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1.0

INTRODUCTION

This report summarizes work done on contract N00014-78-C-0458

during the period 3-1-78 to 4-30-80, concentrating especially on the

parts of the program dealing with the marine environment during the last

year of the contract. Efforts on the beach environment tasks during

the last year are summarized in a separate report (no. 134400-12-F),

and results obtained during the first year of the contract are described

in report no. 134400-7-T. Various aspects of the technical work have

also been reported in papers submitted to Remote Sensing of Environment

and the IEEE Transactions on Geoscience and Remote Sensing. The tech-

nical monitor for this contract was Mr. Hans Dolezalek. The principal

investigator was Dr. David Lyzenga and the project manager was Mr. Fred

Thomson.

Three areas of research are described in this report. The first

deals with the extraction of water optical properties from remote

sensing data, including both passive (satellite and aircraft) data and

active (aircraft) data. These properties are needed for use by the

bottom recognition and water depth algorithms, and may have independent

applications as well. The second topic is a further evaluation of the

bottom recognition algorithm using both Landsat and aircraft data over

a test site near North Cat Cay in the Bahamas. The third topic deals

with radiative transfer modeling as applied to water and atmospheric

problems. A Monte Carlo model has been developed which is capable of

accurate solutions and of modification for complex geometries and

boundary conditions, but requires a fairly large expenditure of compu-

ter time. Secondly, a re-evaluation of several approximate models has

been conducted, including the quasi-single-scattering (QSS) model which

has been used in the past for water reflectance calculations and the

double-delta (Turner) model which has been used for atmospheric

1
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calculations. Recently a rather serious deficiency has been discovered

in the Turner model which causes an overestimate of the path radiance

in the antisolar direction. The QSS model appears to give adequate

results for the conservative scattering case with small optical thick-

ness but breaks down for larger values of the optical thickness. A new

model has been developed which shares certain similarities with both

the Turner and QSS models but gives somewhat better results for the

conservative scattering case, particularly for large optical depths.

2



2.0

WATER PROPERTIES

2.1. PASSIVE METHODS

The basis for the methods of processing passive shallow-water

remote sensing data described in this report is the assumption of an

exponential depth dependence of the observed bottom-reflected radiances.

The rationale for this assumption has been discussed in previous

reports 11,2], and no overwhelming evidence has been found to the con-

trary, although it is certain to break down in areas where the optical

properties of the water are changing rapidly. In areas where

horizontal mixing ensures a relatively homogeneous composition of the

water, however, the assumption appears to be justified. Thus, when the

measured radiances are transformed according to the following equation

X. = in(L. - L .) (1)
1 1 si

where Li is the measured radiance in band i and Lsi is the deep-water

radiance, the resulting variables are linear functions of the water

depth and are linearly related to each other, for a given bottom

reflectance. That is, if X. is plotted versus X. and the water depth
i 3

is varied, the data points will fall along a straight line whose slope

is K./K., where K is the irradiance attenuation coefficient of the1J 1

water in band i. If the bottom reflectance is changed, the data points

will fall along a parallel line which is displaced from the first by

an amount proportional to the change in reflectance.

This suggests a procedure for obtaining water attenuation para-

meters from shallcw-water MSS data. If a set of radiance measurements

are made over an area of variable depth but uniform bottom reflectance,

a linear correlation would be expected between any two of the variables
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X. and X. A regress ion analysis of this data would then yield the

ratio of the Ittenuation coefficients in the two wavelength bands used.

This procedure does not yield the correct results, however, if the

bottom reflectance varies with depth within the area selected. Thus,

the problem is to sele't an area of uniform bottom reflectance for the

analysis. This selection process is directly analogous to the process

of training set select ion in conventional supervised classification

techniques used in remote sensing. The selection may be done on the

basis of field observations and/or photographic interpretation using

color aerial photography. Alternatively, an analysis of the self-

consistency of the data can be done to determine the uniformity of tile

training set. In this case, a uniform bottom is indicated by a high

correlation among the X. variables, and this condition can usually be

identified by an inspection of scatter plots of the data. Figure la

shows a scatter plot of X. values over an area containing a mixture ofI

bottom types, while Figure lb shows the distribution of the same

variables over a uniform sand bottom.

