Background and Study Concerning Water Wave
Effects on Airborne Imagery
Charles R. Bostater Jr.a
Marine Environmental Optics Laboratory & Remote Sensing Center
College of Engineering, Florida Institute of Technology, Melbourne Florida 32937

ABSTRACT
This paper describes ongoing research and initial results regarding collection of airborne imagery for detection
of submerged features in optically shallow water types. The approach is to utilize land surface, water surface and
submerged or in-situ line targets of various types during the airborne flights or fixed platforms. The imagery collected by
the airborne sensing systems is processed in concept to correct for the presence of the water surface wave effects and
water column effects. The correction approach is based upon calculation of a residual image between either (a) the
observed submerged target image and the non-submerged image or (2) the observed submerged target within a scene and
a synthetic image of the same scene. The residual image thus contains the distortion and blurring effects due to the
presence of water waves and the water column. The residual image contains the information needed to scientifically
explain in order to improve our scientific understanding of submerged feature recognition. The approach is described can
be applied to airborne, fixed platforms, modeled hyperspectral signatures as well as hyperspectral synthetic reflectance
imagery of environmental media, features and objects within such media. When applied to hyperspectral airborne
imagery of water, the techniques an be used to identify and optimize the bands and channels that can also be utilized in
creating filters to be used in traditional, but high spatial resolution mapping cameras for mapping aquatic and coastal
environments. Results presented of submerged target imagery demonstrate the ease to detect submerged features on the
order of 3 cm2 using airborne digital data as well as traditional scanned film cameras. The results suggest that gravity
wave effects may be removed from low altitude and high spatial and spectral resolution airborne imagery by careful
calibration of airborne sensors, especially focal plane focusing calibration and related sensor settings.
Keywords: airborne remote sensing, photogrammetric systems, reflectance spectroscopy, environmental surveillance,
hyperspectral remote sensing, environmental optics, water surface waves, shallow water sensing, target detection,
benthic habitat, environmental monitoring, image processing, algorithms, signal processing, digital cameras.

1. INTRODUCTION
To date, satellite system sensors for earth science applications have been designed for use to provide information
concerning environmental processes at a global scale and occasionally at a regional scale. Many environmental
processes have time scales much less than a day and spatial scales much less than or on the order of 1 m2. These space
and time scales are much smaller than those obtained from existing and future satellite sensors with high signal to noise
data. Thus, the use of many earth system science imaging platforms from space cannot provide solutions to problems
posed by high spatial, spectral, temporal, digital and radiometric resolutions required for many industrial, state and local
government management agencies as well as for use in related safety issues.
Traditional film based photgrammetric imagery has the capability for high spatial resolution on the order of cm2 and are
traditionally applied to information needs requiring high spatial resolution. However these large frame cameras have
traditionally not been used to obtain narrow band imagery due to the way these cameras have been built by the
manufacturers. In addition, films used in the cameras typically have broad spectral sensitivity, thus limiting the potential
a
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use of them in airborne imaging spectroscopy. Another limitation in their use has been the lack of readily available
filters designed for specific detection uses and application of advanced remote sensing algorithms. In fact, most users of
satellite data as well as film mapping cameras are not aware of or trained concerning the possibility of using
multispectral filter capabilities, let alone, higher spectral resolution opportunities. In fact, film mapping cameras still
widely used today by US federal and state agencies and professional airborne mapping companies supporting agency
needs, are not in wide production due to high costs.
On the other hand, many companies have invested in production of hyperspectral airborne camera systems, but their
field of view is so small due to sensor limitations, that they can not easily be used for large mapping without extensive
“patching or stitching” of flight lines producing limited spatial accuracy in final image products. In addition, the final
imagery has been “massaged” so much by untrained professionals, that the final products do not yield spectra of any
value necessary to calculate needed geophysical variables. This is particularly true when the data are collected over
water areas and used for synthetic signature evaluations and models (Bostater, et. al, 1995, 1996, 2002)
To address the limitations and needs in airborne image acquisitions as suggested above for water monitoring, as well as
for rapid remote sensing surveillance assessments of vegetation stress and dysfunction, soils, and urban areas, new
techniques are being developed and reported in this paper. The final goal of the techniques is to transfer the scientific
rigor we use in digital hyperspectral sensor calibration to airborne film based mapping cameras. It is believed the
approach discussed above and below is only limited to the quality of properly calibrated sensors and the resulting data in
conjunction with ground validation methods. Thus there is an imperative for properly calibrated sensor systems and
techniques in order to reduce system errors that translate into detection errors (Type I and Type II), as well as the need to
simulate or create synthetic signatures and imagery in order to test our scientific understanding - which is observable in
the residuals between predicted and observed signatures. Figure 1 and figure 2 shows the approach the author has
pioneered and is applying to airborne imagery and “synthetic” or simulated signatures
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Figure 1. Conceptual approach used to identify shallow water features using in-situ line targets during airborne flights and in the
computation of synthetic imagery with numerically embedded underwater line targets. The lower right digital image is an example of
an in-situ line target acquired and shows the influence of water surface gravity waves.
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Figure 2. Conceptual methodology for calculation of residual imagery from observed imagery, targets and/or synthetic imagery. The
residual imagery contains information to be explored and explained using scientific knowledge of capillary and urface gravity waves
and/or the water column optical characteristics, as well as the submerged feature reflectance or target reflectance characteristics.

