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ABSTRACT

A remote sensing reflectance model, which describes the transfer of irradiant light within a homogeneous water
column has previously been used to simulate the nadir viewing reflectance just above or below the water surface by Bostater,
et al. 1,2,3 Wavelength dependent features in the water surface reflectance depend upon the nature ofthe downwelling
irradiance (direct & indirect), bottom reflectance (in optically shallow waters) and the water absorption and backscatter
coefficients. The latter are very important coefficients, and depend upon the constituents in water and both vary as a function
ofthe water depth and wavelength in actual water bodies. This paper describes a preliminary approach for the analytical
solution of the radiative transfer equations in a two- stream representation of the irradiance field with variable coefficients due
to the depth dependent water concentrations of substances such as chlorophyll pigments (chlorophyll-a), dissolved organic
matter (DOM) and suspended particulate matter (seston). The analytical model formulation makes use ofanalytically based
solutions to the 2-flow equations"2'3. However, in this paper we describe the use ofthe unique Cauchy boundary conditions
previously used, along with a matrix solution to allow for the prediction of the synthetic water surface reflectance signatures
within a nonhomogeneous medium (a hypothetical water column defmed by a variable water column layer depth and
associated depth dependent concentrations of substances with unique layer characteristics). Observed reflectance signatures as
well as model derived "synthetic signatures" are processed using efficient algorithms which demonstrate the error induced
using the layered matrix approach is much less than 1 % when compared to the analytical homogeneous water column
solution. The influence of vertical gradients of water constituents may be extremely important in remote sensing of coastal
water constituents as well as in remote sensing of submerged targets and different bottom types such as corals, sea grasses and
sand.

Keywords : reflectance spectroscopy, remote sensing, radiative transfer, absorption coefficients, environmental models,
environmental surveillance, hyperspectral remote sensing, environmental optics, water surface reflectance, water quality,
inhomogeneous media radiative transfer models, bottom reflectance.

1. BACKGROUND

When we speak of radiative transfer models we generally are referring to forms of the radiative transfer equations similar to
that given below. For example, a version of a radiative transfer equation and associated role of the absorption and scattering
processes is described by Priesendorfer4 in terms of a radiative transfer equation (RTE):

dL(Z2)(2)L(2) JL(z;e';2)fl(z;' ;2Q()+p(z;' ;2)L(z;) ,(1)
where jt=cos 0 (cosine ofzenith angle), L is radiance (Wm2sf1), z depth (m) positive down, is direction oflight, X
represents wavelength (rim), c is a beam attenuation coefficient (absorption + scattering) (m1), indicates integration over
directions of a unit sphere, f3 is a volume scattering function5 (m1sf1) which describes the amount oflight originally heading
in direction ' at depth z elastically scattered into direction (elastic scattering is used to denote scattering with no change of
wavelength, whereas inelastic scattering is that scattering process which involves a change of wavelength or frequency). L is
the collimated radiance (Wm2sf').
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The first term on the right hand side of 1 is the loss ofradiant energy from due to absorption and scattering (backwards or
forwards) out ofthe path of the radiant energy flux. The 2nd and 3rd terms are gains due to the collimated or a path radiance
being scattered within the path ofthe radiant energy (either diffuse or collimated). Analytical models derived from the above
(see the 2 flow equations below) have been solved and results demonstrated using Monte Carlo6'7 techniques (Bostater and
Gimond8 Bostater9. The above RTE equation has been simplified into more readily solvable systems of differential
equations, as witnessed in the well know versions ofthe two-flow equations1° given below. A form ofthese equations have
been given"2'3'4"0 by a set oftwo or three coupled ordinary differential equations that describe the upwelling and downwelling
irradiance in a unit volume ofwater ofdepth z. The terms are a(X), the absorption coefficient (m1), b(X) is a backscatter
coefficient (m'), E(X) is the upwelling irradiance (Wm2), Ed(X) is the downwelling irradiance (Wm2), and
R(X)=E(X)/Ed(2) is the irradiance reflectance and c(X) is a conversion coefficient. Below, we clearly show how a medium
(such as water, a plant canopy, leaves or other tissue mediums, or a gaseous atmosphere) with measured or estimated
absorption spectra, a(X) and calculated backscatter spectra, b(X), are utilized to solve for and predict a surface reflectance.
The predicted signatures and solutions can then be used for algorithm development11 that may include using numerical higher
order derivative spectroscopy procedures11. Similar equations and solutions for different water types or classes have been
utilized in marine and environmental optics'2'13"4'15.

The above type of solutions and those given below are needed in order to improve operational advances in the use of
hyperspectral imagery for oceanographic and atmospheric models, environmental surveillance, agriculture, medical and earth
system science management.

