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ABSTRACT
Modeled hyperspectral reflectance signatures just above the water surface are obtained from radiative transfer models to
create synthetic images of targets below the water surface. Images are displayed as 24 bit RGB images of the water
surface using selected channels. Example model outputs are presented in this paper for a hyperspectral Monte Carlo and
a hyperspectral layered analytical iterative model of radiative transport within turbid shallow water types. Images at the
selected wavelengths or channels centered at 490, 530 and 680 nm suggests the two models provide quite similar results
when displayed as RGB images. The techniques are demonstrated to the problem of extracting synthetic targets from
hyperspectral synthetic images in the presence of water surface wave, using spectral wave models. The most sensitive
parameters for generating realistic images are water depth and bottom reflectance in clean natural and optically shallow
waters. Also presented are platforms for use in ports, harbors, inlets and waterways developed and designed for current
and future monitoring to insure sustainable safe shallow water environments.
Keywords: Hyperspectral remote sensing, target detection, synthetic images, synthetic signatures, modeling, simulation,
water surface reflectance, optically shallow water, absorption, backscatter, derivative spectroscopy, bottom type, bottom
reflectance, water quality, phytoplankton pigments, chlorophyll, dissolved organic matter, suspended particulate,
hydrologic optics, radiative transfer, Monte Carlo modeling, water depth.
1. BACKGROUND
The radiative transfer equation for an environmental medium, such as a water column can be formulated as1:
cos θ

2π

π

dL(θ , φ , z , λ )
= −ctc ( z , λ ) L(θ , φ , z , λ ) + ∫ ∫ β (θ ' ,θ , φ ' , φ , z , λ ) L (θ ' , φ ' , z , λ ) sin θ ' dθ ' dφ '
dz
φ =0 θ =0
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where z=water depth, positive downward, z=0 at the surface (m), ctc(z)=total beam attenuation coefficient (m-1),
β (θ ' ,θ , φ ' , φ , z, λ ) = volume scattering function of diffused radiance (m-1 sr-1), β (θ s ,θ , φs , φ , z, λ ) =volume scattering
function of collimated radiance (m-1 sr-1), L (θ s , φs , z , λ ) =collimated radiance (W m-2 sr-1), θ s , φs =solar zenith angle
( θ s ) and solar azimuth angle ( φs ) (radians), and λ =wavelength of light. To solve this equation, information such as the
fraction of skylight to sunlight, the inherent optical properties, and water depths are required, to name a few. The
inherent optical properties include the absorption coefficient (m-1), the scattering coefficient (m-1) and the volume
scattering function (sr -1). Also one uses the refractive index, optical path length, and single scattering albedo to help
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solve the above equation. The hyperspectral Monte Carlo (MC) method is used to solve equation (1) by simulating a
photon at any time step and then examining the results of the photon location or the displacement of the photons as they
pass through the water column in a three-dimensional coordinate system. This model developed by Bostater and Gimond
2,3
, thus simulates a three-dimensional light field of photons which originate at a single point just above the air/water
surface, and can be used to solve transient photon transport problems. A synthetic image is a simulated image, in
contrast to a real or actual image obtained from a sensor. There is a substantial body of literature on synthetic image
generation of water surfaces, both in computer graphics and in oceanography.4,5,6,7 When modeling light transport in
water there are often trade-offs that must be considered between detailed physics and computational simplicity. This
paper focuses on the optical characteristics of the underwater environment, the interaction at the air-water interface, and
the influence of water depth and bottom reflectance on water surface wave dominated reflectance images. The animation
of the water surface by the creation of time dependent surface features such as waves, foam, and wakes will not be
covered in this paper. In this research, a Monte Carlo (MC) model and an analytical two-flow model is used to produce
and qualitatively compare numerically simulated images. The MC and analytical model is used to produce images of the
water surface and these synthetic images are compared to an actual aerial photo obtained from an aircraft for the region
of study which is Sebastian Inlet, Florida. Because the Monte Carlo model and associated image processing techniques
require a large amount of computation time, the use of a parallel processing Beowulf cluster makes this research
feasible. The idea of parallel processing is to use more than one processor to perform computationally intensive
calculations. Figures 1 and 2 below indicate the difference between the serial processor program approach and the
parallel processing programs generated at the Remote Sensing Center. Figure 1, depicts the serial program that computes
data for each pixel sequentially using one processor. For the parallel processing program, the model and input data is
routed to N processors. For example in Figure 2, each processor computes 1024 / 8 = 128 pixels. With N processors, the
computational time will be 1/N. In order to use the parallel processing techniques used in this research, an understanding
of parallel programming, MPI (Message-Passing Interface), is required. MPI is a library of functions that can be called in
C or FORTRAN to parallelize computationally intensive programs. The version used at in this research is MPI-1.2.3,
developed by Argonne National Laboratory (2002). Two parallel processing facilities were used to develop the
programs. One was an SGI cluster, composed of 11 SGI workstations. The other system was a 48-node IBM cluster
1300 system, comprised of 47 compute nodes and 1 head node.
Serial
Processing

1024 pixels
image

1 CPU

Figure 1. Example serial processing system environment.
Parallel
Processing
1024 pixels
image

8CPU

Figure 2. Example parallel processing system environment.

