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ABSTRACT
Imagery is presented along with calibration and testing procedures of several airborne imaging systems. The low altitude
airborne systems include a cooled hyperspectral imaging system with 1024 spectral channels and 1375 spatial pixels.
The hyperspectral imaging system is collocated with a full resolution high definition video recorder for simultaneous HD
video imagery, 12.3 megapixel digital images for multispectral "sharpening" the hyperspectral imagery, or large frame 9
inch film cameras yield scanned aerial imagery with approximately 2200 by 2200 pixel multispectral imagery. Two high
spectral (252 channels) and radiometric sensitivity solid state spectrographs are used for collecting upwelling radiance
(sub-meter pixels) and a downwelling irradiance using a fiber optic irradiance sensor. These sensors are utilized for cross
calibration and independent acquisition of ground or water reflectance signatures. The upwelling spectrograph is
integrated to collect signatures collocated with a 12.3 megapixel Nikon D2Xs with 5 HZ WAAS GPS input for mixed
pixel analysis in conjunction with the other sensing systems. In addition to the airborne hyperspectral sensors, traditional
photogrammetric imagery can be collected from dual 9 inch frame cameras capable of using a combination of
panchromatic, color or color infrared film types. The panchromatic film can be collected with special filters designed to
create spectral windows, such as the "red edge" which is useful for land or shallow submerged vegetation and live coral
detection. The 9 inch film negatives are scanned to produce over 250 megapixel scanned multispectral imagery for sub
pixel assessments and for image fusion sharpening of the hyperspectral imagery. The scanned imagery covers larger
spatial regions and is thus useful for geospatial registration, rectification, and spatial sharpening of the hyperspectral
imagery along flight lines. All of the imagery allow for modern research in the use of sun and sky glint regions in
imagery to identify water surface wave field characteristics as well as oil slicks. The systems described provide unique
data sets of for modern airborne or satellite remote sensing algorithm development and testing of radiative transfer
models useful in studying the environment at small spatial scales.
Keywords: image analysis, submerged targets, calibration, hydrologic optics, airborne sensors, airborne imagery,
hyperspectral sensing, multispectral imagery, radiative transfer, subsurface feature extraction, cameras.

1. INTRODUCTION
1.1 Background
Large field of view sensors as well as flight line tracks of hyperspectral reflectance signatures are useful for helping to
help solve many land and water environmental management problems and issues. High spectral and spatial resolution
sensing systems are useful for environmental monitoring and surveillance applications of land and water features, such
as species discrimination, bottom top identification, and vegetative stress or vegetation dysfunction assessments1. In
order to help provide information for environmental quality or environmental security issues, it is safe to say that there
will never be one set of sensing systems to address all problems. Thus an optimal set of sensors and platforms need to be
considered and then selected. The purpose of this paper is to describe a set of sensing systems that have been integrated
and can be useful for land and water related assessments. In this paper we describe the calibration and use of a set of
sensing systems currently being used. Recently collected selected imagery and data are presented from flights that
utilize an aircraft with a suite of sensors and cameras. Platform integration, modifications and sensor mounting was
achieved using designated engineering representatives (DER) analyses, and related FAA field approvals in order to
satisfy safety needs and requirements.
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1.2 Airborne Instruments, Calibration and Systems
Film systems reported in this paper were obtained using traditional 9 inch mapping cameras utilizing 12 inch focal
length cones, and using Kodak color negative film, AGFA panchromatic or color films, and Kodak color infrared film.
When using AGFA panchromatic negative film ( with extended UV and IR spectral response), one can also use a
blocking filters, such as a Kodak Wratten # 70, that result in imaging a narrow band of light as shown in Figure 1 (left).
This allows the collection of the red edge feature in land or shallow water submerged vegetation or coral species.
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 allows for minimization of
“newton rings” in the resulting ~255 megapixel multispectral imagery. Experience has shown that this method works
very good with AGFA films. For color negative films, the resulting product is essentially a three band multispectral
image with spectral response curves published by the film manufacturer (Agfa or Kodak). In-situ targets are used for
calibration of the imagery using a combination of white, black or gray scale targets.

Figure 1. Example spectral response of the Wratten #70 filter and the AGFA panchromatic film spectral response curve (middle)
results in an airborne imaging of the “vegetative red edge” spectral region2 (left) in an image collected in July 7, 2010. Ground and
in-situ water (submerged) targets (middle right) are used for image calibration, scale and pixel size verification from airborne flights.
The aerial negative scanning process is calibrated using a scanned target with known sub-millimeter scales (right) that shows 0.005
mm to 5 um scanner resolution using a 2400 dpi scanner.

Airborne targets are used for calibrating traditional film as well as digital sensor data for spatial and spectral
characteristics using in-situ floating targets in the water as shown below. Targets are also placed along the shoreline as
shown above in an actual airborne scanned aerial image (above right) and as shown below in Figure 2. Airborne
“spectral color” targets have also been used as shown below when placed in the airborne scene before a flight as shown
below or above (right) an ocean beach and shoreline (below). These type of land and water targets are used for image
enhancement techniques, for use as GPS georeferencing ground control points, and georeferencing accuracy
assessments.

Figure 2. In-situ water targets are used after precise GPS location is obtained (left) during deployment for image enhancement and
georeferencing accuracy assessments. Black, white, gray and line targets (middle) are used for image and contrast adjustments of
scanned aerial imagery and color targets (right) are used for spectral calibration purposes.
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Scanned film negatives result in approximately 255 megapixel images with approximately 22000 x 22000 pixels. AGFA
panchromatic film was flown with a Kodak Wratten # 70 84 mm diameter filter that yields a grayscale image of the
“submerged vegetative red edge or solar induced peak between 690-700 nm (see Figure 2). A Nikon D2Xs 12.3
megapixel camera with a VR-NIKKOR 80-400mm lens with auto focus control and operated with an intervalometer is
also used. The Nikon camera imagery is sequentially taken with the large frame camera(s) and paired with a WAAS
enabled GPS with 1 HZ update encoded into the raw NEF format. Two full HD JVC 1920 x 1080p video cameras
operating with a 30 HZ frame rate with GPS encoding (1 HZ) in each frame is also used for land and water surface
imaging. One is for use in flight tracking and the other one is mounted next to the hyperspectral imaging system
described below.
The integrated hyperspectral imager is a newly developed pushbroom sensor system with 1376 spatial pixels and a
maximum of 1024 spectral channels. The HSI camera consists of a Cooke Corporation (PCO) Sensicam QE double
shutter camera that is cooled to -12o C with a stabilized Peltier 2 stage forced air cooler. The system allows for
temperature stabilized 1024 to ~130 spectral channels with 12 bit digital resolution with extremely low dark current. The
camera system can also be operated using software controlled CCD channel binning using the customized software
developed in our lab. Scan lines are typically collected at approximately 20-30 HZ. A Motionode IMU is strapped to the
“gimbaled mounted” HSI camera for collecting 3 axis motion (yaw, pitch and roll) data at 100 HZ. A Garmin 496
WAAS enabled GPS with 5 HZ position updates is integrated for scan line specific time, position and speed, direction
and altitude data. All sensor data is time stamped using the system clock of a Fujitsu ST5112 tablet 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 the external MAGMA external PCI bus
box. A sophisticated software program was written to control the HSI sensing system data acquisition. The software
utilizes multithreading programming techniques to allow separate streams for controlling the HSI camera and SPECIM
interchangeable spectrograph cores, the IMU, and GPS. The spectrograph core based system utilizes interchangeable cmount lenses produced for UV-VIS-NIR imaging applications produced by Schneider Optics. Separate data streams are
stored on a hard disk with time stamps for each scan line in binary format. The software allows for real time image
display and acquisition, selection of integration time and scan line delay time, sensor binning, as well as display of
digital counts, spectral reflectance or radiance 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 post processing. 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 HSI camera integration time, and scan line delay time or sequencing. The integration time is set 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, after the flight, or during the flight using an SE590 solid state spectrograph connected to a fiber optic cable and
cosine corrected downwelling sensor. Post processing of the HSI system data stream involves converting the primary
binary file types to ASCII file types for use in geometric correction, georectification and georegistration of the
reflectance imagery.
1.3 Hyperspectral Imaging System Calibration
The hyperspectral imaging system was developed by integration of the Cooke - PCO Sensicam QE double shutter
camera with a ImSpector V10E (400 – 1,000 nm with 2.8 nm spectral resolution) or V8E (380-800 nm with 2 nm
spectral resolution) transmission spectrograph core. Either spectrograph allows use of the 2/3 inch CCD with full frame
shutter operations of 20-15 HZ image acquisition using the PCI bus card and fiber optic connection to the camera and
PCI camera controller. The system uses a necessary blocking/cutoff filter for collection of correct spectral wavelengths
and a variety of Schneider C mount lens are used with transmission in the UV-VIS- NNIR spectral region and do not
require refocusing across the spectrum. As indicated above, the software we developed allows for spatial and spectral
binning. The Spectral response curve of the CCD is shown in Figure 3 below. The hyperspectral camera system is UV
sensitive, and has excellent response for imaging clear natural waters due to its sensitivity in the blue at 490nm. The
spectral response also shows high quantum efficiency near 532 nm is near the location of the reflectance “hinge point”
commonly found as one travels from CASE I to CASE II and turbid, high chlorophyll water types. The high quantum
efficiency in the solar induced fluorescence region of ~698 nm is useful for water phytoplankton pigment detection as
well as the “vegetative red edge” for shallow submerged sea grasses, “live corals”, and land vegetation. These factors
make the camera a good selection for environmental monitoring and surveillance surveys. The UV sensitivity is useful
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for detecting surface films and oil spill plumes in water as well. We have found the UV sensitivity of the spectrograph
allows imaging to less than ~350 nm. Use of a Baader UV transmission filter allows imaging in the UVB region or
alternatively, a Wratten #18A, or Hoya U-340 UV transmission filter region for UV imaging. Custom made dual 20 inch
calibration spheres acquired from Optronics Laboratories (Orlando, Florida) allow for spectral radiance calibrations. One
is for low light calibration (useful for subsurface water imaging) as well as for standard outdoor illumination ranges.

