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ABSTRACT:

Mapping of marine benthic flora using remote sensing techniques has been used to assess the dynamics of environmental conditions in coastal areas. Studies used panchromatic/colour aerial photography and/or medium resolution multispectral satellite imagery to create time series showing the change of seagrass distribution. While successful within their project parameters, these studies were limited by conditions at time of image capture, such as sun-glare, turbidity, wave action and low contrast in deeper waters due to absorption and scattering. The use of polarized multispectral imagery has the potential to overcome, or at least reduce these problems such that a finer detail of benthic flora may become visible. This paper explores the theoretical background in the application of polarization for mapping seagrass and other marine benthic flora. It also discusses a possible operational design using a low cost airborne multispectral camera.

1. Background

1.1 Seagrass Mapping

Traditional film-based aerial photography is still seen as the current internationally recommended technology for seagrass mapping (McKenzie et. al. 2001). For historical studies of change over time then is no other choice, as aerial photography is often the only high-resolution imagery available (Hart and Cameron 1998). Another strong reason is the cost effectiveness of aerial photography compared to other current imagery sources (Mumby et. al. 1999). For small, localised studies the resolution of aerial photography is better than most satellite imagery (eg Chauvaud et. al. 1998), though high-resolution non-pan-sharpened satellite imagery shows great potential.

High-resolution satellite sensors have a high dynamic range suitable for low light conditions as found in terrestrial areas of low sun angle, or highly absorptive media such as water. This however is wavelength dependent due to atmospheric Rayleigh scattering reducing contrast and radiometric range in the darker density numbers (DNs), particularly in the shorter wavelengths (Mumby and Edwards 2002).  This can be corrected for using atmospheric and water column modelling to convert the density numbers to albedo (Mishra et. al. 2005). As with aerial photography sun-glint and wave patterns affect the imagery, but can also be corrected for using the near infrared band to map sun-glint intensity and so subtract it from the other bands (Hochberg et. al. 2003). The use of the near infrared to correct for surface effects would also be applicable to digital aerial imagery.

The main inhibitor for the use of high-resolution satellite imagery is not technical, but the high cost, depending on the size of the study area. For small areas high-resolution satellite imagery is cheaper than flying new photography, especially when aircraft basing charges are taken into account.  However the cost of high-resolution satellite imagery rapidly rises until aerial imagery becomes relatively cheaper due to economies of scale in a mature industry.

1.2 Weaknesses of Aerial Photography

There are several weaknesses with film based aerial photography for seagrass mapping. Over water the photographic image is usually darker than over land, except in the blue/green part of the spectrum, due to water absorption and scattering. To bring out detail in the water exposures need to longer or with a wider aperture than over land. Once exposed, the film can then be scanned, with the gamma adjusted to bring out more information in the darker water regions. The film can also be scanned at a higher radiometric resolution to bring out more detail. However aerial photographic film, until recently, had an intrinsically low dynamic range, and early photography when scanned at 16-bit add little more information than at 8-bit. 16-bit images also tend to bring out a large degree of noise rather than an improvement in signal.  This is due to the Modulation Transfer Function (MTF) of film, which is the relationship between contrast and resolving power. High contrast features are resolved at smaller sizes than low contrast features. The negatives when scanned at 16-bit can also exhibit Newton’s rings in dark, low-contrast areas such as water. This results in classification problems when using historical aerial photography. This can only be eliminated by the use of anti-Newton ring glass both above and under the film layer when scanning. The later aerial films, for example Kodak 2444 (Eastman Kodak Company 2001), do have better than 8-bit radiometric resolution per band and can be used to push discrimination and interpretation into deeper, darker waters.

The spectral response of film is very wide in the visible and near infra-red, with broad and overlapping spectral bands for each of the blue, green, red and especially near infra-red sensitive dyes (Eastman Kodak Company 2001). Aerial photography colour film is designed to mimic the wide spectral response of the human eye. It is not designed to have narrow, separated bandwidths. Therefore traditional remote sensing spectral classification techniques tend to work poorly, if at all (London 2004).

1.3 Previous Polarization studies
The use of polarized aerial photography for water penetration and benthic cover mapping has seen limited application in the past. For example Long et. al. 1994 used a hand-held Hassleblad camera with a blue polarizing filter. No reason is given for the choice of filter, nor whether it improved results. Studies have been undertaken using polarized filters on hand-held cameras in aircraft, but for terrestrial soil surface moisture and vegetation studies (Curren, 1978, Curren 1979, Curren 1981). These studies showed the necessity for off-nadir or oblique photography somewhere near a critical angle known as the Brewster Angle. It has been noted that their exists the possibility of polarization parameters to be used as an adjunct to radiance to help discriminate features inseparable using radiance alone (Chandra and Bothle 2001), especially over water bodies.

