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ABSTRACT
Hyperspectral measurements of the water surface of urban coastal waters are presented. Oblique bidirectional reflectance
factor imagery was acquired made in a turbid coastal sub estuary of the Indian River Lagoon, Florida and along coastal
surf zone waters of the nearby Atlantic Ocean. Imagery was also collected using a pushbroom hyperspectral imager
mounted on a fixed platform with a calibrated circular mechatronic rotation stage. Oblique imagery of the shoreline and
subsurface features clearly shows subsurface bottom features and rip current features within the surf zone water column.
In-situ hyperspectral optical signatures were acquired from a vessel as a function of depth to determine the attenuation
spectrum in Palm Bay. A unique stationary platform methodology to acquire subsurface acoustic images showing the
presence of moving bottom boundary nephelometric layers passing through the acoustic fan beam. The acoustic fan
beam imagery indicated the presence of oscillatory subsurface waves in the urbanized coastal estuary. Hyperspectral
imaging using the fixed platform techniques are being used to collect hyperspectral bidirectional reflectance factor
(BRF) measurements from locations at buildings and bridges in order to provide new opportunities to advance our
scientific understanding of aquatic environments in urbanized regions.
Keywords: mobile remote sensing, airborne image acquisition, hyperspectral remote sensing, multispectral imagery,
weathered oil detection, subsurface sensing, data fusion, image fusion, hyperspectral sensor calibration, Kalman filters,
Kalman smoothing, spectral-spatial sharpening, oil spill, shoreline remote sensing, surf zone imaging, bidirectional
reflectance factor

1. INTRODUCTION
1.1 Background
Mobile platform imaging sensors developed, calibrated and mounted for airborne remote sensing has been previously
reported1, 2, 3, 4, 5. In addition to airborne applications, these modern lightweight pushbroom hyperspectral imaging
systems can be used from fixed platforms6, ground vehicles as well as small vessels7,8. In general, multispectral digital
frame cameras, photogrammetric frame cameras as well as pushbroom or line scanning imaging systems are being used
to provide data to assist in environmental monitoring and surveillance9.
In addition, acoustic imaging10 and in-situ hyperspectral sensors can assist in providing data related to environmental
quality and surveillance needs. Thus analysis of spectral, spatial, and temporal data from multiple platforms and sensing
systems needs to be explored for furthering the innovative use of hyperspectral data. The first step in addressing any
hyperspectral remote sensing research issue or application is the selection of not only the sensor and bands11,12, but the
platform to utilize13.
The purpose of this paper is to demonstrate the value of using hyperspectral imaging systems from fixed platforms, insitu hyperspectral collections from a vessel, subsurface acoustic imagery collected from a fixed position or anchored
vessel. All data have been collected in urbanized locations near the Atlantic Ocean along central Florida as shown in
Figure 5.
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2. TECHNIQUES & METHODS
2.1 Urban Hyperspectral Sensing Platforms
A hyperspectral imaging system is placed upon a fixed platform (tripod) in shallow water types within viewing distance
of a shoreline. The pushbroom sensor sweeps the shoreline and the pushbroom sensor produces an oblique hyperspectral
image cube of the shoreline as shown in Figure 1. The imagery is processed to produce bidirectional reflectance factor
(BRF) imagery. Note that the sensor can also be placed on a small vessel anchored at two points. In this case, the
imagery needs to be geometrically corrected using an inertial motion unit (IMU), or a mobile platform can be moving in
order to conduct environmental monitoring and surveillance in an urban environment.
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Figure 1. A schematic of the hyperspectral pushbroom imaging system (left) mounted from a fixed location (bridges, docks, buildings)
or an anchored or moving vessel. The acquired hyperspectral image cube is used to calculate oblique hyperspectral bidirectional
reflectance factor (BRF) imagery (right) of water bodies in urban areas. The HSI camera system is mounted to a computer controlled
mechatronics rotation stage calibrated to scan a shoreline and images at the air-sea interface. The above image was collected before
dredging operations occurred.

