coral cover was 28.4% (N = 1,800) where D ≤ 4 m and 63.4% (N = 688) where D ≤ 3 m.

As a further test of the utility of the red edge algorithm, Equation (14) was applied to the AVIRIS image of the entire Kane'ohe Bay (Figure 15). The results indicated areas of high vegetative biomass that were in agreement with the reported distribution of near-surface coral cover (e.g., Bahr et al., 2015 and references cited therein). Highest REHN values were found fringing many of the shallow banks bordering the coastline, including Coconut Island, and over many of the small patch reefs in the northern bay. Shallow, bright areas that were relatively barren of healthy coral were generally characterized as low REHN. While the central portions of the Ahu O Laka barrier island indicated relatively low REHN values, the seaward side of the island, where the bottom gradually falls off to the deeper waters of the adjacent Pacific Ocean, revealed a broad area of moderate REHN.


[image: image]

FIGURE 15. REHN derived from AVIRIS imagery of Kane'ohe Bay collected on 3 March 2017. Land, clouds, and values of REHN < 0 are displayed as black. (A) Shallow patch reefs in the northern bay yielded some of the largest signals. (B) Narrow fringing reefs along the coastline are well resolved. (C) REHN from the area of the coconut patch reef, where D > 3 m, was not significantly different than the surrounding deep water.



Contrary to the patch reefs in the northern portion of the bay, the coconut patch reef did not stand out within the AVIRIS imagery as higher REHN values relative to the surrounding deeper water, even though data from the ASV survey indicated slightly enhanced red edge features detectable at depths of between 3 and 4 m, (Figure 11). This result may have been due to the observed heterogeneity of benthic features across the coconut patch reef. Coral cover and vibrancy in dredged areas of the southern portion of the bay had not yet recovered to pre-dredging conditions (Jokiel, 1991). Thus, less coral cover, deeper average coral depth, and less clear water resulted in more subtle differences between the remotely sensed signals from coral and the adjacent deep water. In addition, the in situ measurements represent reflectance averaged across a much smaller area (0.08–0.31 m2) compared with a typical AVIRIS pixel (49 m2). The averaging of coral and sediment signals across an AVIRIS pixel would have tended to decrease REHN. Thus, the useful depth of remotely sensed REHN was somewhat less than 3 m within the southern portion of the bay. The depth limit for detecting REHN from healthy coral was expected to be deeper within the northern portion of the bay where coral cover was greater, the water was more transparent due to flushing with adjacent ocean waters, and the reefs had not been impacted by dredging activities.

DISCUSSION

The ASV was shown to rapidly survey physical and optical properties of the coconut patch reef in high spatial resolution. Simultaneous measurements of bathymetry and reflectance from acoustical sensors were in agreement with optical signals and in-water photographic evidence of bottom features associated with coral and uncolonized sediment. In situ measurements of remote sensing reflectance were shown to reasonably match surface reflectance derived from atmospherically corrected measurements from an imaging spectrometer deployed at high altitude. In situ data, collected over the course of a 2 h autonomous survey, comprised over 10,000 sets of simultaneous optical and acoustical observations representing a diverse combination of bottom type and cover, water depth, sea state, and illumination. Highly diverse data sets, such as this, should permit more scientific and technical questions to be addressed than would be possible with traditionally sparse and less diverse data sets collected manually by divers. Additionally, the sampling error associated with radiometer orientation and cloud cover was determined to be small and to have no discernable impact on in situ remote sensing reflectance. Consequently, these results suggested that valid field surveys could be conducted under more diverse environmental conditions, including those that would confound high-altitude aircraft or satellite-based remote sensing operations. The insensitivity of remote sensing reflectance to cloud cover also suggested that under-cloud remote sensing, e.g., the application of drone-based sensors, is possible with minimal impact on algorithm performance.