The goal of this paper is to describe the use of the MC optical model 2,3 and a layered, analytical two-flow model 8 to
simulate a region of the Sebastian Inlet, a shallow coastal region located within a coastal tidal area on the East Coast of
Central Florida. The intent is to use these images to understand what simulated reflectance images can teach us when
different inherent and apparent optical properties are specified and also to show us in “image space” the influence of
different bottom types, water depths, water quality and water waves as demonstrated by the synthetic images. Measured
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and then interpolated (gridded) bathymetry and spatially varying water quality parameter concentrations can be used to
simulate the synthetic remote sensing images. In the future, these synthetic image techniques will allow us to develop
analytically based remote sensing algorithms for water quality and bottom mapping applications and detection of targets.
2.METHODS
The hyperspectral MC model in this research uses the forward MC method with a single photon technique. The forward
MC method tracks a photon from a light source to its final destination or fate. The single photon technique begins each
iteration with a single photon, whose path is tracked from its source (just above the water surface) to its sink (absorption
in the water column or at the bottom) or its exit or “upwelling” from the water column. Figures 3, 4, and 5 describe the
essence of the MC process of generating a photon, tracing it across the air-water interface and finally tracing its
interaction within the aquatic medium, which includes simulating the multiple angle scattering process.

rand (random number)

rand<specular fraction

yes

no
rand (random number)
zenith = π/2-asin(rand)

zenith=solar zenith angle
azimuth=solar azimuth angle

rand (random number)
azimuth= π*2*rand

air-water interface

Figure 3. Flowchart describing the process of generating a photon and determination of whether it is part of the indirect (diffuse) or
direct (collimated or skylight) light field before it downwells upon the water surface.

After simulating a sufficient number of photon interactions as a function of depth and the logging of the scattering,
absorption and presence of the photons within layers, computations are conducted which describe the overall paths taken
by photons in an actual environmental medium. Radiometric quantities are thus calculated from the collected data as a
function of depth dependent layers. These primary and secondary radiometric quantities are calculated from the MC
model as shown in Tables 1 and 2.
The simplistic hyperspectral MC model was originally developed 2,3 for serial calculations and produced a value
representative of one pixel. However the parallel program uses FORTRAN-90 or FORTRAN77 and has been developed
in order to produce an image matrix, which contains the water surface reflectance due to a spectral water surface wave
facet in pixels using parallel computational techniques. In this research paper, our goal has been to simulate a 1000 x
1000 pixel image or matrix. The reflectance value for each pixel in this matrix is calculated by the Monte Carlo model.
After calculating three matrices (one for each RGB image), each using different coefficient values from 400 to 700 nm
with approximately 3 to 6 nm bandwidths one can display an RGB image using commercially available remote sensing
software such as ENVI, or OpenGL.
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r=

1 sin 2 (θ a − θ w ) 1 tan 2 (θ a − θ w )
+
2 sin 2 (θ a + θ w ) 2 tan 2 (θ a + θ w )

rand

rand<r

yes

photon reflected off of
air-water interface

no
next interaction of photon

end of iteration

Figure 4. Flowchart describing the fate of the photon at the air-water interface in terms of reflectance or transmittance through the
interface.

The steps for generating a synthetic image using the hyperspectral Monte Carlo model in a parallel processing
environment can be described by the following steps:
¾ An image such as an aerial photo, containing both land and water area is imported. The land and water area is
masked in ArcView GIS software using the “Grid Analysis” extension, and is used to convert the image file to
a GRID file format. The GRID file is then exported as an ASCII file. Before using the Grid analysis
procedure, a land mask must be created to indicate which pixels are water and which are land. A value is
assigned above which indicates a land surface. Pixels with values less than the land surface value are assumed
to be water. This is called a “masking’ value. Each pixel in the resulting ASCII file will have a value between 0
and 255 since the GRID file is an 8-bit image.
¾ Computational node 0 is used to read the above ASCII matrix, and is converted to another matrix containing
only the values 0 and 1, where 0 signifies pixels containing water and 1 signifies pixels containing land.
¾ Computational node 0 is used to read the different water quality parameters, which are in 1000 x 1000 matrices.
Ideally, each pixel has been assigned different water quality values. These water quality parameters include the
specific absorption coefficient for pure water, the specific absorption coefficient for chlorophyll, the specific
absorption coefficient for suspend sediment (SS), the specific absorption coefficient for dissolved organic
matter (DOM), the specific backscattering coefficient for pure water, the specific backscattering coefficient for
chlorophyll, the specific backscattering coefficient for suspend sediment (SS), the concentration of chlorophyll,
the concentration of suspend sediment (SS), the concentration of dissolved organic matter (DOM), and the
depth of the water column at that pixel location. The water quality data used in this application was obtained
from the Florida St. John’s River Water Management District (SJRWMD), Florida Geographic Data Center
(FGDC), USGS, NOAA or was previously collected data (Bostater, unpublished data). All of these data sets are
in a “point” format in GIS data sets. A random split data validation was used to choose the best interpolation
method (IDW, Spline, or Kriging), followed by used of Arc View, Spatial Analyst, (an extension of Arc View),
which is used to make a grid file based on the water quality sample point data sets. The resulting grid file is
then exported as a 1000x1000 matrix ASCII file.
¾ When all needed data are prepared and read by node 0, an MPI command, such as, MPI_SEND or
MPI_RECEIVE is used to send (1000/ N processors)*1000 matrices (sub image matrices or image “tiles”).
¾ If a pixel or matrix location is land, the reflectance will be written as 0. If the pixel or matrix location is water,
the program will use the Monte Carlo or analytical model to calculate reflectance and store the result and
continue processing other pixel locations. Then, the MPI_ ALLGATHER command is used to collect the
reflectance matrices from each processor to node 0.
¾ Repeating steps three through five above, the simulated reflectance values are gathered for each required
wavelength within a hyperspectral slice or cube.
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¾

Image processing software is used to import three bands from the resulting “synthetic hyperspectral reflectance
cube” in order to display the selected 3 channel RGB image. The original aerial image is used for land area
display, and the simulated synthetic image is used for water research of the water area simulated. This image
can be placed into a GIS for additional geospatial or environmental monitoring applications. See Figure 6. for a
description of the procedure to generate a synthetic image using our parallel processing approach.
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Figure 5. Simplified flowchart describing the selected phases of a photon’s interaction in water and tracking the photon in different
layers as it is scattered, absorbed or reflected off of the bottom.
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and 1 is land area.

Input different
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and coefficients

Call MPI_INIT
Call MPI_COMM_SIZE
Call MPI_COMM_RANK
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If (my_rank=0)
Call MPI_SEND
Else
Call MPI RECV
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number of
wavelength in the
hyperspectral cube

Parallel Computer

Call
MPI_GATHER

If input data is 0
using Monte Carlo
model to calculate
reflectance

Import reflectance matrices at three
different wavelengths to display a RGB
24 bit synthetic image.

Figure 6. Schematic figure showing the procedure for parallelization and synthetic image generation.
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Example psudocode of the approach used given by:

MPI_Initialize
Open(10,’filename’) !Open a series water quality related data
Do I=1,m
Read(10,*), J=1,n
End do

If (my_rank=0) then
Call MPI_SEND
Else
Call MPI_RECV ! Dimension (m X local_n)
End If
If Land then
Reflectance=0
Else if Water then
Call Monte Carlo subroutine to calculate Reflectance ! Calculating water surface reflectance
Call MPI_ALLGATHERCall ! Collecting results from different processors
End If
End Program

Table 1. The methods of calculating the “primary” radiometric quantities from the quantity N (θw,φw) which represents
the total count of photons within an interval of a spherical grid whose angular orientation is defined by the zenith angle
θw and azimuth angle φw. The methods of photon accumulation and accounting occur at each layer in the vertical
direction in the hyperspectral MC model.
Radiometric Quantity
Conventional Definition
Derivation from the MC model

dQ
dt
d 2Φ
dA cos(θ)dθdφ

Radiant flux ( Φ )
Field radiance at a point in a
surface (L)

N

N
sin(θ) cos(θ)dθdφ
2 ππ / 2

Downwelling irradiance
(Ed)

2 ππ / 2

∫ ∫ L(θ, φ) cos θ sin θdθdφ
0 0

∫ ∫ L(θ, φ) cos θ sin θdθdφ
0 0

=

2 ππ / 2

∫ ∫ N(θ, φ)
0 0

2π π

2π π

Upwelling irradiance (Eu)

∫ ∫ L(θ, φ) cos θ sin θdθdφ
0 π/2

∫ ∫ L(θ, φ) cos θ sin θdθdφ
0 π/2

=

2π π

∫ ∫ N(θ, φ)
0 π/2

2 ππ / 2

Downwelling Scalar
irradiance (Eod)

2 ππ / 2

∫∫
0 0

L(θ, φ) sin θdθdφ
cos(θ)

∫ ∫ L(θ, φ) sin θdθdφ
0 0

=

2 ππ / 2

∫∫
0 0

N(θ, φ)
cos(θ)

2π π

Upwelling Scalar irradiance
(Eod)

2π π

L(θ, φ) sin θdθdφ
∫0 π∫/ 2
cos(θ)

∫ ∫ L(θ, φ) sin θdθdφ
0 π/2

=

2π π

N(θ, φ)
cos(θ)
0 π/2

∫∫
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Table 2. Equations showing the method of calculation of the “secondary” radiometric quantities. Shape factors
and the collimated beam conversion coefficients are also calculated from the primary & secondary quantities.
Secondary radiometric quantity
Equation used to derive quantity in MC
model
Upwelling mean cosine ( µ u)

µu =

Eu
E ou

Downwelling mean cosine ( µ d)

µd =

Ed
E od

Mean cosine ( µ )

µ=

Ed − Eu
E − Eu
= d
Eo
E ou + E od

Irradiance reflectance (R)

R=

Eu
Ed

The layered analytical iterative solutions used to the two-flow equations, including a specular or collimated
light component 8, for a nonhomogeneous (layered) water body as are given by:
ψ ( i ) − a ( i ) − b ( i ) ψ ( i ) z (i ) ψ ( i ) + a ( i ) + b ( i ) −ψ ( i ) z (i ) 
Ed ( z , i ) = 
e
e
+
 Ed ( 0, i )
2ψ ( i )
2ψ ( i )


 b ( i ) ψ (i ) z ( i ) −ψ ( i ) z (i )
e
+
−e
 2ψ ( i )

(



) E ( 0, i )

(2)

u



 c ( i ) − m ( i ) α ( i ) ψ ( i ) z (i ) −ψ (i ) z ( i )
−α i z i 
e
+
−e
+ 2ψ ( i ) e ( ) ( )  Es ( 0, i ) ,
ψ
i
2
()



(

)

 (ψ ( i ) + a ( i ) + b ( i ) ) ψ ( i ) z (i ) 
+
e

2ψ ( i )


Eu ( 0, i ) = 
 Eu ( z , i )
−
−
ψ
i
a
i
b
i
(
)
(
)
(
)
(
)

e −ψ ( i ) z (i ) 


2
ψ
i
(
)


 b ( i ) ψ (i ) z ( i ) −ψ (i ) z (i ) 
−e
+
e
 Ed ( z , i )

 2ψ ( i )
 c ( i ) ψ (i ) z ( i ) −ψ (i ) z (i ) 
−e
+
e
 Es ( z , i )
 2ψ ( i )

−ψ ( i ) z ( i )


eψ ( i ) z ( i ) + e −ψ ( i ) z (i )
n ( i )  2ψ ( i ) −ψ ( i ) e

+
 2ψ ( i ) 
−α ( i ) e −ψ ( i ) z (i ) eψ ( i ) z (i ) + e −ψ (i ) z (i )



(

)

(

)

(

(

)

(3)

)  E
 
 

s

( 0, i ) ,

where:
m (i ) =

114

−c ( i ) (α ( i ) + a ( i ) + 2b ( i ) )

(α ( i ) ) − (ψ ( i ) )
2

2

Es ( 0, i ) ,
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(4)

n (i ) =

−c ( i ) ( a ( i ) + 2b ( i ) − α ( i ) ) Es ( 0, i )

(α ( i ) ) − (ψ ( i ) )
2

2

(5)

,

and:

ψ (i ) =

( a (i ))

2

+ 2a ( i ) b ( i ) .

(6)

The results of equation (2) give the downwelling vector irradiance at depth, “z”, of layer “i”. The downwelling
irradiance at depth “z” of layer “i” Ed ( z , i ) is set equal to the downwelling irradiance at the top of layer “i+1” or
Ed ( z , i ) = Ed ( 0, i + 1) for energy conservation and the downwelling irradiance is then summed at discrete thicknesses

over the total depth of the water column. The results of equation (3) give the upwelling vector irradiance at depth, “0”, of
layer “i”. The upwelling irradiance at depth “0” of layer “i” Eu ( 0, i ) is set equal to the upwelling irradiance at the

bottom of layer “i-1”: Eu ( 0, i ) = Eu ( z , i − 1) for energy conservation and the upwelling irradiance is summed at
discrete thicknesses over the total depth of the water column, and “z” is the thickness of layer “i”. The steps for
generating a synthetic image using the hyperspectral analytical model are similar to those listed above for the
hyperspectral Monte Carlo model. The analytical model is computationally efficient enough that parallelization is not
required and the reflectance R(0) = Eu (0) / Ed (0) at each wavelength can be computed using the iterative scheme
described above and in greater detail in Bostater, Huddleston, Semmler, Mieles, 2002. Water waves are modeled using
spectral wave models of the water surface using realistic water wave realizations which also utilize a random number or
Monte Carlo modeling technique.
The general steps for generating a synthetic image using an analytical radiative transfer model with realistic water
surfaces are as follows.
¾ For representation of the reflectance model image, the horizontal dimensions (x and y directions) in meters as
well as the number of discrete sample points or pixels in each direction are selected.
¾ The atmospheric attenuation model of Gregg and Carder7 is used to calculate the direct and diffuse
downwelling light at the top of the sea surface. Since the area modeled is on the order of meters, it is assumed
that the downward direct and diffuse components of irradiance at the top of the sea surface are the same for all
pixels.
¾ A wavy ocean surface based on the IFFT methodology1,2,3,4,5,6 is generated for the horizontal dimensions and
number of pixels chosen in step 1.
¾ The reflectivity and transmittance of the direct and diffuse irradiance at the air-sea interface are calculated for
each pixel using Snell’s and Fresnel’s equations.
¾ The water quality parameters and depth values for each pixel are read These water quality related parameters
include the specific absorption coefficient for pure water, the specific absorption coefficient for chlorophyll, the
specific absorption coefficient for suspended sediment (SS), the specific absorption coefficient for dissolved
organic matter (DOM), the specific backscattering coefficient for pure water, the specific backscattering
coefficient for chlorophyll, the specific backscattering coefficient for suspended sediment (SS), the
concentration of chlorophyll, the concentration of suspended sediment (SS), the concentration of dissolved
organic matter (DOM), and the depth of the water column at that pixel location.
¾ The MC or iterative, layered, analytical radiative transfer model is run to calculate the water volume effect on
reflectance for each pixel.
¾ Steps four through six are repeated to simulate reflectance values for each required wavelength.
¾ Image-processing software is used to import three bands in order to display the RGB image.
Further details are provided for steps three through six are now given below.
Downward irradiance at the sea surface is affected by reflection and refraction at the air-sea interface. The Snell and
Fresnel laws describe the reflection and refraction of light at the interface between two media such as the atmosphere
Proc. of SPIE Vol. 5780

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/05/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

115

and sea surface. The reflections of direct and diffuse downwelling irradiance on the sea surface are the specular surface
reflectance (Rs) and the diffuse surface reflectance (Rd) respectively. Each reflectance can be separated into two terms,
a specular reflectance component, and diffuse reflectance which include the influence due diffuse skylight components
and to sea foam8. These relationships are given by:
Rs (θ , ws ) = ρ fres (θ ) + ρ f ( ws ) ,

(7)

Rd ( ws ) = ρ d ( ws ) + ρ f ( ws ) ,

(8)

where the subscripts “fres ”, “d”, and “ f ” refer to specular direct reflectance calculated from the Fresnel reflectance
formula (equation 20), specular diffuse reflectance, and foam reflectance. Here, θ represents the incident and reflection
angles with respect to the normal vector of the wave facet slope and ws represents the wind speed (m/s). The specular
or collimated surface reflectance, Rs, on the sea surface can be calculated from the Snell and Fresnel Laws if the surface
normal direction for each pixel, the solar angle, the observation angle, and the index of refraction of air and seawater are
specified. In order to obtain the surface normal direction for each pixel, it is necessary to generate the surface slopes
using the IFFT methodology outlined below. In Fourier transform theory there are two domains, the “frequency domain”
and the “space (and time) domain”. The Fourier transform is used to move between the two domains. Transforms
from the space domain to the frequency domain are forward Fourier transforms. Transforms from the frequency
domain to the space domain are inverse Fourier transforms. In the frequency domain, there is one complex value for
each discrete frequency which provides information about the relative contribution to the wave amplitude by each
discrete frequency. The IFFT based representation of a wave height field (z-direction) expresses the wave height h(x, t)
at the horizontal position x = (x, y) as the sum of sinusoids with complex time-dependent amplitudes2,4:
(9)
h ( x, t ) = ∑ h% ( k , t ) exp ( ik ⋅ x ) ,
k

where h( x, t ) is the wave height at the horizontal position x = ( x, z ) at time t, k is a two-dimensional vector
pointing in the direction of travel of a given wave, with a magnitude k dependent on wavelength λ , ( k = 2π / λ ) ,
and h% ( k , t ) is a complex number representing the amplitude and phase of wave k at time t. The components of k
are calculated using equations (12) and (13) below. In order to create the initial array of complex numbers at time t=0
needed for the IFFT algorithm, Tessendorf 2 suggested using the Phillips spectrum (an an example spectrum) to generate
the initial amplitudes and phases of the waves. The Phillips spectrum was developed from statistical analysis of wavebuoy, photographic, and radar measurements of the ocean surface. 2 Other surface wave generating models used to create
this initial array of complex numbers include the JONSWAP (Joint North Sea Wave Project) spectrum used by Premoze
and Ashikhmin3 to create their synthetic images of natural water. As an example, the Phillips spectrum model for winddriven waves in a fully developed sea (for demonstration purposes here) is defined by: 2,4,5,6
1
h%0 ( k ) =
(10)
( ε r + iε i ) Ph ( k ) ,
2
Ph ( k ) = A

where h%0 ( k )

ε r and ε i

(

exp −1/ ( kL )

2

) kˆ ⋅ wˆ

2

(

exp − k l

2 2

)

,
(11)
k
is the initial height field (a complex number) generated from the statistically derived Phillips spectrum,
4

are Gaussian random numbers, A is a numeric constant for the wave height scale (common values are

between 0.0005 and 0.00000375), k is the magnitude of k , the two-dimensional vector pointing in the direction of
2

travel of a given wave, L determines the size of the largest possible wave for a given wind speed ( L =

ws
g

where ws is

the wind velocity in m/s and g is the gravitational constant in m/s2), k̂ is the normalized direction vector of a given
k
2 2
, ŵ is the normalized direction of the wind, and the term exp k l
is a damping factor to suppress waves
wave
k

(
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(

6 6

with very small wavelength. The damping factor can also be modified to exp k l
2

)

to more strongly align the waves

with the wind direction . The factor l should typically be at least 10 times smaller than the value of L. The wave
direction vector k̂ is calculated as follows:

 M + m  ∗  2π 
  
 2
  Lwx 

kx =  −

,

(12)

 N + n  ∗  2π  , ,
  
 2
  Lwy 

ky =  −

“m” and “n” are the row and column of the h%0 array.

(13)

Lwx and Lwy are the horizontal dimensions (m) of the “wave

patch” that the IFFT algorithm produces. The “wave patch” size generally varies from 10 m to 2000 m on a side.2,
depending on the surface wave field realization image size. M and N are the number of discrete sample points or pixels
within this “wave patch”. M and N should be in a power of 2 and range between 16 and 2048.2 The “wave patch” can
Lwy
L
be tiled, if desired, to simulate a larger sea surface area. The values wx and
are the dimension of the smallest
M
N
wave facet in either direction. Below these scales, the amount of wave action is small compared to the rest of the
Lwy
L
waves therefore according to Tessendorf 2, the values of wx and
should be at least 10 to 1000 times smaller
N
M
2

than L =

ws
g

or most of the “ interesting” waves will be lost.2 To illustrate this effect, Figure 7 below shows the wave

height field generated when

L

and

wx

field generated when

wx

M

and

2

wy

N

M
L

L

L

are only 1.75 times smaller than L =

ws
g

Figure 8 shows the wave height

2

wy

N

are 28 times smaller than L =

ws
g

.

Figure 7 (left) and Figure 8 (right). Synthetic image of water surface waves in shallow water with variable water depth of 1-2 m.
The wind speed for both figures was 8 ms-1. In Figure 7, the ratios of Lwx/M and Lwy/N were only 1.75 times less than L. In Figure
8, the ratios of Lwx/M and Lwy/N were 75 times less than L, as needed to represent the wave field facets.
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Once the initial height field h%0 ( k ) at time t=0 is created, the second step required to prepare for the IFFT is to phase
shift the h%0 array. The frequency amplitudes of the wave field at time t, given a dispersion relation ω ( k ) are
described by: 2,6

*
h% ( k , t ) = h%0 ( k ) exp ( iω ( k ) t ) + h%0 ( −k ) exp ( −iω ( k ) t ) ,

(14)

where h% ( k , t ) are the frequency amplitudes of the wave field at time t, ω ( k ) is the speed at which wave k travels
*
*
across the water surface, and h%0 ( k ) employs the complex conjugate property such that h% ( k , t ) = h% ( −k , t ) . 2,4
What the complex conjugate does, is to negate the imaginary component of h% ( k ) so that transforming from the
0

frequency domain to the space domain, all points are reflected as real numbers. Through Euler’s formula, a complex
number such as exp ( iω ( k ) t ) can be written as:
cos ( ω ( k ) t ) + i sin ( ω ( k ) t ) ,

(15)

where, for deep water, the dispersion relation ω ( k ) = gk is used, and for shallow water the dispersion relation can be
modified to ω ( k ) = gk tanh ( kd ) where d is the water depth. Next, equation (8) is broken into four parts (shown as
equations 10, 11, 12, and 13) using Euler’s formula (equation 9). Note that p, q, r, and s are all complex numbers, q is
the complex conjugate of p, s is the complex conjugate of r, m and n are the row and column of the h0 array, and mm and
nn are also the row and column in the h0 array where mm is the remainder or modulus of m/M and nn is the remainder or
modulus of n/N.
p = h%0 ( k ) = h0 ( m, n) + ih0 ( m, n ),
(16)
q = h% ( −k ) = h ( mm, nn ) − h ( mm, nn ) ,
(17)
0

0

0

r = cos ( ω ( k ) t ) + i sin ( ω ( k ) t ) ,

(18)

s = cos ( ω ( k ) t ) − i sin ( ω ( k ) t ) .

(19)

The complex frequency amplitudes to be input to the IFFT subroutine are calculated by:

( p ∗ r ) + (q ∗ s ).

(20)
Substituting equations 10 through 13 into equation 14 and expanding, we obtain equation 15 as follows:
h% ( k , t ) = ( h0 ( m, n) + ih0 ( m, n ) ) ∗ ( cos ( ω ( k ) t ) + i sin ( ω ( k ) t ) ) +

( h ( mm, nn ) − h ( mm, nn ) ) ∗ ( cos (ω ( k ) t ) − i sin (ω ( k ) t ) )
= h ( m, n ) cos ( ω ( k ) t ) + ih ( m, n) sin ( ω ( k ) t ) + ih ( m, n ) cos ( ω ( k ) t )
+ i h ( m, n) sin ( ω ( k ) t ) + h ( mm, nn ) cos ( ω ( k ) t ) − ih ( mm, nn ) sin ( ω ( k ) t )
− ih ( mm, nn ) cos ( ω ( k ) t ) + i h ( mm, nn) sin ( ω ( k ) t ) .
0

0

0

0

0

(21)

2

0

0

0

2

0

0

Noting that i2 = -1, equation 15 can be further simplified to:
real part
644444444
744444444
8

h% ( k , t ) =

h0 ( m, n) ( cos ( ω ( k ) t ) − sin ( ω ( k ) t ) )

+ h0 ( mm, nn) ( cos ( ω ( k ) t ) − sin ( ω ( k ) t ) )

imaginary part
6444444
4744444448
 h0 ( m, n) ( cos ( ω ( k ) t ) + sin ( ω ( k ) t ) )

+i

 − h0 ( mm, nn) ( cos ( ω ( k ) t ) + sin ( ω ( k ) t ) ) 
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(22)

The IFFT subroutine is now run to convert the frequency amplitudes of the wave field h% ( k , t ) back to the space
domain. To render the wave field in the space domain, a calculation of the gradient of the height field to find the surface
normal is required. The algorithm for this paper is a finite difference method between adjacent grid points, and the grid
layout is shown in Figure 9, where:
dh
−
= ( Height ( m − 1, n + 1) + 2 ∗ Height ( m, n + 1) + Height ( m + 1, n + 1) )
(23)
dx
− ( Height ( m − 1, n − 1) + 2 ∗ Height ( m, n − 1) + Height ( m + 1, n − 1) )

−

dh
dy

,

= ( Height ( m + 1, n − 1) + 2 ∗ Height ( m + 1, n ) + Height ( m + 1, n + 1) )

(24)

− ( Height ( m − 1, n − 1) + 2 ∗ Height ( m − 1, n ) + Height ( m − 1, n + 1) ) , ,

(m-1, n-1)

(m-1, n)

(m-1, n+1)

(m, n-1)

(m, n)

(m, n+1)

(m+1, n-1)

(m+1, n)

(m+1, n+1)

Figure 9.

Grid layout for the finite difference scheme used.

The finite difference method can be a poor approximation of slope if wavelengths are small. 2 A reportedly more
accurate approach for finding the normals is through more IFFTs (one in each direction) as follows: 2
(25)
∇h ( x, t ) = ∑ ikh% ( k , t ) exp ( ik ⋅ x ) .
k

The angle θ which represents both the incident and reflection angles with respect to the normal vector of the wave facet
slope is found by taking the dot product between the incident vector and the normal vector of the wave facet which is
determined by the “assumed sensor” (or observation) zenith and azimuth angles and the “assumed sun” (or incident)
zenith and azimuth angles for each pixel, relative to each pixel’s position to the sensor and the sun. The Fresnel values
for each pixel are calculated using the Snell and Fresnel laws shown in equations 20 and 21:

 sin 2 (θ − θ r ) tan 2 (θ − θ r ) 
+
2
2
 ,
 sin (θ + θ r ) tan (θ + θ r ) 
 sin θ ∗ na 
θ r = sin −1 
, ,
 nw 

ρ (θ ) = 0.5 ∗ 

(26)
(27)

where θr , is the refracted angle, na and nw are the refractive index of the air (assumed to be 1) and the water (assumed to
be 1.34) respectively. Sea foam reflectance, θf , is a function of sea-surface roughness, and it is also a function of wind
speed and wind stress.8 Using the observations made by Koepke8 and Gregg and Carder7, Ma9 developed the following
relationship (Table 3) between sea foam reflectance (ρf) and wind speed.
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Table 3. Relationship between wind speed and sea foam reflectance.3,8,9

Sea foam reflectance, ρf
0
ρf = 2.2X10-5 ρa CD ws2- 4.0X10-4
CD = 6.2X10-4 + 1.56X10-3/ws
Ws > 7
ρf = (4.5X10-5 ρa CD- 4.0X10-5 ) ws2
CD = 4.9X10-4 + 6.5X10-5 ws
3
-3
Note: ρa, is the density of air = 1.2X10 g m and CD is the drag coefficient.

Wind speed, Ws (m/s)
0 = Ws = 4
4 < Ws = 7

Using equation 1 to add the specular direct reflectance, ρ (θ ) , to the sea foam reflectance, ρ f ( ws ) , the specular
surface reflectance, Rs (θ , ws ) , is acquired. The transmitted direct sunlight or collimated irradiance, Ts (θ, ws ), which
is the proportion of the collimated irradiance transmitted through the air-water surface, is calculated by:
Ts (θ , ws ) = 1 − Rs (θ , ws ) .
(28)
The transmittance is used to calculate the collimated irradiance just below the wind-roughened sea surface. The diffuse
reflectance at the sea surface, θd, is independent of incident angle θ. If a smooth water and clear sky are assumed, then:
2π π / 2

ρd =

∫ ∫ ρ (θ ) cos θ sin θ dθ dφ

,

(29)

φ =0 θ =0

where ρ(θ) is the Fresnel reflectance. Numerical integration using Simpson’s method is used to calculate the value θd
= 6.7% (θd = 5.2 % under an overcast sky.10). This value is about the same value as calculated by Jerlov11 and
Preisendorfer,12 for the index of refraction of sea water nw = 1.341. For a wind-roughened surface (ws > 4 m/s), the θd
decreases to 0.057 due to wave breaking at wind speeds of approximately 4 to 5 m/s.13 The sea foam reflectance can
thus be added to the external diffuse reflectance using equation 2 to obtain the diffuse surface reflectance, Rd ( ws ) .
The transmittance of diffuse irradiance, Td ( ws ) , which is the proportion of the diffuse irradiance transmitted through
the air-water surface, is calculated by:

Td ( ws ) = 1 − Rd ( ws ) .

(30)

The transmittance is used to calculate the diffuse irradiance just below the wind-roughened sea surface. Now that the
amount of direct and diffuse irradiance just below the sea surface for each pixel has been calculated, and one can now
calculate the reflectivity due to the water volume itself. The water volume reflectivity is calculated by solving the
radiative transfer equation in the form of the iterative based layered solution to the analytical two-flow equations or the
Monte Carlo model.
3. SELECTED RESULTS
The random number generator used in the original (serial processing) Monte Carlo model needed to be modified to
properly function in the parallel processing environment. The reason is that the random number generator uses a seed to
generate a number based upon the CPU call to the computer’s time clock. In the parallel environment, each processor
uses the same seed based upon the time function and therefore the resulting simulation resulted in a pattern in the image
due to the simulation with the same “time seed”. In other words, the seed produced will not be random across the image.
A sample image, before and after modifying the random number generator for the parallel environment, is shown in
Figure 11. The random number generator modified for the parallel environment uses a seed that is modified by different
columns and row numbers as well as the order of processors. The pseudo code used can be stated as:
CALL ITIME(IARRAY)
XSEED = IARRAY(1)+jjj+ranki+iii+iii

! iii is the column number of the image

YSEED = IARRAY(2) * (1000+ranki+iii+jjj)
ZSEED = IARRAY(3) * (100+iii+ranki+jjj+jjj)

120

! jjj is the column number of the image
! ranki is the order of the processors
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The quantity of photons to use and the number of significant figures needed in the resulting reflectance synthetic images
in the models must be determined before running the program for generating a synthetic image. The greater the photons
used, then the more accurate the resulting reflectance images (in concept). The reason for considering this test was also
to find a reasonable computation time for image generation. A test was performed using a 20 x 20 matrix and different
numbers of photons to simulate the surface reflectance using ten processors. The resulting reflectance image (shown in
Figure 11) is computed to three significant figures. Figure 10 shows the level of noise in the MC model as a result of
using varying quantities of photons per pixel. Table 4 and Figure 12 show the results of the photon quantity test and the
relationship between the number of photons and standard deviation of the reflectance Figure 13 is an actual 1 meter pixel
resolution aerial image of the Sebastian Inlet area. Figures 14, 15, 16, 17, 18, and 19 are the simulated images of the
Sebastian Inlet area for comparison. The synthetic images have been generated by both the MC and the analytical
models in order to compare model results and the effects of depth and bottom reflectance on the quality or “realism” of
the images. The image enhancement technique used to display the resulting RGB images is a standard linear contrast
stretching.
4. DISCUSSION & SUMMARY
A good random number generator is one of the most important components of a Monte Carlo simulation. Random
number generators use iterative algorithms for producing a long, non-repeating sequence of uniform pseudo-random
numbers that approximate a truly uniform random sequence. The random number generator used in this research has
been modified by the rank of processors and pixel number. Ideally, the sequence should be uniformly distributed,
uncorrelated, and easily changed by adjusting an initial seed value. Parallel random number generators should have no
correlation between the sequences on different processors, should produce an independent sequence for different
numbers of processors, and should not require any data communication between processors 7. Synthetic image
applications described here are designed for algorithm testing (Figure 22). Conceptually, we believe that the total
reflectance of the water surface (R tot) is equal to the reflectance resulting from pure water (R pw), bottom reflectance (R
b), (R chm) is due to the chemicals and reflectance from a residual factor (R residual) that is due to the difference between
these components and what is obtained from an actual sensor. R tot is thus represented by the real images taken from
aircraft or satellites or is calculated and the difference between these is the residual reflectance. The image of Rb can be
obtained from subtraction. If one understands or knows R pw, it can also be generated by synthetic images. Reflectance
due to chemical constituents in the water (R chm) can be extracted from the residual reflectance. Once the R chm is
simulated or created, the Rb or SAV distribution map can then be extracted from the sensor image. Work is ongoing to
develop a procedure to explain the residual reflectance uing simulated and airborne images using this data fusion
technique.

Figure 10. The figure shows the standard deviation of reflectance or noise generated by using different quantities of photons
for each pixel (1,000 to 1 million) in the hyperspectral Monte Carlo model used to generate synthetic images.
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Table 4. The results of the number of the photons
simulated for each pixel and the effect on the pixel
statistics for the water surface reflectance
Number of
Range Min
Max
STD
photons

Reflectance Standard
Deviation

Figure 11. Comparison of synthetic images created using different random number generators. Top left image produced using the
original random number generator (used in serial processing), top right image was produced using the random number generator
modified for the parallel processing environment. The two lower images are a zoom of an area of water in top, left and right images.
Note the obvious pattern on the lower, left, zoomed image.

Photons Used to Simulate a Pixel

Figure 12. The relationship between the standard
deviation and the quantity of photons used
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Figure 13. Actual 1 meter pixel resolution aerial image from Sebastian Inlet area. Variable water depth and submerged grasses are
observed.

Figure 14 (left) and Figure 15 (right). Synthetic image of the Sebastian Inlet area generated using the Monte Carlo model (Figure 14)
and using the analytical model (Figure 15). The bottom reflectance (Rb) is set to 0.1. Bathymetry used was data from SJRWMD. The
depth in this area is between 0-5 meters. The water column is assumed to be pure water (no chemical constituents). The model clearly
shows the reflectance of different water depths on synthetic images. The white region is shallow water. The reflectance values at 650
nm are between 0 and 0.075 (Fig. 14) and 0 and 0.083 (Fig. 15). Simulated Water surface values at 520 nm were between 0.03 and 0.1
(Fig. 14) and 0.04 and 0.1 (Fig. 15). The reflectance values at 480 nm are between 0.06 and 0.105 (Fig. 14) and 0.01 and 0.14 (Fig.
15). Images have been contrast stretched. Note the similarity between the 2 models and the aerial photo.
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Figure 16 (left) and Figure 17 (right). Synthetic image of the Sebastian Inlet area generated using the Monte Carlo model (Figure 16)
and using the analytical model (Figure 17). The bottom reflectance (Rb) data used is SAV bottom reflectance (Bostater, 1992).
Bathymetry data used was from SJRWMD. The depth in this area is between 0-5 meters. The water column is assumed to be pure
water (no chemical constituents). The dark area near the shoreline is submerged aquatic vegetation (SAV). The reflectance values at
650 nm are between 0 and 0.13 (Fig. 16) and 0 and 0.087 (Fig. 17). The reflectance values at 520 nm are between 0.04 and 0.125 (Fig.
16) and 0.05 and 0.13 (Fig. 17). The reflectance values at 480 nm are between 0.04 and 0.12 (Fig. 16) and 0.03 and 0.142 (Fig. 17).
Images have been contrast stretched. Note the similarity with the aerial photo and the increased realism due to the incorporation of
bottom reflectance characteristics.

Figure 18 (left) Reflectance contours of the synthetic image of the Sebastian Inlet area generated using the Monte Carlo model (Figure
16) with bottom reflectance data (Bostater, 1992). Figure 19 (right) Reflectance contours of the synthetic image of the Sebastian Inlet
area generated using the analytical model (Figure 18) with bottom reflectance data (Bostater, 1992). Note the close degree of
similarity in the resulting images by comparing the contours and contour shapes.
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Figure 21. Synthetic image sensor simulations of a hyperspectral imaging system with continuous source illumination using a
radiative transfer model (Bostater, et. al. 2000, 2004). A real target (upper left) on land is place in water (upper middle) and shows the
influence of water waves. A simulated target (upper right) is simulated with 80% and 20% reflectance lines. The simulated target is
simulated as a ≈140 cm2 target. The wave surface is generated using a water wave spectrum as described above in the Sebastian River
tidal coastal inlet (upper right) of the Atlantic Ocean, Florida (see top pane). Simulated wind speed is 5 ms-1 from NNE d(30 0). The
solar zenith angle is 20 degrees off nadir (late morning), with near nadir sensor viewing angle. Bottom reflectance in the background
of the target is a seagrass or vegetative bottom type. A resulting synthetic image is presented for a clear water simulation (lower left)
and the zoomed region of the panel for the target in this area (lower middle) shows the influence of the water surface and clear water
column properties on the target. The lower right zoomed line target area shows the influence of wind and water quality with
suspended matter of ≈ 30 mgL2, 20 mgL2 C as dissolved organic matter (DOM) and chlorophyll-a pigment concentration of 20 ugL2.

Figure 21 The above shows example results of using the modeling approach described above for simulating targets
embedded in the modeled shallow water environment. Such targets are given reflectance and or transmittance or
transmission characteristics and are located within the synthetic image domain. The lower middle and right panels are
examples of retrieval of the simulated line target with different water turbidity characteristics in a shallow water
environment. The target is simulated as indicated in the lower left image by the circle outline. Note also the change in
the feature of the synthetic image with the water surface wave field realization. The actual line tsarget being simulated is
shown in the upper right image with20% and 80 % reflectance across the channels. Thus it is a gray based reflectance
target which is simulated as being on the water bottom. The idea and motivation for target retrieval using this method
was based upon our actual line targets placed in water during low altitude airborne hyperspectral data collections in the
Sebastian Inlet area during the spring of 2004 and 2003. The upper left hand image shows the actual line target on the
land surface.
In conclusion, the above target extraction or retrieval in turbid water is partly motivated by the need for advancing
technology related to port and harbor monitoring and surveillance. For example Figure 23 below shows the Space Coast
Florida region where in the vicinity of Indian River Lagoon there are approximately 15 bridges and causeways with well
over 1 million people being served by these bridges, causeways and waterways. Port Canaveral Florida is centered in this
region. One can thus surmise the importance for the need to advance our infrastructure monitoring and surveillance
activities in order to protect this coastal population and to sustain a safe environment for this human, social and
economic environment through not only Port & Harbor monitoring, but through inland waterways, bridges and other
infrastructure smart sensor monitoring along Space Coast Florida.
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Figure 22. Conceptual diagram indicating procedures of using synthetic images for remote sensing algorithm testing
and data fusion of aerial sensor data with synthetic images.
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Figure 20. Population associated with coastal waterways and bridges along the Indian River Lagoon - Space Coast, Florida.
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