Having selected a training set, a conventional least-squares

regression analysis may be done to determine the ratio of attenuation

coeffieients. The disadvantage of this :rocedure, however, is that

the resul ts depend upon the order in which variables are selected,

since the mean square deviation from the regression line is calculated

in the direct ion of the dependent variable. A better procedure is to

determine the line for which the mean square deviation measured perpen-

dicular to the line is minimized. This procedure results in the

e(luat ion

K./K = a + a + 1 (2)

wlhe re
a cii - "U (3)
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Figure 1. Scatter plot of Xi values for aircraft bands C5 (.58-.64 pm)

and C7 (.52-.57 pim) over two bottom types. Xi is log of bottom-

reflected signal.
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and 0 X (4)1,] i .

e., .is the variance of the X measurements, o is the variance

of the X measurements, and .. is the covariance of X. and X ). This

equation yields a result which does not depend on the order in which

the variables are selected.

This procedure has been tested with two data sets collected near

North Cat Cay in the Bahamas. The test site selected for this evalua-

tion is located on the western edge of the Great Bahama Bank, about

90 km east of Miami, Florida, and 15 km south of Bimini. The bottom in

this area is composed largely of white carbonate sand with some rock

and coral formations, and heavy growths of vegetation (mainly Thalassia)

in protected areas. The water is very clear, and extensive shallow

areas exist with depths rangin, from I to 15 meters, dropping off to

very great depth at the edge of the Bank. A map of the test site is

shown in Figure 2.

Measurements of the irradiance attenuation coefficient of the

water were made at several locations in the Great Bahama Bank in

October 1977, using Kahl submarine photometer with filters approxi-

mating the Landsat green (MSS4, 0.5-0.6 jim) and red (MSS5, 0.6-0.7 om)

bands. Two of these measurements were taken near the North Cat Cay

test site, on October 4 and 5, 1977. Landsat data was also collected

over the test site on October 11, 1977. The Landsat MSS data was

collected in high gain mode and exhibits a large amount of striping,

which was corrected prior to the processing described in this report.

The test site was revisited in August, 1978, at which time a set

of observations of the bottom type and water depth were made at nine

stations around North Cat Cay. Underwater photographs were taken and

were subsequently analyzed in order to extract the bottom reflectance

at each station. Aircraft MSS data was also collected at this time

6
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Figure 2. Map of North Cat Cay test site. C5 indicates location
of water attenuation measurements, and other labelled
dots indicate bottom reflectance measurement stations
(c.f., section 3.2). Box labelled "15m" indicates area
of 15 meters depth.
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using the ERIM H-8 multispectral scanner system. This data was

collected at an altitude of 3.3 kin, with a spatial resolution of

approximately 8 meters, as compared to the Landsat spatial. resolution

of 79 meters. The spectral resolution of the aircraft scanner was also

somewhat higher than the Landsat MSS, with bandwidths on the order of

0.05 pim for the wavelengths bands used. The aircraft data included

some sun glint and path radiance effects, which were removed during a

pre-processing step.

The aircraft MSS records a digital signal which is proportional to

the radiance at each point in the scene. The radiance within each of

the spectral bands indicated in Table 1 is recorded separately, and

with a different proportionality constant depending on the gain

settings selected by the operator. The proportionality constants

relating the digital signals to the radiances in each band could be

determined by an analysis of the calibration data recorded by the IISS,

but since the water attenuation algorithm does not require absolute

radiances this calibration was not attempted.