The purpose of this paper this to explore the theoretical background in the application of polarization for mapping seagrass and other marine benthic flora. It also discusses  possible operational designs using a low cost airborne cameras.

2. polarization

2.1 Brewster Angle
Refrangible
 photons when going from one medium to another, such as air to water, experience a change in velocity (speed, direction, momentum) that is different for different energies (wavelengths). Note that the frequency of light going between different media does not change. This change results in a refraction of photons towards the normal when going from a less dense to a denser media, and vice versa. 

With dielectric media such as water, the degree of polarization of the reflected light is dependent on the angle of incidence and reflection. At a certain angle (Brewster angle) the reflected light is solely horizontally polarized, whereas the refracted light has both horizontal polarization and other polarization properties. This means that a vertically polarized analyser can completely filter out the partial surface reflection of incident light (usually around 16%). This is an incidence/ reflection angle of approximately 53 degrees from the zenith for sunlight on water. The Brewster angle (p) is found (Pedrotti and Pedrotti 1993) by: 


p  = tan-1 (n2/n1) 


  (1)

where 
n2 = refractive index of water


n1 = the refractive index of air 

Therefore p  = tan-1 (1.33/1.00) ~ 53 degrees from zenith (Slater 1980).

Stokes’ Polarization Parameters

The optimum polarized image capture design will be based on the Stokes Polarization Parameters. George Gabriel Stokes introduced the parameters in papers published in 1852. These were little recognised until re-introduced in the 1940s (Collett 1993, pp405-6). In classical physics these parameters define intensity, amount and shape of polarization. In quantum physics they define the number of photons, the orthogonal polarization states for a photon, and the relative probability of a photon to pass through an analyser at a particular orientation. As such they are applicable in both classical and quantum formulations. The four parameters are:

1. I = the intensity (number of photons)
2. Q = the difference in the amount of polarization in two perpendicular directions (say horizontal verses vertical)

3. U = the difference in the amount of polarization at 45 degrees to the original orientation Q

4. V = the amount of circularly polarized radiation
Though normally treated as matrices, these are traditionally termed vectors, ie:


I = <A2x + A2y> = A2  

Q = <A2x - A2y> 


  (2)


U = <2AxAy cos > 


V = <2AxAy sin > 

Where
Ax , Ay  = amplitudes of photons in mutually perpendicular directions 


A2 = intensity


 = the phase angle between Ax and Ay 


< > = time averaging 

And


I2 = Q2 + U2 + V2.


(3)

To get a complete description the following needs to be measured:

1. Intensity (ie light intensity)
2. Vertical polarization (0 – 180 degrees)

3. Horizontal polarization (90 – 270 degrees)

4. Polarization value at 45 degrees

Which can be done in practical terms by using three sensors, each with a polarization filter at appropriate angles. Intensity (I) can be measured directly with no polarization filter attached.

So what has this got to do with seagrass? Sunlight on entering the water surface at the Brewster Angle (53 degrees) is separated into 
1. Horizontally-polarized reflected photons (noise), and 

2. Vertically-polarized refracted photons which after absorption and reflectance becomes the return signal.

An additional factor is that volume scatter in water is also polarized by turbidity particles. By measuring only vertically polarized light the signal can be separated from the noise, again using the Stokes Q parameter. 

Based on the Stokes Q parameter there should be an increase in contrast between dark and light areas in an image due to the contribution of surface reflectance and volume scatter being eliminated. 

3. equipment design

3.1 Conceptual Design

The image acquisition design calls for an aircraft mounted digital camera that meets the following criteria:

1. Multispectral sensitivity – specifically blue/green and near infra-red bands

2. Horizontal polarization filter

3. Tiltable camera mounting

The selection of the green band is due to the low amount of water absorption at this wavelength. Blue, while also having low absorption, tends to be subject to more scattering effects and which traditionally results in a lower signal to noise ratio. Infra-red, because of the high absorption in water, returns little to no signal from the sea floor, and so any signal is a measure of surface reflectance. The red band contains little useable information over deeper water due to absorption, but what little signal there is can be confused with surface reflectance. The infra-red band can be used to subtract non-polarized glare from the green band, effectively removing the effect of sun glare on waves.

A polarization filter would be rotated to align with the vertical electric-vector, so as to remove horizontally polarized photons. The polarization filter (technically the polarization analyser) is attached to the lens system either in front or behind the lens. This would remove the pure horizontal component of surface reflection at the Brewster Angle, and a large proportion of surface reflection at angles close to the Brewster Angle. Note that due to the automatic adjustment of most cameras, a simple linear polarizing filter would cause problems with the adjustment sensors. A linear polarizing filter needs to have a quarter-wave circular polarizing component behind the main linear polarizing filter to de-linearize the polarity of the filtered photons. This means that a circular polarizing filter rather than a linear polarizing filter is required.