2. METHODS
Airborne digital and film cameras are used to collect imagery of shallow coastal waters. Imagery is typical flown at
altitudes from approximately 500 to 1,000 m for digital cameras and medium frame cameras, and 1,000 to 4,000 m for
large frame film cameras. We have also collected digital imagery in CASE I waters over Caribbean waters on the order
of 8,000 meters or around 24,000 ft altitude with good initial results as indicated in figure 3 during camera test flights
during the summer of 2008 using a Nikon 12.3 megapixel camera with real-time display and storage on to a computer,
real-time Garmin Inc. WAAS GPS encoding on the NEF metadata tag, and a time variable intervelometer for “on-thefly” individual or sequential image acquisitions.
In addition, the upwelling irradiance is measured using either digital cameras as described above or medium and large
frame film cameras, as well as a hyperspectral 1024 channel digital imaging pushbroom sensing system based upon a
SPECIM transmission spectrograph in conjunction with a Cooke Corporation (PCO) peltier cooled, high speed
SensiCam QE enhanced digital camera with a 1280 pixel swath. Data recording occurs via a fiber optic link from the
hyperspectral imager to the computer. The downwelling light is recorded from a special fabricated lens mounted to the
top of the aircraft in a manner to maintain a pressurized cabin at high altitudes, and is shown in figure 4. The
downwelling sensor utilizes an International Light, Inc. cosine corrected irradiance sensor, coupled to a fiber optic
sensor which collects downwelling spectra at 1 second intervals using a high spectral and radiometric sensitivity, 12 bit
Spectron Engineering SE590 solid state spectrograph. Separation of the downwelling and upwelling hyperspectral
instruments allows for operation of an additional independent SE590 upwelling spectrograph mounted forward of the
cabin in order to allow flight “track” recording of hyperspectral signatures for independent calibration and validation of
the imaging spectrograph, or for independent flight line spectral signature collections.
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Figure 3. Example 12.3 megapixel digital image collected at 8,000 m altitude over the Caribbean Sea Case I optically shallow waters
during a June, 2008 flight using a 12.3 megapixel camera system as described above. Note the clarity and ability to discriminate
variations in bottom topography from shallow to deeper Caribbean waters.

Figure 4. Downwelling irradiance sensor mounted within the upper skin of the pressurized aircraft. The irradiance sensor connects via
a fiber optic cable to a SE590 high radiometric sensitivity and high spectral resolution solid state spectrograph to collect hyperspectral
signatures of total direct and indirect irradiance. The sensor system allows for independent measurement of downwelling skylight for
detecting atmospheric and cloud cover conditions at different flight levels.