TABLE I

SPECTRAL BANDS RECORDED BY M-8 SCANNER SYSTEM

Band Designation Wavelength (oim)

C9 .43-.52

C8 .50-.54

C7 .52-.57

C6 .55-.bO

C5 .58-.64

C4 .62-.70

C2 .67-.94

Al thermal IR

8



RIM

The first step in the analysis procedure is to determine the deep-

water signals. This is accomplished by averaging the signals over a

portion of the scene within which the contribution due to bottom

reflectance is negligible. For the. scene under consideration such an

area was easily located off the edge of the Bank where the water depths

are on the order of several hundred meters.

Having determined the deep-water signals the X. variables were1

computed and scatter plots similar to those shown in Figure 1 were

generated for each band pair. Scatter plots were generated for several

areas in an attempt to locate an area of homogeneous bottom, as

indicated by the linear distribution shown in Figure lb, which was

obtained from an area just west of North Cat Cay. Ratios of the water

attenuation coefficients were then calculated as outlined in the

preceding section. The results are shown in Table 2. Unfortunately,

no in situ water optical measurements were made at the time of the

overflight, but the ratios shown in Table 2 are within the range

expected for oceanic water.

TABLE 2

RATIOS OF WATER ATTENUATION COEFFICIENTS

DETERMINED FROM AIRCRA' AISS DATA

Band Pair Ratio of Attenuation Coefficients

C9/C4 0.28

C8/C4 0.29

C7/C4 0.33

C6/C4 0.37

C5/C4 0.64

9
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Analysis of the Landsat data set for frame 2993-14385 proceeded

in a similar manner to the aircraft data set. Deep water signals were

calculated for an area off the edge of the Bank west of North Cat Cay,

and scatter plots of X (1SS 4) versus X (1NSS 5) were generated forI 2

several areas. Due to the coarser spatial resolution, areas of

uniform bottom type are somewhat more difficult to find, and the set

of useable data points is smaller. Figure 3 shows a scatter plot for

an area south of North Cat Cay which appears to be relatively homo-

gencous. The ratio of attenuation coefficients (K4/K5) obtained from

this set of points is 0.24.

The results of the waiter optical parameter determination may be

evaluated by a comparison with field measurements of the irradiance

attenuation coefficient. Unfortunately, no exactly simultaneous field

data are available. However, as mentioned earlier, two measurements

were made near the test site within a week of the Landsat overpass,

which indicate at least the range of attenuation coefficients occurring

there. The first measurement was made on October 4, 1977 just south of

North Cat Cay (Station C-5, 250 32.2'N, 700 16.9'W) while the second

measurement was made on the following day west of Bimini (Station D-7,

25' 43.9'N, 790 18.2'W). The irr:idiance measurement in the two

wavelength bands are shown in Figure 4, and the attenuation coef-

ficients derived from the measurements are shown in Table 3. The

higher attenuation at D-7 is thought to be due to resuspension of

sediments during high wind conditions occurring on the 4th and 5th of

October. Winds were calm prior to the Landsat overpass and the atten-

uation coefficients probably returned to the values measured at C-5.

The ratio of attenuation coefficients extracted from the Landsat data

was 0.24, which is within ten percent of the measured value at C-5.

The ratio of attenuation coefficients obtained from the aircraft data

for a similar pair of wavelength hands (C7 and C4) was 0.33, which is

10
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Figure 3. Scatter plot of X . values for Landsat bands MSS4 (.5-.6 ;om)

and MSS5 (.6-. 7 pm) over sand bottom south of North Cat Cay.

Xis log of bottom-reflected signal.
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Figure 4. Underwater irradiances measured with filtered photometer

at two locations on the Great Bahama Bank. Green filter

corresponds to Landsat hand MSS4 and red filter corresponds

to MSS5. Underwater irradiances (measured by "sea cell")

were normalized by above-surface irradiances ("deck cell") in

order to compensate for illumination changes.
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CI oser to the value measured at Stat ion D-7. Since the aircraft data

was collected some 10 months later, not too much significance can be

placed on this comparison, but the attenuation parameters obtained

from the aircraft data analysis ari, apparently within reasonable

I imits.