A tilted camera mount that is adjustable would be used to capture off-nadir imagery overlapping the Brewster Angle of 53 degrees. The exact angle would depend on the aerodynamic properties of the aircraft at certain speeds, as, if the camera is forward facing, and as the aircraft pitch can vary with airspeed, the pointing angle can vary with airspeed.

3.2 Aerial Digital Cameras

Aerial digital cameras come in two size formats, mounted off-the-shelf small format cameras, which include video frame grabbers, and cameras designed to simulate the geometric properties of large format film aerial cameras (Hinz and Heier 2000, Dare 2004). 

The mounting of small format film cameras on aircraft dates from the beginning of aerial photography a century ago and is still used as a low cost alternative to large format cameras for benthic mapping (Long, et. al. 1994, Cuevas-Jiménez et. al. 2002). Small format cameras can be used photogrammetrically to map shorelines and beach profiles (Hapke and Richmond 2000).

With the recent development of aerial digital cameras there is the option of 4-band imagery, either with standard blue, green, red, and near infra-red (simulating film), or with specific waveband filters. The radiometric range is greater than scanned film negatives, which gives the possibility of detail discrimination in low light (low intensity = fewer photons) conditions.

3.3 Operational Designs

3.3.1 Single Multispectral Camera:  A single 4-band camera is one optional design. We chose, as an example of this type of camera, a Redlake MS4100. This is a single lens, 4-band digital camera (blue, green, red and near infra-red bands) with an image size of 1920 by 1075 pixels and a pixel size of 0.0074mm. Due to the CMOS chip design the blue and green bands are at a lower resolution than the red and near infra-red bands, which means that any subsequent processing will require the infra-red band to be resampled to match the green band. 

This camera has a Nikon bayonet mount that allows a range of lenses to be attached. A Sigma AF 14mm f2.8 EX aspherical HSM lens was chosen for its spectral and geometric integrity. The lens has a 114-degree field of view, but once mounted, the camera reduces this down to a useable 60 degrees. The polarization filter is attached behind the Sigma 14mm lens system, just forward of the Nikon mount to the camera. The polarization filter would be rotated to align with the vertical electric-vector, so as to remove horizontally polarized photons. A tilted camera mount that is adjustable would be used to capture off-nadir imagery overlapping the Brewster Angle of 53 degrees. 

3.3.2 Multiple Cameras:  Another option is to mount a pair of cameras to capture the four bands. We chose to mount a pair of Canon EOS 350D 3-band digital cameras. These have a RGB CMOS chip with a raw image size of 3456 by 2304 pixels and a pixel size of 0.0064mm. One camera has a single polarization filter for the red, green and blue bands. The other camera has an infra-red filter, as the CMOS chip is sensitive to the near infra-red, plus a polarization filter. The two images then are processed into a single 4-band data file.

The cameras have Canon EF-S 18-55mm f3.5-5.6 II lenses with the filters forward mounted. As these cameras are mounted together in the same frame as holds the Redlake 4100, the optimal orientation was portrait rather than landscape. While not giving side coverage, it does give a large amount of forward overlap.

conclusion
3.4 Data capture:

Image data capture will take place in the Austral-summer (November-January) period, due to the optimum conditions of high sun angles and wider temporal windows (early morning and late afternoon) giving a greater radiometric dynamic range, shorter chip integration time, and opportunities for image data capture. Polarization filters generally cause a loss of 1 to 2 f-stops, which means longer chip integration times. This can result in blurring of the image in direction of flight due to aircraft motion if the integration time is too long. This is similar to having a low shutter speed on film-based cameras. This time of year is also usually cloud free and storm free. Ideally image capture should occur a fortnight or later than any large rainfall events, so as to reduce river outfall turbidity.

3.5 Null hypothesis:  
The Null hypothesis therefore is:

Imaging of vertically polarized photons at critical angles makes no improvement in contrast between seagrass beds and surrounding substrate.

This image analysis will be used to test the null hypothesis that imaging of vertically polarized photons at critical angles makes no improvement in contrast between seagrass beds and surrounding substrate. In the blue and green bands the image histogram over seagrass areas therefore should show a bimodal shape with some overlap between pixels corresponding to the darker seagrass and the lighter substrate. If the null hypothesis is correct then the shape should not change and the amount of overlap should also remain the same whether a vertical polarization filter is present or not. If the null hypothesis is incorrect, then the peaks of the bimodal shape should separate, and there should be less overlap between seagrass and substrate pixels.
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