2. METHODS

The 2-flow equations are solved and preliminary results shown following the procedures below where the principle equations
are given by:

=-(a+b)E(z)+bE(z)+cE(z) (1.1)
dz

= (a+b)(z)-bE(z)-cE(z) (1.2)
dz

—=-aE(z) (1.3)
dz

Final solutions after applying Cauchy type boundary conditions are:

E(i) = X(i) [E(i -1)- m(i)
+ Y(i)

fid (i-i) + a(i)m(i)

J
+m(i)e0 (1.4)

2 2v(z)

E(i)= X(i)
[

E(i—1) —n(i)e
+ Y(i)

[

fl (i) + a(i)n(i)e

J
+ n(i) (1.5)

2 2ii(i)

Pd(i—i) = —(a(i) + b(i))E'(i —1)+b(i)E'(i —1)+c(i)E"(i —1) (1.6)

P(i) = (a(i) + b(i))E'(i + 1)—b(i)E'(i+ 1)—c(i)E(i+ 1) (1.7)

where, i = layernumber, z= depth of layer and the layered coefficients are assumed initially as:
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b(i)Y(i)
LetD2(i)=

2i1i(i)
(1.19)

c(i)Y(i)LetD3(i)= (1.20)
2i(i)

Let D4(i) = (i)X(i) a()m(Y( m(i)e (1.21)
-m

2 2yi(i)

Substituting equations (1 .18), (1 .19), (1 .20), and (1 .2 1) into equation (1 .17), we get:

E (i) =E(i 1)D1(i) + E (i 1)D2(i) + E5t' (i 1)D3(i) + D4(i) (1.22)

One performs the same operations for the upwelling equation, or substituting equation (1 .7) into equation (1 .5), one obtains:

IE''(i)
E(i_1)=X(i)L 2

(1.23)

+Y(i) i:
((a(i) + b(i))E(i) —b(i)E'(i)— c(i)E'(i))+ a(i)n(i)e°

J
+n(i)

2v(i)

and combining like terms for equation (1.23), one obtains:

(X(i) + a(i)Y(i) + b(i)Y(i)

J
— E'(i) b(i)Y(i)E (i -1) = E (j) 2 2(i) 2(i) 2(i)

(1.24)
— ______ — + +n(i)E" (i) c(i)Y(i)

J

X(i)n(i)e a(i)Y(i)n(i)e'
2yi(i) 2 2yi(i)

In order to set up terms for matrix:

X(i) a(i)Y(i) b(i)Y(i)Let U1(i)=—+ + (1 25)2 21i(i) 2i1i(i)

b(i)Y(i)
LetD2(i)= (1.26)2(i)

c(i)Y(i)Let D3(i)= (1.27)2(i)
a(z)z(i)—X(i)n(i)e + c4i)Y(i)n(i) + n(i) (1.28)Let U4(i) =

2 2t'(i)
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and substituting equations (1 .25), (1 .26), (1 .27), and (1 .28) into equation (1 .24), we get:

E'(i —1) = E(i)U1(i)— E(i)D2(i) —E(i)D3(i) + U4(i) (1.29)

where, at the bottom layer, we have a fmal equation:

E1'(k)=RbE7(k)+RbESt'(k) (1.30)

where k =bottomlayer and Rb is the bottom reflectance and is also wavelength dependent. With equations (1.22), (1.29) and
(1.30), we can write a system oflinear equations in the form of AX B where Matrix A is an N by N matrix containing the
coefficients ofthe linear system (input), B is a vector oflength N containing the right-hand side ofthe linear system (input),
and X is a vector of length N containing the solution to the linear system (output). The input matrix (Matrix A) is set up as
follows:

1 0 0 0 0 0 0 0 0 —D2(1)

—D1(1) 1 0 0 0 0 0 0 —D2(2) 0

o —D1(3) 1 0 0 0 0 —D2(3) 0 0

o o 0 —D1(k) 1 0 —D2(k) 0 0 0 0

o o 0 0 1 0 0 0 0 (1.31)
o o 0 0 D2(k) —U1(k) 1 0 0 0 0

o o D2(3) 0 0 0 —U1(3) 1 0 0

o D2(2) 0 0 0 0 0 —U1(2) 1 0

D2(1) 0 0 0 0 0 0 0 —U1(1) 1

The B vector is set up as follows:

[Dl(l)E;(o)+D3(1)E(O)+D4(l)

D3(2)E(1)+ D4(2)

D3(3)E(2) + D4(3)

D3(k)E(k —1) + D4(k)

RbE(k) (1.32)

U4(k) — D3(k)E(k)

U4(3) —D3(3)E(3)

U4(2)— D3(2)E(2)

U4(l)—D3(1)E (1)
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And fmally the solution vector X is:

E'(l)
E(2)
E(3)

E(k)
E1(k) (1.33)

E (k —1)

E:(2)

E(1)
E(O)