TABLE 3

IRRADIANCE ATTENUATION COEFFICIENTS

MEASURED BY PHOTO11ETER NEAR TEST SrITE

Green Filter Red Filter

Station Date Location (MSS4) (SS5) Ratio

C-5 10/4/77 250 32.3'N, 790 16.9'W .080 m-  .352 m .227
-i -l

D-7 10/5/77 250 43.9'N, 790 18.2'W .134 m .498 m .328

2.2 ACTIVE METHI)DS

In addition to the collection of passive data (reflected sun-

light), the ERIM M-8 scanner is capable of active operation using a

pulsed-laser source. The characteristics of this device have been

described by Hasell et al [3]. Basically, a narrow pulse of light is

transmitted downward and the time history of the reflected pulse is

recorded using a transient digitizer. The transmitted pulse is timed

and directed to correspond to a known pixel location in the passive

data. Over shallow water, the returned pulse has recognizable compo-

nents due to reflection from the water surface and from the ocean bot-

tom (c.f. Figure 5). Thus, the difference in the time of arrival of

these pulses can be measured and used to accurately calculate the

water depth.

Having a set of depth measurements at known locations in the pas-

sive data, a regression analysis can be performed between the depths

13
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SCAN LINE 126583 FIAING ANGLE- 0.0 OEGEES

Figure 5. Plot of amplitude of reflected laser pulse versus

time (horizontal axis) over shallow water near North

Cat Cay. Incident pulse was emitted vertically downward

from aircraft. Surface-reflected pulse is on the left,

bottom-reflected pulse is to the right. Time scale is

20 ns/division.
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a)d lIthe pasive signals in order to extract absolute water attenuation

cOO II i ci ents for the passive bands. As in the case of the passive

method described in section 2.1, this procedure required a set of

points over a fairly uniform bottom, which can be identified by an

examlination of the internal consistency of the data aided by photo

interpretation or field observations of the scene.

This procedurL was tested using data from a second aircraft run

over the North Cat Cay test site at an altitude of 300 meters with the

pulsed Liser iR operation. Water depths were obtained from the pulsed

Iiser data over a set of 30 points identified as sand south of North

Cat C(av. [he passive data values at the corresponding locations were

then extracted and the X. variables (c.f. equation 1) calculated for
1

each hand. Plots of these variables versus depth for three of the

passive bands (C3, C6, and C4) are shown in Figures 6 (a) - ().

Regrcssion analyses were carried out for each band to Yield a set of

equat ions

X= a -b Z (5)

where i is the band number. On the basis of the reflectance models

discussed in earlier reports [1,21, the slope of the regression line

(b.) may be taken as approximately twice the irradiance attenuation
I

coefficient (K.). The values of K. obtained from this analysis are1 1

listed in Table 4 and are plotted versus wavelength in Figure 7. Also

included on this plot are the attenuation coefficients tabulated by

Jerlov [4] for water types II and III, and the measured values discus-

sed in section 2.1. Agreement among these sets of values is quite

good, although the increase in K with wavelength is somewhat smaller

for the remote sensing values than for the in situ measurements or the

Jerlov values. The ratios of the K values shown in Table 4 are also

quite consistent with those obtained passively (c.f. Table 2)

15
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Figure 6a. Passive signals in band C8 versus depth. Vertical axis

is log of bottom-reflected signal. Line indicates

least-squares fit. Scatter of measured values is due to

differences in bottom reflectance.
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Figure 6b. Passive signals in band C6 versus depth. Vertical axis is

log of bottom-reflected signal. Line inrdicates least-squares

fit. Scatter of measured values is due to differences in
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Figure 6c. Passive signals in band C4 versus depth. Vertical axis is

log of bottom-reflected signal. Line indicates least-

squares fit. Scatter of measured values is due to

differences in bottom reflectance.
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'FABLE 4. IRRADIANCE ATTENUATION COEFFICIENTS FOR WATER OBTAINED
FROM M-8 SCANNER DATA COLLECTED NEAR NORTH CAT CAY ONl 8/12/78