Airborne vertical images are insured by utilizing standard sight bubbles as shown in figure 5. The upwelling
hyperspectral signatures collected along a flight track with a SE590 spectrograph (also shown in figure 5) is collocated
with digital and/or medium frame cameras such as a Pentax 645, using 70 mm film cartridges or a Vinten 70 mm high
speed (3 frames/sec) camera, both with a dedicated independent intervelometer system. All SE590 systems collect data
via imaging through the slit, whereas the camera systems are modified to utilize polarizing filters or selected Wratten
type filters for optimizing film and target recognition as well as for using filters which turn the effective B&W or RGB
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or infrared film images into pre-selected multi-spectral channel film cameras. Figure 5 (bottom) shows the hyperspectral
imaging system which collects 1024 channels from around 400 to 1100 nm with 1280 pixels along the pushbroom sensor
swath. The two graphs in figure 5 show typical hyperspectral spectra from a shallow water submerged vegetation (upper
graph) pixel and 2 types of corals (stag horn and boulder coral). All graphs show the chlorophyll absorption, backscatter
and solar induced fluorescence features commonly observed by the author in surveys since 1988.
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Figure 5. Upper left image shows a camera port fitted with a digital camera with a polarizing lens for viewing water surface waves.
The lower right image is the lens of a large format 9 inch film camera in a different camera port. The upper middle image shows the
sight bubble used for insuring vertical digital images are collected. The lower middle image shows the upwelling radiance SE590 high
sensitivity (252 channels) solid state spectrograph used for imaging on the slit. A duplicate sensor connected via a fiber optic cable is
used to measure the downwelling irradiance. The right image shows the 1024 channel (peltier cooled) pushbroom hyperspectral
imager which collects 1280 pixels along the aircraft flight path. The graphs show typical hyperspectral signatures from the
hyperspectral sensors for corals (upper) and sea grass (lower).

During the process of instrument calibration of digital and film cameras, hyperspectral systems and during aircraft
imagery collection, targets are commonly used to in the calibration and detection process. Such targets have been rarely
mentioned in published literature, but are extremely important in airborne remote sensing science and applications. For
example, in order to correct for instrument smile effects, a target shown in figure 6 (upper left) is commonly used to
insure vertical or horizontal lines are preserved. Figure 6 (middle left) is a laboratory target used for focusing the
hyperspectral spectrograph, lens and camera system’s integration. Figure 6 (lower left) is used in calibration of the high
resolution film scanners used to create ~ 475 mega-pixel scanned RGB digital imagery from the 9 inch frame cameras,
with ground reference target detection on the order of 3 cm2 with 6 inch film camera cones and less than 2 cm2 ground
reference detection with 12 inch film cones. Currently the systems being used are dual 12 inch cones with 9 in. film from
AGFA and Kodak. Large frame camera panchromatic, color and infra-red film types allow for excellent imaging of
water surface waves and submerged targets as demonstrated in imagery shown later in this paper. Figure 6 (right) is a
target used for calibrating the pushbroom hyperspectral camera spatial characteristics. The line target shown, as well as
the other 2 targets shown in figure 6 have been used. A pushbroom sensor laboratory based calibration system, or motion
control system for testing the pushbroom motion effects on imagery has been developed. This system allows for
simulation the linear track motion of aircraft cameras and hyperspectral imagery along a flight track. Currently we are
working on including 3 axis motion controls testing for collecting laboratory data with known yaw, pitch and roll effects
for future research activities.
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Figure 6. Laboratory targets used for hyperspectral imaging system calibration for image smile (upper left), system focusing (middle
left) and for pushbroom motion (right). In addition, film scanners used for converting medium and large frame camera film require
spatial and spectral calibration using targets shown (lower left).

As suggested above and conceptually indicated in figure 1 and figure 2, targets of various types are used during aerial
image collection. Representative in-situ targets are shown in figure 7 below. These include various line targets that can
be placed on the land surface, water surface or submerged in shallow waters. When land and submerged targets are
simultaneously utilized in an airborne image acquisition flight, a target registration operation is possible in order obtain
an aerial residual image as indicated in figure 2. In his case, the residual image contains information concerning the
distortion, blurring and gravity wave effects upon the submerged target. This technique of residual image analysis is
proving useful to understand how the water wave field effects may be removed from a scene. In addition, the
enhancement of the observed scene in order to improve recognition of the targets yields a straight forward manner to
enhance the imagery in order to detect submerged or benthic features within a water column. Targets are also located on
the water surface for image registration and rectification purposes. As shown in figure 7 (middle lower image) the white,
gray or black target can easily be located by ground based survey grade GPS before a flight. These targets are then easily
detectable in either digital or scanned film images obtained from aircraft. These images have proven themselves
extremely valuable in assessing image registration errors. Large targets are spectrally matched or calibrated to NIST
traceable Spectralon targets for estimating the influences of the atmosphere on imagery. These targets are coated with
carbon black and barium sulfate pigmented latex paints which are made to be resistant to heat and moisture effects.
These targets (shown in Figure 7 (upper left, middle left) can be made quite large by creating a “target bundle”
consisting of many 4ft by4ft. targets or 8 by 4 ft. targets. Very large nyquist line targets have also be made as well as
image targets for in flight focus calibrations of the airborne sensors being used. The focus calibration is typically
important for low altitude flights from film and digital sensing systems as will be shown below.
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Figure 7. Example aerial targets used as either submerged, floating or placed on the ground during aircraft flights. The upper and
middle right targets are examples of large targets used to cover large areas. These types of targets are calibrated to traceable NIST
black or gray Spectralon panels. The example nyquist target has been used to determine ground detection capabilities. The various line
targets are submerged and then rectified and registered to ground targets in order to correct and enhance images to detect submerged
features and to correct for water wave effects.

Sensor calibration forms a set of critical tasks to be implemented when conducting airborne remote sensing. These tasks
are not typically needed to be understand or conducted by users of global satellite imagery, since sensor calibrations are
typically conducted under the auspices of agencies funding the satellites and onboard sensors. It is also important for
airborne data providers to realize and understand the importance of sensor calibrations. When conducting airborne
hyperspectral flights, conduct of accurate radiance calibrations before and after flights are necessary if radiometric
accuracy is needed to calculate reflectance imagery. Radiance calibrations are most readily conducted utilizing
calibration spheres as shown in figure 8 (upper left). If low light levels will be measured over dark targets, such as
water, low light level calibration spheres may be necessary also. These spheres produce spectral light output as a
function of wavelength (Figure 8, upper middle graph) and light intensity as shown in figure 8 (upper right). In addition
to the calibration of radiance from digital counts using a sphere, spectral line sources (figure 8, lower left) or lamps
(figure 8, lower idle) are utilized to produce wavelength versus channel calibrations as shown in figure 8 (lower right).
These calibrations are crucial for sensor system characterizations and determination of the system’s linearity. The sensor
system must be linear to less than 1 percent if it will be used to directly measure reflectance of targets and objects from
digital counts obtained from the upwelling and downwelling data.
Calibration of the hyperspectral and digital cameras also require correct focus on the targets to reduce image blurring,
distortion as well as insuring the ability to help see below the water surface. The focusing calibration is not widely
considered in airborne image acquisitions since the system used from manufacturers are generally calibrated for
acquisition of imagery at an “infinity” focus - however aircraft flights at low altitude present new challenges, but
rewarding results as will be shown in results below.
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Figure 8. Hyperspectral sensing system calibration results using dual calibration spheres for low light level and full sunlight radiance
levels. The spheres provide the relations between digital counts and radiance or luminosity (upper figures). Line sources and spectral
lamps provide (lower left and middle graph) the spectral wavelength calibrations (lower right) for each channel or band in the
hyperspectral imaging system. Line sources also provide information necessary for spectral channel characterizations such as center
wavelength and channel full width half height (FWHH) spectral response curves.

3. RESULTS
In this section results demonstrate the important of focal plane focus in airborne imagery and imagery collected in the
lab, as well as from a fixed platform. The results of utilze calibrating the hyperspectral sensor in the laboratory using lab
based targets show in figure 9. In these examples the hyperspectral imager was placed on linear translation sensor
mounting platform which simulates a moving platform pushbroom sensors shown in figure 6 to collect image cubes .