Autonomous observations of high resolution spectral and spatial measurements of the visible and near infrared spectrum with radiometers positioned above and below the water surface provided detailed information regarding a large range in reef environmental conditions and permitted the investigation of a potential remote sensing algorithm and the associated limits of application. The red edge signal, characteristic of healthy vegetation, was shown to reveal the presence of live coral and turf algae and provided a means of distinguishing between benthic vegetation and uncolonized sediments within shallow water. While the REHN was shown to decrease with depth due to attenuation of the light reflected from benthic features, the signal was detectable over the coconut patch reef at depths of between 3 m and 4 m using in situ observations. However, the REHN signal over the coconut patch reef computed from AVIRIS imagery, while similar to the in situ determinations, were not significantly different from the surrounding deep water signal, and suggested that remote determinations may be limited to areas where D < 3 m, at least in the southern portions of the bay. The REHN algorithm applied to the AVIRIS image of the entire Kane'ohe Bay revealed shallow areas known to contain moderate to dense coral cover. These results, including the negative results over the coconut patch reef, were in general agreement with a previous application of AVIRIS imagery to map coral and algae within Kane'ohe Bay using spectral matching techniques (Goodman and Ustin, 2007).

The detailed hyperspectral signal was necessary to optimize the wavelength range for the REHN algorithm, but once determined, only three wavelengths were required for an effective algorithm; two wavelengths bracketing the red edge signal, e.g., 675 and 740 nm, and one wavelength representing the REH peak, e.g., 705 nm. Any remote sensor meeting these requirements should be able to detect the red edge signal from shallow coral environments, assuming that the spatial resolution is appropriate. The Landsat series of satellites, for example, with 30 m spatial resolution, have been used to map coral reefs (e.g., Palandro et al., 2008) and the most recent Landsat multispectral sensor to date, the Operational Land Imager (OLI) onboard Landsat-8, has five bands spread across the visible and near-infrared spectrum. Within the red edge region, band 4 (centered at 655 nm, Δλ = 50 nm) and band 5 (centered at 865 nm, Δλ = 40 nm) could potentially serve to bracket the red edge region, but there is no appropriate intermediate band coinciding with the peak REHλ wavelengths. The Multispectral Imager (MSI) onboard the Sentinel-2 satellite, on the other hand, has a higher spatial resolution, between 10 and 20 m, compared to OLI data, and it includes several bands that could satisfy an REHN algorithm; band 4 (665 nm, Δλ = 10 nm), band 5 (705 nm, Δλ = 10 nm), and band 6 (740 nm, Δλ = 10 nm). In fact, MSI bands 5 and 6 were selected specifically for detecting red edge signals from terrestrial vegetation. However, spatial convolution of the benthic signal across a 10 m ground sampling distance may reduce the maximum depth of red edge detection where coral coverage is sparse, as was the case with the AVIRIS data (with 7 m spatial resolution) collected over the coconut patch reef. Thus, the optimum spatial resolution for coral reef remote sensing remains an open question.

However, in order to measure the peak REH wavelength, which is expected to be sensitive to the depth of the vegetative material, the entire red and near-infrared portion of the spectrum must be measured in high spectral resolution. To date, there are no operational satellite systems capable of providing such data.

One limitation of the REHN algorithm was that it could not alone distinguish between the type of vegetation responsible for the signal. Coral, turf algae, sea grass, and any floating vegetation would all result in similar signals. Therefore, application of the REHN algorithm would require a level of a priori knowledge about the study site that may not exist for remote locations. While this can be problematic for remote observations, an in situ autonomous system that includes in-water imagery, such as the system developed for this project, provides a degree of benthic classification capability that can be used to parse the data and provide class-specific statistics.

We have illustrated the utility of a low-cost, commercially available, coastal kayak, modified for autonomous operations and instrumented with optical and acoustical sensors to survey coral reefs in support of remote sensing operations. We examined the utility of the red edge height as an indicator of live coral and algae and, based on the results, constructed a remote sensing algorithm to map corals in shallow water within Kane'ohe Bay. A more complete examination of the red edge signal may potentially yield information regarding benthic cover and biomass, e.g., as a function of REHλ amplitude, and water depth derived from the peak REHλ wavelength. While these results are encouraging, the details of REHλ response to physical conditions (e.g., water depth and optical properties) and vegetation type (e.g., coral and algae species), cover, and health (e.g., the effects of coral bleaching) remain to be elucidated.
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