Figure 3. Hyperspectral Imaging (HSI) System camera spectral response curve (left) and indicated important spectral regions for
water surface film detection (oil plumes) in the UV, clear natural water (490 nm), water reflectance hinge point region (~532 nm), and
the solar induced solar fluorescence for submerged sea grass, chlorophyll and “live corals”, and vegetation dysfunction in the “red
edge spectral region at 697 nm using the low light mode of the camera. Picture of the custom dual 20 inch calibration spheres for
radiance and spectral wavelength calibration of the HSI system.

Spectral line sources are used to generate a linear relation between the CCD channel and wavelength as shown in Figure
4 below. Linearity responses of the channels are excellent, even at low light levels in the UV channels (upper right).

Figure 4. Calibrations of the hyperspectral pushboom imaging system includes changing the calibration sphere light intensity (upper
right) and obtaining the linear response for each spectral CCD channel (upper left low light UV channels) and upper middle (VIS
channels. Spectral lines sources such as deuterium line sources and lasers (lower left, middle) allow CCD channel wavelength
calibrations. The CCD channel and wavelength relation shown (lower right) shows excellent linearity for this HSI imaging system.
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The HSI system utilizes C-mount UV-VIS-NIR transmission lenses. The pushboom camera scan line field of view
(FOV) needs to be calibrated using a laboratory based imaging system for collecting HSI imagery and uses a translating
optic bench system that was custom designed for HSI camera calibration purposes (see figure 5, below). In addition, the
field of view is verified using flight line data after image rectification and georeferencing. The laboratory system is also
used for alignment of the spectrograph core and the camera for spatial-wavelength-CCD channel adjustments and for
lens focusing testing using laboratory targets and for spectral smile and spatial keystone effects calibration3.

Figure 5. Example hyperspectral pushbroom “image cubes” collected of laboratory targets for calibration and adjustments of smile
and keystone (left& middle) using a laboratory translating ~ 4 meter optical bench located ~ 2 meters above the targets spectrally
calibrated targets.

Pushbroom calibration & testing in the laboratory and the field includes corrections to acquired hyperspectral imagery
for yaw, pitch and roll of the mobile platform (ship, plane, or mobile vehicle). To assist in these corrections, a IMU was
utilized and mounted to the gimbaled camera mount. Laboratory and field imagery was collected and IMU data collected
between 60 and 100 HZ. Each scan line in an image is post processed with resampled IMU data, providing yaw, pitch
and roll data. Outdoor image acquisitions are made using mobile platforms and include a WAAS 5 HZ GPS data
collected for image hyperspectral image for rectification and georegistration along the sensor track in the lab or actual
flight line4.

Figure 6. Laboratory HSI imagery (left) is collected using a translating optical bench with the HSI system mounted in the laboratory
on a gimbaled (right) camera mount and looking at the above target (left). An IMU mounted to the gimbaled HSI camera collects yaw,
pitch, roll and induced track curvature (measured with a GPS). Laboratory calibration and tests are conducted in the lab as well as
outdoors (ambient imagery) in order to correct for laboratory controlled motion induced blurring induced during calibration and
testing. Custom software is then used to post process and correct (rectify) the imagery before actual georegistration and
panchromatic-multispectral-hyperspectral sharpening of the hyperspectral imagery using specially designed software and algorithms.
The above image (right) shows the influence of camera “roll” during a image collection sequence over a target in the laboratory.

2. RESULTS
2.1 Simultaneous Hyperspectral & Large Format Photogrammetric Imagery of the Land and Water Surface
Figure 7 below shows a 3 band rgb image from a Hyperspectral image cube (bands: 489, 532, 640 nm) obtained July 28,
2010. The upper image has been rectified using ground control points along the road, and is then georeferenced (middle
image) using 5 HZ GPS data. The image was collected at ~2,000 meter during calm sea state conditions indicated by the
lack of sun glint in the shallow seagrass beds located on either side of the causeway.
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Scaled Reflectance

Figure 7. (top) An image from the HSI spectral cube (bands: 489, 530, 640 nm) collected 7/28/ 2010. The image has been rectified
using ground control points (along the road), and georeferenced using 5 HZ GPS data (middle image). Imagery was collected at
~2,000 m altitude during calm sea state conditions. Integration time was optimized for water in order to use the full dynamic range
over water and vegetation (thus the roadway is saturated). The lower right graph shows example scaled reflectance extracted from the
hyperspectral 260 spectral band image: vegetation (top), seagrass (middle) and turbid water (bottom) graphs.
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Figure 8 below shows a large format mapping camera scanned color negative image (~ 255 megapixels multispectral

Figure 8. Simultaneous large format scanned aerial image collected 7/28/2010 along with the hyperspectral image (figure 7 above)
with resulting a few cm2 pixels. The large format camera imagery and the HSI imagery are being used for panchromaticMultispectral-Hyperspectral data fusion and HSI spatial-spectral sharpening for improved subsurface imaging in shallow water types
and for related enhanced subsurface detection of bottom features.

image) with pixel size of a ~ 3 cm2. The combination of the high spatial scale panchromatic imagery referenced earlier
and color photogrammetric scanned imagery (Figure 8) is being used for data fusion research involving panchromaticmultispectral-hyperspectral spatial and spectral sharpening. The above image was collected with a 12 inch cone, 9 inch
frame camera flown simultaneously with the hyperspectral imaging system for ecological and environmental resource
management and related science applications.
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3. SUMMARY AND CONCLUSIONS
The purpose of this paper has been to describe different calibration approaches and techniques useful in the development
and application of remote sensing imaging systems. Calibration includes the use of laboratory and field techniques
including the scanning of photogrammetric negatives utilized in large format cameras, as well as in-situ targets and
spectral wavelength and radiance calibration techniques. A newly integrated hyperspectral airborne pushbroom imaging
system has been described in detail. Imagery from different integrated imaging systems were described for airborne
remote sensing algorithm development using high spatial resolution (on the order of a few cm2 to larger sub meter pixel
sizes) imaging systems. The high spatial and spectral resolution imagery shown in this paper are examples of technology
for characterization of the water surface as well as subsurface features in aquatic systems.
Other ongoing applications in the Marine & Environmental Optics Lab making use of data from the remote sensing
systems described in this paper are for (a) land surface vegetation studies needed for ongoing climate change studies
currently being conducted in coastal Florida scrub vegetation studies and (b) layered radiative transfer modeling of
surface and subsurface oil signatures for sensor comparisons and related algorithm development to detect surface and
subsurface oil4 using spectral and spatial data fusion and sharpening techniques.
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