V

VA

Figure 9. Example 3 band view of hyperspectral cubes of targets used for lens system focal plane focus and smile calibrations using
the pushbroom image translation control system in the labatrory. Targets are used for focal plane and spectrograph calibration before
an airborne flight. In this example pixel sizes are on the order of a few millimeters.
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The importance of focal plane focusing is demonstrated in the results obtained from airborne flights in Florida, a flight
collected over Canadian waters, both of line targets shown below. Results are also shown coral in Bahamian waters
taken from an elevated platform. Figure 10 shows the results of targets and image aquistion at an altitude of
approximately 500 m. One can observe the blurring due to small capillary and gravity waves, although the water surface
waves. The black and white line targets were submerged to a depth of approximately 2 meters during high slack tide.
The 2 line targets shown below consisted of black and white 5 cm wide lines, and the targets are 122 cm2 square. A third
target observed in the image is a 122 cm2 square target that has been coated on the diagonal in black and white as
described in the methods section. Figure 11 shows a coral head image viewed 1 meter below the surface with shutter
speed of 1/800 sec. The water surface waves are learly evident.

Figure 10. Airborne digital 3 band RGB image taken at 500 m altitude of two 122 cm2 submerged line targets with 5 cm wide black
and white lines. The line targets were submerged (2 m depth) and show image blurring due to water waves. The middle target is a 122
cm2 triangular black and white submerged target. The image has been processed to enhance detection of the 2 cm submerged line
features. The imagery demonstrates the ability for subsurface feature detection in shallow water.

Figure 11. Digital 3 band image of a Bahamas, Spanish Cay, submerged coral head (approximately 29 cm diameter) submerged in 1
meter of water. The image was taken from a fixed platform 6 meters above the water surface. In this image the camera was focused
for viewing the water surface. The small capillary and gravity waves are clearly observed above the coral. The shutter speed was
1/800 second to reduce the blurring effect of the water wave motion.
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Below is an image of the same coral head taken with the same shutter speed, however in this digital 3 band RGB image
the focal plane has been adjusted in order to bring into focus the coral head at 1 m below the water surface. This type of
“subsurface image focusing” presents the results of careful attention to focal plane focusing which is commonly ignored
in subsurface imagery acquisitions and is thus an important calibration issue in collection of low altitude imagery.

•

•

Figure 12. Three band RGB image of the coral head shown in figure 11 above, except with “subsurface focus” before acquisition
which in essence allows one to capture an image of the target located below the water surface without viewing the water surface. The
distortion effects observed around the coral head are due to the water surface wave effects surrounding coral in the same image plane
as the submerged target’s water depth.

The structure surrounding the image is purely the result of the viewing the subsurface coral head with a focal depth set to
the depth of the submerged coral. The appearance of water wave effects is visible in the elongated features below and
above the coral head. Although not shown in this paper, the sequence of images taken at the time of figure 12
occasionally showed subtle magnifying effects observed in surface of the submerged coral surface.
The above images show the influence of waves on imagery which results in target blurring and distortion. The effects of
surface waves on subsurface detection changes as the pixel scale of the imagery changes. As the size of the feature being
detected changes from a few cm to 20 cm or more, or a meter or more, the effect is to disable small target detection in
clear shallow waters. At a scale of 1 meter pixel size, the water surface wave effects is most obviously observed or
recorded as what we call sun glint or specular reflection. In addition to specular reflection, the light
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Figure 13. Plot of reflectance and spectrum of sun glint (left) observed in 1 m ground pixel aerial hyperspectral RGB image (right).
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upwelled from below the water surface is also reflected because the subsurface-water surface has a mirror like
reflectance - as observed by divers. The effect of the waves are thus to induce areas of light focusing and defocusing
similar to the light focusing performed by glass or plastic transparent lenses. Figure 13 above shows the effect of sun
glint on 1 m pixel RGB image from 3 bands selected from an airborne hyperspectral image cube flown at approximately
1,000 meters. The blue line shows a horizontal row of pixels extracted and plotted to the left of the image.
In this plot it can be seen that the capillary and gravity wave spectrum yields a periodic spectrum in the change in
calculated reflectance which makes the development and application of science based remote sensing algorithms
(Bostater and Gimond, 1996) difficult, with results that could be highly dependent upon the ability to remove the
influence of wave effects. In fact, without the removal of these wave effects, subsurface feature detection and resulting
mapping applications and data sets have minimal value. This issue is seldom referenced in development and applications
of subsurface feature detection and mapping studies or by data providers.

4. SUMMARY & CONCLUSIONS
The above results demonstrate some of the important aspects in the calibration of airborne remote sensing
systems. Collection of conventional photographic based cameras as well as more modern digital camera systems that
collect imagery of shallow water aquatic systems are strongly influenced by the presence of water surface capillary and
small gravity wave effects. In order to better understand the influence of these waves on imagery at several spatial scales
as well as for different size submerged targets and submerged water features, imagery needs to be collected with
“calibration” concepts in mind. Although traditional photogrammetric cameras offer the advantages of small spatial
target detection capabilities, these images suffer from the influence of water wave effects when submerged features are
of primary interest (Bostater, Ma, McNally, Gimond, and Lamb, 1995). In this paper, we have described the
implementation of both digital and traditional mapping cameras on an aerial platform as well as a conceptual approach
for processing the imagery to understand the influence of water waves. These influences are dependent upon the spatial
size of the pixels or spatial scale and are described as image blurring (shown in figure 10), image distortion (shown in
figures 1, 2 and 11), and large scale reflective influences such as sun glint (shown in figure 13) in hyperspectral imagery
of the water surface. The importance of focal plane “focus calibration” on low altitude airborne image acquisitions as
demonstrated in results shown in figures 9, 10 and) 12 become quite important as sown and reported in this paper. The
importance of this last calibration issue was not considered as being as important until this work as conducted.
In addition, an approach for understanding the influence of water waves on subsurface images has been presented and
described as depicted in figure 2. The first results from application of the conceptual approach has resulted in the ability
to detect features on the order of 2 cm (as shown in figure 10) and resulted in the remarkable image shown in figure 12
which clearly shows a submerged coral at a 1 m depth in a clear shallow water marine environment. It is hoped that these
results as well as forthcoming aerial imagery analysis techniques will be useful to those individuals and organizations
involved with detection of objects and mapping features shallow aquatic areas or for use in the generation of synthetic
signatures (Chiang, Dove, Ballard, Bostater, and Frame, 2006) and hyperspectral or film based imagery using spectral
filters.

5. ACKNOWLEDGEMENTS
The work reported in this publication has been supported directly or indirectly by: KB Science, NASA Stennis Space
Center, Florida SJRWMD, Northrop Grumman Corp., US Dept. of Education, US Dept. of Energy, Md. Dept of Energy,
NASA Kennedy Space Center, National Science Foundation, Link Foundation, Fulbright Foundation and the US Dept.
of State. Florida Tech students Luce Bassetti and James Jones are acknowledged for their assistance in producing several
graphs shown in this publication.

Proc. of SPIE Vol. 7105 71050G-11
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/19/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

REFERENCES
1. Bostater, C. and M. Gimond, “Using aircraft based high resolution reflectance signatures and specific absorption
coefficients to remotely estimate coastal water quality”, In: Proc. 2nd Intl Airborne Remote Sensing Conference and
Exhibition, San Francisco, California, 1996.
2. Bostater, C., W. Ma, T. McNally, M. Gimond, and A. P. Lamb (1995). Application of an optical remote sensing
model. Proceedings of the European Optical Society and SPIE - The International Society for Optical Engineering
(EUROPTO), The European Symposium on Satellite Remote Sensing, Paris, France.
3. Bostater, C., L. Huddleston, C. Semmler, and J. Mieles (2002). An iterative algorithm for layered optical remote
sensing reflectance modeling of natural waters with depth dependent aquatic constituent concentrations. Proceedings of
the European Optical Society and SPIE - The International Society for Optical Engineering (EUROPTO), Remote
Sensing of the Ocean and Sea Ice 2002, Agia Pelagia, Crete, Greece.
4. Chiang, G., Dove, M., Ballard, S., Bostater, C., Frame, I., 2006, A grid enabled Monte Carlo hyperspectral synthetic
image remote sensing model (GRID-MCHSIM) for coastal water quality algorithm, Proc. SPE Vol. 6360, Remote
Sensing of the Ocean, Sea Ice, and Large Water Regions 2006; Charles R. Bostater, Jr., Xavier Neyt, Stelios P. Mertikas,
Miguel Vélez-Reyes; Editors.

Proc. of SPIE Vol. 7105 71050G-12
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/19/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