-1 Regression
Band Wave Iength (In .( Coefficient (r)

C9 .48-.32 .093 0.77

C8 .50-.54 .108 0.81

C7 .52-.57 .114 0.82

C6 .55-.60 .146 0.90

C5 .58-.64 .203 0.92

C4 .62-.70 .335 0.95

19
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Figure 7. Comparison of irradiance attenuation coefficients

obtained from H-8 scanner data with values measured

in situ and coefficients tabulated by Jerlov [4]
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The second type of information which can be obtained from the

pulsed laser data is tile effective attenuation coefficient for the

laser beam. This coefficient may be obtained by a regression analysis

of the amplitude of the bottom-reflected pulse against the depth. A

plot of the natural logarithm of this amplitude versus depth is shown

in Figure 8 for a set of sand points south of North Cat Cay. The slope

of the regression line for this data is -0.618, with an r-value of 0.94.
-i

Thus, the effective attenuation coefficient is 0.309 m at the laser

wavelength of 0.52 pm. No in situ measurements of the beam attenuation

coefficients were made, but it is interesting to note that the empir-

ical relationship reported by Shannon [5] between the beam attenuation

coefficient (a) and the irradiance attenuation coefficient (K) at

0.535 jm,

K = 0.2 x+0.0 4 m (6)

holds quite accurately for the laser attenuation coefficient and the

irradiance attenuation coefficient obtained from the passive band

C' (0.05-0.54 pm). Substituting the value 0.309 m-  for a in aqua-

tion (6) yields the value 0.102 m for K, which compares quite closely
-1

to the value of 0.108 m in table 4 for band C8.

21
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Figure 8. Amplitude of bottom-reflected laser pulse versus

depth. Line indicates least-squares fit to data.
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3.0

BOTTOM FEATURES

3. 1 DATA ANALYSIS

The reflectance of shallow water areas to solar illumination is a

function of the water depth, the water optical properties, and the

bottom reflectance. Assuming the water optical properties to be

uniform over a given scene area, the signals recorded by a multispec-

tral scanner system may be combined to obtain information on the bottom

reflectance without knowledge of the water depth. The method of

extracting this information has been described in previous reports

[1,2] and has been evaluated for a test site in relatively turbid

water [61 using low altitude aircraft MSS data. An evaluation of the

same algorithm in clear oceanic water is described in this report using

higher altitude aircraft and Landsat data. The analysis of the MISS

data is described in this section, and an evaluation of the results by

comparison with field observations is presented in the following

section.

The basis for the bottom reflectance algorithm is the behavior of

the X. variables discussed in Section 2.1 and illustrated in Figure 1:i

namely, that for a given bottom reflectance the data points fall along

a straight line whose slope is K./K., while changes in bottom cause ai ]

displacement perpendicular to this line. We may therefore define the

variable

K. iln(L i - Ls) - Ki ln(Lj - L )

i +

as a measure of this displacement. Note that equation (7) can be

re-written so that it involves only the ratio of attenuation coef-

ficients Ki/Kj, which can be obtained by the procedure described in
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section 2.1. Under the assumption that the bottom-reflected radiance

(L.-L .) is proportional to the bottom reflectance and exponentially
1 51

dependent on the water depth, the variable Y. is independent of theI

water depth and is related to the bottom reflectance as follows:

K in r. - K. In r.' ' .1 (8)
y. =Y. +I I I (8
1 10 2 2

K. + K.

where r. is the bottom reflectance in band i and Y. is a constant for
1 10

fixed illumination and atmospheric conditions.