The above system of equations which represents an analytical solution to the coupled 2 flow irradiance equations can be
applied in order to generate synthetic reflectance signatures of optically deep or shallow waters for inhomogeneous media
characteristics. In order to simulate the reflectance signatures, specific coefficients based upon the work of Bostater and
Gimond15 and Bostater16 are utilized as shown in figures 1 and 2 below. Figure 3 and 4 shows the clear water absorption17 and
backscatter coefficients used in calculating the total absorption and total backscatter coefficients using the form of
a=a+aici+ac... and b=b+bici+bc... Thus, assumed concentrations ofwater constituents are used to simulate the
magnitudes oftotal absorption, a(z,X) and backscatter, b(z,X) as a function of wavelength and the water layer depth. Layered
model simulations are simulated for 1 0-meter layer thickness with 5 or 1 0 layers for a 50 or 1 00-meter total water column
depth. The downwelling light used as input to the model is shown in figure 5 and an atmospheric conection is applied to the
solar radiation outside the atmosphere according to Ma18 and Greg and Carder19. The solar radiation entering the water is
considered to be composed of collimated direct (sunlight) and diffuse indirect (skylight) as indicated in figure 5. The light
entering the water is first modified for the specular and diffuse reflectance and wind roughened surface conditions.

1°°4

_________________
! : :

_ S '
T

Obs.by Bostater & Gimond, 1995,1996 _
\

. /t Obs. by Bostater & Gimond, 1995,1996
% . 0 Chlorophyll-a c_ Chlorophyll-a
0 5S555 0 DOM Suspended Matter
- o.oc ''''' .1-r.S S -S--S S D Suspended Matter 0.000 '' ' '''' I

(I) 390 470 550 630 710 390 470 550 630 710
Wavelength (nm) Wavelength (nm)

Figures 1-2. Specific absorption and specific backscatter coefficients used for testing and comparing the analytical
homogenous model and the layer non-homogeneous model. The data used in calculating these coefficients were collected for
waters along Indian River Lagoon, Port Canaveral and the Atlantic Ocean coastal waters off Port Canaveral, Florida.
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Figure 3 and 4. Pure water absorption and backscatter coefficients used to generate the synthetic layered model hyperspectral
signatures of water and for the homogeneous model comparisons.
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Figure 5 Signatures ofthe direct and indirect downwellmg Figure 6. Comparison ofthe homogeneous and the layered model
irradiance used as input into the layered and homogeneous (5 layers, 50 meter water depth) predicted reflectance signatures
model runs. for testing the layered model.

3. RESULTS

Figure 6 above shows the preliminary results of comparing the layered model to the homogeneous model. The comparison of
the homogeneous and layered (5 layers, 1 0 m thick layers) analytical solutions above are based upon concentrations of 18
mgL' seston, 3 mgU' DOM, 26 ugL1 Chlorophyll-a. Wind speed was assumed at 6 ms, and a Caribbean Sea sand bottom
type reflectance was used in the hypothetical 50-m water column total depth. Note that comparisons for the mixed water
column (homogeneous) simulations indicate nearly exact results at the surface for the 2 model types (homogeneous and
layered). The above (figure 6) indicates that the layered model is working as anticipated for simulation the water surface
reflectance in waters with constant concentrations of constituents as a function of depth. Figure 7 shows the results of
specifying different concentrations of chlorophyll-a in the layered model to determine how this model responds to increasing
concentrations. Specifically, this layered model test was simulated in order to determine the difference between the water
surface reflectance signatures under different water column concentrations of chlorophyll-a with 10 layers and a total water
column depth of lOOm. This resulted in signatures similar in nature to the homogeneous model, but once notices the ability to
simulate many layers, a bottom type and a deep-water column. Next (figure 9) we simulate a nonhomogeneous water column.
This is quite important since in most natural freshwater and coastal water bodies, the concentrations of DOM, suspended
particulate matter (seston) and chlorophyll-a pigments vary with from the surface to the bottom. This is especially true in
temperature or density stratified waters, or in waters with active primary production within a mixed surface layer. Figure 8
shows the vertical profiles ofDOM, chlorophyll-a and seston used and how they varied under two different scenarios. Figure
9 then demonstrates how the results of 2 simulations and specifically, how the water surface reflectance signatures change
with depth dependent concentrations of DOM, seston and chlorophyll-a pigment concentrations or water quality variables.
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Figure 9. Layered model results indicating the synthetic water surface reflectance simulated as a function ofvarying the
vertical profiles ofDOM, seston and chlorophyll-a as indicated in figure 8 for a 5layer, 50 meterwater column depth.

4. DISCUSSION

The above preliminary model results indicate the magnitude of the effect that vertical variations in water column chemical
concentrations may have upon measured water surface reflectance signatures. The layered model results suggest that
nonhomogeneous characteristics of a water column influences the calculated surface reflectance and thus would affect
measured satellite or aircraft based sensor based reflectance, associated imagery, and related algorithms. Future work will be
needed to more rigorously test the model and the conservation of energy aspects of the layered model, as well as the effects of
different bottom types and methods for calculating the influence ofthe air-sea interface on the layered model described above.
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quality variables for two different model scenarios
(Run 1 & Run 2). The layered model was run with
5 layers (10 m layer thickness) for a 50m total water
column depth.
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