2.2 Operation of the hyperspectral imaging system
The hyperspectral pushbroom imaging system developed by the first author is capable of recording 64 to 1024 spectral
channels using spectral channel binning using the custom software. The system has 1376 spatial channels and uses
Peltier cooled 2/3 inch high quantum efficiency (QE) CCD with 12 bit digital resolution. The imaging system utilizes a
calibrated ~39o field of view (FOV) Schneider C-mount lens. The pushbroom imaging camera system can be operated
using a notebook or pen-tablet computer connected via a fiber optic cable and an external PCI bus configuration.
The integration time, frame rate, number of spectral and spatial channels can be software selected for optimizing the
dynamic range for different scenes. The custom software can also display 3 channels (RGB) imagery as the remote
sensing platform scans using the rotation stage. Bands can be selected by the user to display as scan lines are acquired. In
addition, selected pixel specific spectral signatures can be displayed in real time during an image cube acquisition in
order to optimize both the scan rate and integration time of the CCD sensor. This capability allows one to minimize
saturated spectra within the scene as well as acquiring imagery using the full dynamic range desired. The computer
display also shows the real time WAAS GPS position, the IMU connection status, the CCD Temperature (typically 21Co), integration time selected and frame rate.
The custom touch screen or pen tablet system software also allows one to calibrate the IMU for WAAS GPS location
and to the vertical z-axis and magnetic deviation at the beginning of each recording. Calibration of the IMU also occurs
before a flight mission in order to correct for magnetic influences of the platform and thus allows a reference to the
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vertical gravitational vector corrected for nearby magnetic influences. Preflight radiance calibrations and spectral line
sources are used to ensure the wavelength-channel calibration has not changed, and the radiance values of the system
have not drifted from the prior laboratory calibration. Laboratory calibrations utilize spectral line sources and calibration
spheres traceable to NIST standards. Special checks are made to insure proper alignment between the CCD camera and
the transmission spectrograph. Figure 2 is a system description of the software-hardware HS imaging sensor system.
The software is based upon the C language and uses OpenGL for windows and graphical displays. The system is
operated via a touch screen or pen-tablet running XP, Vista, W7 32bit or 64 bit OS’s with a PCMCIA or Card Bus cards.
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Figure 2. Example (left) of a spectral signature being displayed along with information to the right that shows custom derivative
algorithm results being calculated in real time. The system allows one to optimize data being collected in real time, such as scan rate
and integration time. Real time data analysis via derivative reflectance spectroscopy & multiple wavelength contrast algorithms can be
calculated. The computer systems diagram shows the small hyperspectral image system and custom data acquisition interface. The
hyperspectral pushbroom imager system (KB-HSI-A) can be run on a workstation, touch screen computer, or pen tablet computer
using an external PCI card bus system and fiber optical cable to the camera. The mobile hyperspectral imaging system can run for
more than 24 hours using lightweight 12 volt DC lithium battery packs or via AC power.

The mobile HSI system described above makes use of an ImSpector transmission grating, a blocking filter, temperature
stabilized CCD camera and C-mount lens. The integrated system is calibrated in a lab for focus, smile, etc. using custom
made laboratory line targets and custom pushbroom mechatronic mounting system. The precise computer controlled
mechatronics based rotation stage is also used for calibration in the lab or in the field. Sensor characterization and
calibration of the hyperspectral imaging system is conducted using two custom built Optronics (Orlando, Florida)
calibration spheres for radiance calibrations. Spectral line sources and lamps are used to perform CCD channel versus
wavelength calibrations. The signal to noise ratio (SNR) varies as a function of (1) the signal, (2) illumination
luminance/radiance within a scene, (3) as well as wavelength or channel, (4) spectral line source characteristics, (5) CCD
binning (spectral & spatial) and (6) calibration sphere configuration. In view of the above, estimates of the signal to
noise ratio of the system at 532 nm is typically ~100 to ~700 or an effective SNR in decibels (20*log10(SNR) of ~40 to
56.
The digital hyperspectral imagery can be rectified using image to image registration by using other sources of
multispectral or photogrammetric imagery. Image fusion with other image types (satellite or airborne) is accomplished
using feature optimized 2D Butterworth fusion algorithms. When moving platforms are used, imagery is post-processed
for platform roll motion corrections. Corrections for pitch & yaw motions can also be selected. Thus, three axis motion
corrections are made using adaptive Kalman filtering and smoothing. The Kalman smoothing is used as a “predictorcorrector methodology” in order to refine the position estimates made using prior Kalman filter estimates. The full
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navigation equations (Bostater, et al., 2012) utilize WAAS DGPS (5 HZ) and yaw, pitch and roll time series obtained
from a strap down inertial motion unit (IMU) running at 100 HZ. The PCO Sensicam QE temperature stabilized camera
collects spectra from ~20 to ~80 HZ depending on the number of spectral and spatial channels desired. The camera is
coupled to a field calibrated 39o field of view (FOV) Schneider lens using a SPECIM N8E PGP transmission grating.
Oblique imaging field targets are used for airborne hyperspectral image georegistration and using “image to image”
registration techniques. Example field targets include floating targets, submerged line targets, black, grey or white
targets placed on shorelines. In-situ scene features (see Figure 3) are also used in the image to image geo-registration
process and GSD calculation and viewing geometry calculations at each scan line and pixel. Downwelling irradiance or
radiance is obtained using Labsphere spectrally calibrated grey panels.
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Figure 3. The hyperspectral imaging camera and an SE590 solid state spectrograph (left) are bore sighted to collect spectra of a region
of interest as the imaging system is rotated. The center image indicates how in scene targets are used for GSD calibrations. The BRF
spectral signatures (right) show the increase in reflectance as a function of changing viewing angle that needs to be accounted for in
oblique HS image analysis used to estimate the concentrations of constituents in the water.

2.3 Operation of a fixed position acoustic imaging system
A subsurface acoustic transceiver and imaging system is used from a fixed platform. The system is operated in a down
scan fan beam mode. Water passes through the acoustic fan beam at 455 KHz is fixed at a location and produces a line
scan image as shown in Figure 4. The purpose of collection of this type of data is to capture evidence of moving
nephelometric layers and lutocline layers of dense particles suspended in the water column.
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Figure 4. The acoustic imaging system (455 KHz) is located at a fixed station in Palm Bay watershed. Water passes through the
acoustic fan beam. Nephelometric & lutocline waves pass through the fan beam. The technique provides a temporal view of internal
wave structures of moving suspended particles within the water column. Grab samples and pumped samples used for water quality
analysis as well as point based acoustic and optical backscatter sensors do not capture the internal water structures as shown above.
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2.4 Operation of the in-situ optical hyperspectral system
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Figure 5. An SE590 solid state high sensitivity spectrograph is deployed using a custom case and lenses in order to collect surface
irradiance reflectance (right) or BRF (left) signatures.
The above SE590 submersible hyperspectral system can also be connected to a fiber optic lens system in order to collect subsurface
bottom reflectance (BRF) signatures. Surface BRF signatures (middle) collected August, 2016 from Palm Bay, Florida, The SE590
and the hyperspectral imaging system are intercalibrated as shown above (left) using data collected August, 2016. Submerged spectral
measurements are used to calculate the attenuation and backscatter spectra13 of water during dredging operations as shown below.

3. RESULTS AND DISCUSSION
Surf zone hyperspectral images are shown below. Figure 3 below (right) shows an HS image collected during August,
2016 in Brevard County, Florida. The location along the Atlantic coast of Florida is shown (left) within area outlined in
the WorldView 3 multispectral image. The highly urbanized region is noted by the brightness of the land surface areas.
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Figure 5. Hyperspectral pushbroom BRF image (channels 858.3 nm, 547.9 nm, 461.6 nm) highlighting vegetation on submerged
coquina the rock in the surf zone (right) of Atlantic Ocean at Eau Gallie beach (right). Sargassum is observed in the lower right corner
of the image acquired August, 2016 in Brevard County, Florida. The image (left) shows the location along the Atlantic Ocean in the
Indian River Lagoon watershed using a WorldView 3 image.

The satellite image is a WorldView 3 enhanced multispectral image acquired in 2015 of Brevard County, Florida.
Understanding the surf zone is important for monitoring and public reporting of rip current conditions for public safety.
The use of fixed platforms along the shoreline areas and hyperspectral imaging allows the development of an intelligent,
automated and optimized imaging method for coastal littoral zone surveillance - along beaches and harbor shorelines.
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Another use of oblique hyperspectral BRF imaging from fixed platforms in urban areas16 is the unmanned monitoring
and surveillance of harmful algal bloom events and related water quality conditions during construction as well as
dredging in urbanized areas as suggested in the figures shown below. Figure 4 shows a surf zone hyperspectral image
indicating the submerged coquina rock and suspended sand in the surf zone. Figure 5 acquired from the same fixed
location indicates the presence of rip current dynamics indicated by the large scale oscillatory color changes in the HIS
image.

Figure 4. Hyperspectral pushbroom BRF image shown in Figure 2 enhanced with a Gaussian filter (channels 638.4 nm, 547.9 nm,
461.6 nm) to highlight submerged sand and attached algal vegetation on coquina rock within the surf zone of Atlantic Ocean at Eau
Gallie beach, Florida. Note the ability to capture detailed surf zone wave characteristics and spatial and spectral features of the water
surface and subsurface features.

Figure 5. Hyperspectral pushbroom BRF image of the surf zone enhanced with a contrast enhanced filter (channels 638.4 nm, 547.9
nm, 461.6 nm) highlighting rip current features and resuspended matter within the surf zone region of the Atlantic Ocean at Eau Gallie
beach. Note the ability to capture detailed surf zone wave spatial and spectral features of the water surface and subsurface features as
well as the atmosphere at the air-sea interface at the horizon.
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Figure 6 below was acquired from an upper level location along RT A1A in Indian Harbour Beach, Florida. The Indian
River Lagoon is observed just below the horizon. The infrared enhanced image shown in Figure 6 and 7 shows the
vegetation for species identification and potential for identifying vegetation dysfunction14.

Figure 6. Hyperspectral pushbroom BRF image display (upper) of an urbanized area in Brevard County, Florida (channels 638.4 nm,
547.9 nm, 461.6 nm) and a near infrared band display (channels 849.7, 547.8, 461.6) highlighting vegetation features within the
urbanized area of Melbourne, Florida. The Indian River Lagoon is located just below the air land interface. The imagery was collected
from a fixed location near US Rt. A1A.

Figure 7. Hyperspectral pushbroom BRF image display (upper) of Palm Bay in Brevard County, Florida (channels 638.4 nm, 547.9
nm, 461.6 nm) and a near infrared band display (channels 849.7, 547.8, 461.6) highlighting vegetation features along the shoreline.
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Figure 8 is a subsurface acoustic image taken from the Palm Bay watershed tributary and clearly shows the presence of
oscillatory lutocline and nephelometric waves moving with concentrations of particulate matter using the technique
described above.
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Figure 8. A fixed location acoustic image (455 KHz) in a Palm Bay, Florida tributary indicating the presence of oscillatory lutocline
and nephelometric layers passing through the acoustic fan beam during August 2016. The water is moving downstream from the
tributary (left to right).
In Figure 9 shown below a calculated total backscatter spectrum13 and nadir water surface BRF reflectance spectrum acquired using
the in-situ hyperspectral spectrograph is shown. The data in Figure 9 was obtained from an anchored vessel. The data was collected in
Palm Bay, Florida during August 2016 before dredging operations resumed. The location of WorldView 3 satellite image (See Figure
5) channels are indicated as spectral windows for possible use in satellite algorithm development for Indian River Lagoon.
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Figure 9. Calculated total backscatter (left) in Palm Bay using the reflectance (right) and attenuation spectrum during August 2016.
The square colored boxes indicates selected spectral bands of WorldView 3 imagery (See Figure 5 above).
Calibration and testing of the imaging system for circular rotation velocity is necessary in order to produce square pixels. In order to
conduct these calibrations square targets are placed in a scene. Multiple scanning sequenced are performed to establish the scanning
rate of the computer controlled rotation stage. Figure 10 shows hyperspectral image collections with three 4 x 4 feet square spectrally
calibrated targets. Examination of the number of pixels in the vertical and horizontal is accomplished in order to determine the angular
rotation velocity or rate to produce equal number of pixels in the x, y directions. Image (A) is a true unenhanced hyperspectral RGB
image display using channels at 683.5 nm, 529.1 nm and 487.7 nm. Image (B) is an unenhanced hyperspectral RGB image display
using channels at 830.4 nm, 529.1 nm and 487.7 nm. Image (C) is contrast equalized and 2% linear stretch enhanced RGB image
using bands at 830.4 nm, 529.1 nm and 487.7 nm. Image (C) clearly shows the specular reflectance of leaves and grass blades.
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Knowledge of the sun glint features of the vegetation is needed to avoid selection of pixels with “sun glint” in estimation of vegetation
conditions16,17.

Figure 10. Hyperspectral imagery used to calibrate the mechatronics rotation stage rotation rate (radians sec-1). Image (A) is a true
color unenhanced hyperspectral RGB image display using channels at 683.5 nm, 529.1 nm and 487.7 nm. Image (B) is an unenhanced
hyperspectral RGB image display using channels at 830.4 nm, 529.1 nm and 487.7 nm. Image (C) is a equalized and 2% linear stretch
enhanced RGB image using bands at 830.4 nm, 529.1 nm and 487.7 nm. Image (C) clearly shows the specular reflectance of leaves
and grass blades. The three spectrally calibrated panels in the scene (dark square figures) are used to help produce square features or
pixels. Imagery collected June, 2016 outside of the Marine Environmental Optics Lab.

4. SUMMARY AND CONCLUSIONS
The purpose of this paper has been to report on the use of hyperspectral sensing, in-situ, and acoustic sensing from
different remote sensing platforms in urbanized regions. Examples of fixed location15 as well as collection of
hyperspectral data from vessels5 have been reported. The use of buildings, bridges, and piers provide opportunities for
new applications21 of oblique hyperspectral sensing in urban environments using multiangle BRF18 imagery19,20.
Resulting imagery can be used for calculating bidirectional reflectance16.22 factor imagery. Calibration and
characterization of sensors, and sensor intercalibration is important when utilizing different sensing systems from
different platforms. A new fixed station acoustic imaging technique has provided a new view of subsurface water
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properties and phenomena related to the lutocline and moving nephelometric wavelike structures of suspended
particulates as reported by previous research23,24,25, 26.
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