This procedure can be implemented as an MSS data processing

algorithm by calculating the variable Y. at each point in the scene1

and using this variable as a depth-invariant index of the bottom type.

if only two wavelength bands are involved, this variable would repre-

sent the end-point of the processing and could be used, for example,

to generate a film image on which the density is proportional to the

Y value. This image could then be interpreted as a map of the bottomi

reflectance, in which the effects of water depth variations have been

removed. Alternatively, this index could be calculated for a number of

band pairs and the resulting set of Y. values could be used as inputs1

to a multispectral pattern recognition or classification routine in

order to categorize the bottom into a set of discrete classes. In

that case, the algorithm could be viewed as a preprocessing step to

remove the effects of water depth variations, analogous to existing

routines for removing atmospheric effects or scan angle variations.

The aircraft data set set described in Section 2.1 was processed

using this algorithm in order to evaluate the performance of the

algorithm under clear-water conditions. After preparing the data

set as described in section 2.1 and determining the ratios of attenuation
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coefficients for each band pair, the next step is to choose a set of

wavelength bands for processing.

The choice of wavelength bands to be used in the bottom reflect-

ance processing is determined by a trade-off between depth of penetra-

tion and sensitivity to reflectance changes. For a small (Ar) in the

bottom reflectance (r), assuming the fractional change to be the same

in both bands, the change in the bott(,m index is

Kj i Ar
AY. = __ ___(9)

K/ K2 K2 r
i i

Thus, the sensitivity to changes in bottom reflectance is largest for

bands having the greatest difference in attenuation coefficients. On

the other hand, this difference cannot be indefinitely increased

without simultaneously decreasing the depth of penetration (approxi-

mately I/K., if K is the larger of the attenuation coefficients).3 j
Obviously one band should be chosen to minimize K., but the other band

must be chosen to achieve a compromise between sensitivity and pene-

tration depth. In the data set under consideration, data quality is

also a consideration, since the gain settings of some bands were either

higher or lower than optimal. For this reason, band C7 was chosen

instead of C8 or C9 on the basis of data quality, although these bands

had a slightly smaller attenuation, and band C5 was chosen to balance

sensitivity against penetration depth.

Having selected the wavelength bands and determined the ratio of

water attenuation coefficients for these bands (c.f. Table 2), the

bottom-type index was calculated point-by-point for the scene, and an

output image was generated from this index. This image is shown in

Figure 9, along with the single-band images for bands C7 and C5.

Exposed land areas were edited out using the thermal band, and appear
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as white in these images. The image brightness in Figure 9c may be

interpreted as being approximately proportional to the bottom reflec-

tance (neglecting spectral variations in the reflectance), whereas

Figures 9a and 9b are influenced by water depth as well as bottom

reflectance. Thus, the darker areas on the left side of the single-

band images appear as a brighter tone on the bottom image, since these

areas are characterized by a large water depth but a fairly highly

reflecting bottom. The dark areas near the islands, on the other hand,

appear dark on all the images since they correspond to vegetated areas

in shallow water. A further evaluation of these results is presented

in section 3.2 of this report.

Next, the Landsat data set (frame 2293-14385) was processed in

order to evaluate the utility of the bottom reflectarce algorithm as

applied to data collected from satellite altitudes, at a coarser spatial

resolution. Using the deep-water signals and the ratio of attenuation

coefficients determined from the analysis described in section 2.1 the

bottom-type index (Y ) was generated point-by-point for the portion of

the frame covering the North Cat Cay test site. The image generated

from this index is shown in Figure 10, along with the raw data images

for MSS4 and MSS5. Land was edited out from these images using the

signal in MSS 7 (0.8-1.1 pm) to discriminate between land and water.

A small geometric correction was also applied to this data to correct

for image skew due to earth rotation effects.

Making allowances for the difference in spatial resolution, the

Landsat bottom map (Figure 10c) is similar to the aircraft bottom map

(Figure 9c) in the shallow-water areas near the islands. In deeper

water, on the left side of the scene, the Landsat image is generally

noisier and has a higher porportion of dark bottom classifications.

This is probably due to tile relatively higher water attenuation in

MSS5 than in band C5 of the aircraft scanner, and the lower signal-to-
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noise ratio of tile Landsat scanner. There is also a dark spot in the

Landsat image south of North Cat Cay, which is caused by the shadow of

a small cloud appearing in the lower right corner of the image.

Further evaluation is presented in the following section.

3.2 EVALUATION OF RESULTS

The results of the bottom reflectance mapping algorithm were

evaluated by direct observations of the bottom conditions at nine

stations within the test site. The locations of the stations are

shown in Figure 2, and a summary of the observations is contained in

Table 5. The bottom reflectances indicated in Table 5 were obtained

by analyzing underwater photographs of the bottom, examples of which

are shown in Figure 11. Each photograph included a calibrated gray

scale having reflectances of 1.8 percent, 8.6 percent, and 28.7 percent

for each panel. The photographs were scanned with a microdensitometer

to determine the film density for each gray panel and for the bottom.

The gray panel readings were used to obtain a relationship between

fi' jensity and panel reflectance, which was then used to infer the

bottom reflectance. Adequate sampling of the bottom reflectance is a

problem, since the field of view of the underwater camera is much

smaller than the resolution of the remote sensing data. In order to

alleviate this problem, attempts were made to locate the stations in

relatively homogeneous areas, with the exception of stations A-1 and

B-3 which were located at the boundaries of vegetated areas.

After processing the aircraft and Landsat data, the coordinates

of each station were determined by overlaying a map (Figure 2) on the

processed image. The bottom-type indices (the Y-values) were extracted

from the digital data at each station, and are shown in Table 6 and

Figure 12. For the aircraft data, the Y-value predicts the bottom

reflectance with a standard error of 1.8 reflectance units. For the
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TABLE 5

SU MARY OF BOTTOM OBSERVATIONS AT TEST LOCATIONS

Station L)epth (m) Reflectance (%) Description

A-i 3 16.0 boundary of vegetated area

A-2 3 5.0 Thalassia bed

A-3 3 32.0 white carbonate sand

B-I 5 16.5 hard, non-vegetated bottom

B-2 4 30.0 white carbonate sand

B-3 3 12.5 boundary of vegetated area

B-4 4 5.0 Thalassia bed

C-I 3 35.0 white carbonate sand

C-2 4 3.0 Thalassia bed

30



Figure 11a.Underwater photograph at station B-I (hard, non-vegetated bottom).

Figure llb.Underwater photcgraph at station B-2 (white carbonate sand).

Figure 11c. Underwater photograph at statio C-2 (T ilssia bed).
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BOTTOM-TYPE IN)ICES CALCULATEID FROM

AIRCRAFT AND LAN1)SAT I)ATA AT TEST LODCATIONS

AirCraft Data L.andsat Data

Stit ion C7 C5 Y1 MSS4 MSS5 YI

A-I 161 162 2.11 96 35 3.26

A-2 77 77 1.53 59 23 2.48

A-3 248 237 2.40 109 27 3.60

B-I 120 89 2.14 87 22 3.41

B-2 192 150 2.37 112 25 3.70

B-3 102 106 1.77 93 26 3.38

B-4 73 72 1.48 57 22 2.42

C-I 254 224 2.45 127 34 3.70

C-2 69 69 1.39 59 22 2.52

15-n 29.8 48.1 2.22 54.4 17.7 2,83

Values tabulated under C7, C5, MSS4, and MSS5 are signal values

(in digital counts). Y1 is bottom-type index calculated from

equation (7).
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Figure 12. Measured Bottom Reflectance Versus Y Value

from Aircraft and Landsat Data.
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Landsat data the standard error is 3.6 reflectance units for the nine

measurements. It may be noted that over the range of depths for which

bot tom reflectance measurements were made, the s ingl e-band radiances

are fairly good predictors of the bottom reflectance. This is not

expected to be true over a wider range of depths, however, since water

attenuation effects would cause a larger variation in the observed

radiance than bottom reflectance effects. To test the expectation, an

area further offshore was selected (see box in Figure 2) which has a

depth of approximately 15 meters and a bottom composed of white coral

and sand, according to DMA chart No. 26324. Color aerial photography

seems to indicate a bottom similar to that at station B-i, although

the difference in depth makes the bottom type somewhat difficult to

judge. Single-band data values and Y-values were extracted from both

the aircraft and Landsat data sets for this area, and are shown in

Table 6. Using a regression fit between the single-band data values

and the bottom reflectances at the nine stations, the bottom reflec-

tances predicted by C5 and C7 are 2.8 percent and 6.7 percent, respec-

tively, both of which are much too low. The bottom reflectance

predicted by the Y-value for the aircraft data is 21.8 percent, which

is probably quite close to the correct value judging from the reflec-

tance at B-1. For the Landsat data the MSS-5 radiance is not signifi-

cantly above the deep-water radiance, so the bottom reflectance cannot

be reliably calculated. The Y-value indicated in Table 6 for the

Landsat data implies a reflectance of 7.4 percent, which is in fact

much too low.
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RADIATIVE TRANSFER MODELING

4.1 WATER MODElING

A radiative transfer model consisting of a modification of the OSS

approximation [2,71 was used for the development and theoretical evalua-

tion of the bottom reflectance algorithm. This model has the virtue of

computational efficiency and gives acceptably accurate results for most

cases of interest for passive remote sensing, although it is l'nown to

break down in highly turbid water. The assumptions of the model are that

the water properties are vertically homogeneous, that the water and bot-

tom are horizontally uniform, and that the source of illumination is

constant and horizontally uniform. These assumptions are not overly

restrictive for modeling the passive case, but are not applicable to

the active (pulsed-laser) case.

In anticipation of the need for modeling the response of the active

scanner, a Monte Carlo simulation model is being developed. The advan-

tage of this model is that it is "exact" in the sense that results can be

obtained to any required degree of accuracy given enough computer time,

and that it can be modified to simulate complex geometries and boundary

conditions. It can alsogenerate time-dependent solutions and account for

narrow beam illumination conditions. The disadvantage of the Monte Carlo

method is that a large amount of computer time may be required to generate

accurate results for some situations. For this reason, efforts are also

being made to develop approximate analytical models which are applicable

to the active case. The Monte Carlo program will be used to test the ac-

curacy and range of validity of these models.

The method used in the Monte Carlo model is to "follow" a large num-

ber of individual photons as they pass through the medium. The path of

each photon is simulated by choosing the path lengths and scattering angles

from the appropriate distribution functions. When the photon encounters

a boundary, the appropriate boundary conditions are applied, or if the
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photon emerges t rom tie med i um tI ie re 1 evant propert ies (such as angIeC.

pos it ion, and/or t ime) oI t i1e enre rg i ng phI oton are recorded. The number

of inte ract ions undergone by the photon hefore emerging is also recorded.

Since the probabi i ty o: scattering (as opposed to absorpt ion) at each

interaction is given by the single-scattering albedo, o$ tire emerging

photon is ass igned a statistical weight (u)n where n is the number of0

interactions undergone before emerging. Thus, the same set of statis-

tics mav be used to calculate the reflectance for a number of different

vllus of (,) . other techniques are possible to increase computational

efficiency, but generally at the cost of reducing the flexibility of the

mode l.

A FORTRAN source listing for 'he basic Monte Carlo model is given

in Appendix A. This version records only the polar angle of the emerging

photons and considers only one boundary, at Z=O. Trus, tire result of this

program is tire azimuthally averaged reflectance for a semi-infinite

medium. