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ABSTRACT   

Carefully collected airborne imagery demonstrates the ability to see water surface features as well as shallow bottom 
features such as submerged vegetation and manmade targets. Traditional photogrammetric imagery and airborne digital 
imagery both suffer from a loss in image clarity due to a number of factors, including capillary and small gravity waves, 
the water column or in-situ constituents. The use of submerged as well as surface man-made calibration targets deployed 
during airborne or in-situ subsurface image acquisitions forms a preliminary basis for correcting imagery in order to 
improve subsurface and surface features and their detection. Methods presented as well as imagery at 490 nm, 532 nm 
and 698-700 nm clearly show subsurface features in shallow waters. The techniques utilized include the use of large 
frame cameras with photogrammetric films in combination of special filters, such as a Wratten # 70, in order to provide 
narrower spectral features near the vegetative “red edge” to be used to improve interpretation of hyperspectral push 
broom  imagery. Combined imagery from several sensors and platforms, including autonomous underwater vehicles, 
form the basis of data fusion for surface and subsurface automatic feature extraction. Data presented from a new 
hyperspectral imaging system demonstrates the utility of sub-meter hyperspectral imagery for use in subsurface feature 
detection.  

Keywords: image analysis, submerged targets, calibration, hydrologic optics, airborne sensors, airborne imagery, 
hyperspectral sensing, multispectral imagery, radiative transfer, subsurface feature extraction. 

1. INTRODUCTION  
Hyperspectral radiative transfer models of the water column, water wave surface, and atmosphere can provide 
information concerning spectral characteristics1,2 of sunglint, water column constituents and bottom or “subsurface” 
features. Sunglint obtained from airborne3,4,7 and satellite imagery.  In addition, there is an interest in how the spectra of 
sunglint may provide information on the atmosphere, such as marine aerosols5,6. To increase our scientific understanding 
of how to image surface and subsurface features, we have recently completed the development of a hyperspectral 
imaging system, and software for airborne platforms. This new imaging system is capable of flights at low altitude (~500 
m) with sub-meter spatial pixel scales (10 to 50 cm). Data collected is being used for validation of radiative transfer 
models1,3 as well as Monte Carlo models2 designed for use in water quality, bottom feature extraction, and water 
subsurface analysis as well as for theoretical analysis of hyperspectral synthetic imagery as well as new airborne 
technology8. Our interest is to explore and develop methods to remove the effects of water surface and the water column 
in order to view submerged or subsurface or bottom features in shallow waters using remote sensing platforms and 
sensors. The purpose of this paper is to present data collected from the hyperspectral sensing system and to demonstrate 
the role for a mix of sensing systems and platforms for water surface, water column and subsurface remote sensing 
research and applications.  

1.1 Background 

Flights were conducted over the Atlantic Ocean and nearby coastal waters (see Figure 1, 2) including the Indian River 
Lagoon, Florida from October 2008 thru September, 2010. Data from these flights utilized a Cessna 414 aircraft with a 
suite of sensors and cameras. Platform modifications and sensor mounting was achieved after designated engineering 
representatives (DER) conducted designs and engineering analysis followed by modifications and approvals meeting the 
US FAA field approval process. During 2010, a high spatial and spectral hyperspectral imager developed in our 
laboratory was flown and imagery is presented for first time in this paper. 
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1.2 Airborne Image Methods & Instrumentation 

Figure 1 shows the study area in Space Coast Florida, and a scanned aerial image of an area of the Indian River (lagoon 
type) estuary. Imagery for this paper was obtained using a 9 inch airborne camera with a 12 inch focal length lens 
(Fairchild K-17), with Kodak color negative film (Aerocolor 2444), AGFA panchromatic film or Kodak color infrared 
film (Aerocolor 2443) and blocking filters. All imagery shown in this paper were collected at ~1,500 ft(500 m) at 
approximately 10 AM local time or 4 PM local, with a 1/225 second shutter speed and aperture adjusted for contrast and 
exposure. The large format (9 in2) negatives scanned at 2400 dpi using a scanner and a special glass plate obtained from 
Scanatron, Netherlands and produced in Europe in order to minimize “Newton rings” in the resulting ~255 megapixel 
multispectral imagery. The resulting product is essentially a three band multispectral image with spectral response 
curves published by the film manufacturer (Agfa or Kodak). Two full HD cameras with GPS encoding are also used. 

Figure 1. Location of study area (left) along Space Coast, Florida. Example shoreline (middle) hyperspectral image (~10 cm2 pixels) 
showing submerged shallow features (3 band RGB image displayed) and presence of breaking waves in the surf zone, collected at 
1500 ft., on May 7, 2010. Estuarine causeway (right) in the study region collected at 1500 ft. using a large frame format camera (9 
scanned 2400 dpi Kodak) color negative image. The resulting approx. 255 megapixel multispectral digital image results with 1-2 cm2 
pixel sizes of subsurface submerged aquatic vegetation on both sides of the causeway, July, 2010. 

 

Various in-situ targets are used for enhancement and quantitative image analysis of submerged and subsurface feature 
extraction. For example Figure 2, below shows line targets obtain from an onboard 12.3 megapixel Nikon D2Xs camera 
at 1000 feet (left) and submerged targets (center). The approach is to conduct joint airborne as well as subsurface 
imaging from AUV’s as suggested in Figure 2 (right). 

 

 

Figure 2. Line targets observed from the airborne sensors are utilized in enhancement and subsurface detection algorithm development 
(left) and submerged targets (center) in the study areas. Ideally, in-situ targets are also analyzed using a combined airborne and 
subsurface AUV system of sensor probes (internationally patented “sondes”) as depicted (right) and described below. 
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The scanned film negatives result in approximately 255 megapixel images near 22000 x 22000 pixels.  AGFA 
panchromatic film was flown with a Kodak Wratten # 70 84 mm diameter filter that yields a grayscale image the 
“submerged vegetative red edge or solar induced peak between 690-700 nm (see Figure 3).  A Nikon D2Xs 12.3 
megapixel camera with a VR-NIKKOR 80-400mm lens with auto focus control and operated with a intervalometer is 
also used aboard the aircraft. The Nikon camera imagery is sequentially taken with the large frame camera imagery and 
paired with a WAAS enabled GPS with 1 HZ update encoded into the raw NEF format. The hyperspectral imager is a 
push broom sensor system with 1376 spatial pixels and consists of a Cooke Corporation (PCO) Sensicam QE double 
shoot camera that is cooled to -12 degrees C with a Peltier 2 stage forced air cooler. The system allows for 1024 to ~130 
spectral channels through use of software controlled CCD channel binning. The dark current is subtracted from each 
scan line and pixel. Scan lines are typically collected at approximately 20-30 HZ. A Motionode IMU is strapped to the 
“gimbaled mount” HSI camera for collecting 3 axis motion (yaw, pitch and roll) data at 100 HZ updates. A Garmin 496 
WAAS enabled GPS with 5 HZ position updates is integrated for scan line specific time, position, speed, direction and 
altitude data. All sensor data is time stamped using the system clock of a Fujitsu ST5112 tablet or slate computer. A 
PCO camera fiber optical cable connects the camera to the computer via an external PCI image acquisition card that is 
interfaced to the pen tablet computer via a MAGMA PCMCIA card and cable to an external PCI bus MAGMA external 
PCI chassis. A sophisticated software program was written to control the HSI sensing system data acquisition. The 
software utilizes multithread program techniques to allow separate streams for controlling the HSI camera and SPECIM 
interchangeable spectrographs, the IMU, and GPS. The spectrographs utilize various c-mount lenses produced for UV-
VIS-NIR imaging applications produced by Schneider Optics. Separate data streams are stored on a hard disk with time 
stamps raw data in binary format. The software allows for real time image display and acquisition, selection of 
integration time and delays, sensor binning, as well as display of spectral reflectance, radiance or digital signatures. 
These displays allow for selection of optimal integration time in order to insure the full dynamic range of the sensor is 
utilized without saturation. The scan lines are stored in ENVI format for postprocessing.  Radiance is calculated using 
sensor calibration data for each spectral channel. Reflectance for pixels are viewed in real time as a function of selected 
location  and simultaneously as a real time image utilizing each scan line as a function of the aircraft flight path. The real 
time spectral signatures and imagery are essential for optimal control of the HIS camera integration time, and scan line 
delay time or sequencing. The integration time is typically determined to optimize the digital and/or radiometric 
sensitivity of the camera for either (a) water, (b) land surface or (c) combined land & water imagery acquisition. 
Reflectance measurements are calculated utilizing calibration grey panels before the flight or during the flight using an 
SE590 solid state spectrograph connected to a fiber optic cable and cosine corrected downwelling sensor mounted on the 
top of the aircraft. Post processing of the HSI imagery data streams involves converting the primary binary file types to 
ASCII file types for use in geometric correction, georectification and georegistration of the reflectance imagery.  

2. RESULTS  
2.1 Large Frame Camera Imagery & Hyperspectral Imagery of the Water Surface  

The large format camera results in scanned panchromatic (left) or color multispectral (right) digital imagery. The 
panchromatic camera utilized a Kodak Wratten #70 filter and AGFA 400S PE1 film spectral response characteristics that  

 

Figure 3.  A scanned aerial image (left) showing the shallow submerged vegetation along a coastal causeway on May 9, 2010. The 
film and filter allow for the solar induced vegetative red edge near 700nm to be sensed using AGFA film as shown (center). Targets 
(right) are placed in the water for image enhancements for subsurface feature detection in the resulting multispectral color imagery. 
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 results in the sensing of the solar induced fluorescence or vegetative “red edge” feature in shallow submerged aquatic 
vegetation. When the panchromatic red edge band is flown in one camera, along with color film in a dual camera 
configuration, the imagery can be “fused” to obtain 4 bands of scanned multispectral imagery with pixels on the order of 
~2 cm2 pixels. These two types of high spatial resolution imagery form the basis of pan and multispectral sharpening of 
the hyperspectral imagery.  

An example hyperspectral image (3 band rgb image: 490, 530 and 698 nm) collected on July 28 is shown below after 
georeferencing the flight line using a base map and sequence of known targets and identifiable land features. The flight 
line shown was georeferenced using ESRI ArcGIS software.  

Figure 4. A georeferenced hyperspectral image (bands: ~490, 532, 698 nm) flight line taken on July 28th, 2010 over a peninsula and 
islands in the study area. The blue line shows GPS points collected from the 5 HZ GPS. The lower image shows an extracted subarea 
of the flight line & presence of submerged vegetation and docks. The upper right image is a zoomed area showing the islands. 
 
Spectral reflectance signatures from the imagery are shown in Figure 5 (below) for vegetation on the island and water. 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Spectral reflectance signatures from vegetation (400-850 nm) (right) from the georeferenced image (figure 4 above) and 
water reflectance signatures from a flight line collected in the study area. The approximate 10 in2 pixels clearly shows the submerged 
vegetation red edge in shallow water vegetation (left), and water (right) with a solar induced fluorescence peak near 700nm.  
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The blue center dots show the location of the GPS data collected in conjunction with the hyperspectral imagery. The 
figure on the right shows the locations of docks extending into the shallow grass beds. 

2.2 Automated Feature Extraction of Submerged Features 

Previous optimal band selections techniques and derivative wavelet spectroscropsy techniques developed by Bostater 
have been results in the ability to process bottom feature information in real time aboard the aircraft or in a post flight 
processing mode. Figure 6 (left) shows an example of optimal bands selected using either in-situ spectral reflectance 
data or airborne reflectance pixel data collected in conjunction with ground truth data along transects between in-situ 
targets. These algorithm techniques can be applied to develop aerial coverage maps (Figure 6) using actual airborne 
reflectance imagery based upon automatic feature extract techniques previously developed and as shown below.  

 

Figure 6.  (left) Resulting “optimal” six channel inflection ratio remote sensing algorithm (optimal derivative imaging spectroscopy - 
TDDS) algorithm. (r=0-88, p=0.0000) based upon reflectance imagery and ground based in-situ subsurface bottom type measurements 
of seagrass coverage. The middle and right images show results obtained from application of automated feature extraction techniques 
for aerial coverage of % coverage determinations (colored and striped regions (middle images). The techniques allow for calculation 
of aerial coverage in hectares of unique subsurface derived features and different bottom types. 
 
The techniques above are being applied to detection of aerial extent calculation of surface and subsurface oil 
determinations using digital imagery as shown in Figure 7 below (left & middle images).  In addition, Figure 7 below 
shows a hyperspectral image (bands 490, 532, 698 nm) of a coastal island in the study area collected during the summer 
of 2010. The hyperspectral imagery and techniques described above can be used to extract spectral features of exotic or 
unique land vegetation and ecology of species in unique habitat areas.  

Figure 7. Water surface imagery of oil mixtures (left, middle) collected in August 2010. The right image shows a digital hyperspectral 
image (bands: 488, 530, 698 nm) of a unique coastal island. The imagery are examples of the water and land surface imagery that can 
be used for extraction of surface features (oil covered water surface) or exotic and “unique” vegetative species for ecology studies. 

Proc. of SPIE Vol. 7825  78250H-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/17/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 
 

 
 

Subsurface imaging in aquatic habitats often requires augmentation from ground based sensors and platforms, as well as 
ground truth data for validation of image products. A good example of these augmentation platforms are autonomous 
underwater vehicles as shown below (Figure 8), or new “glider based systems that make use of buoyancy control for 
actual “motion control” or movements. In order to make these systems useable for environmental or ecological studies is 
the design and integration of various sensor systems or probes (sondes). The Underwater Technologies Lab at Florida 
Tech is in the developmental stages of utilizing AUV’s with the Marine & Environmental Optics Lab’s sensor systems 
for integration and testing of new remote sensing probes. Figure 8 shows a Bluefin AUV at Florida Institute of 
Technology being used for integration of new subsurface probe technology to be used in conjunction with airborne 
remote sensing systems described above. When subsurface features in the shallow water optical depths, the features can 
be observed by airborne sensors with the aid of ground validation instrumentation such as AUV’s with acoustic and 
optical (passive or active) probes. However airborne and satellite sensing systems cannot be used for sensing optically 
deep water types. Thus subsurface systems such as AUV’s need to be developed where features in optically deep waters 
are needed for detection and subsurface feature extraction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Photos of an AUV at Florida Institute of Technology being used in the development of internationally patented probes 
(sondes) for subsurface ground truth during airborne imaging flights and for “stand alone” operations and deployments in optically 
deep water types in southeastern US waters. These subsurface sensing systems on AUV platforms allow simultaneous acoustic and 
optical sensing technologies to be used for subsurface and near bottom feature extraction. 
 

3. SUMMARY AND CONCLUSIONS  
The purpose of this paper has been to describe and present recently developed and acquired airborne digital imagery, 
including scanned photogrammetric multispectral images collected from large format cameras, as well as imagery from a 
newly developed hyperspectral airborne sensing system.  Imagery from these different imaging systems when utilized 
with remote sensing algorithms demonstrate the ability to obtain high spatial resolution (on the order of a few cm2  to a 
meter pixel sizes) . The high spatial and spectral resolution imagery shown in te paper are new examples of technology 
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useful for the characterization of  the water surface as well as subsurface  features in aquatic systems. The dual use of 
airborne and in-situ sensing systems has been described that have today and will continue to be developed and used in 
surface and subsurface monitoring in freshwater, estuarine and coastal ocean water types. Optimal selection of remote 
sensing technologies aboard various platforms, including AUV’s, are required to help solve the complex environmental 
problems facing societies around the globe today. 
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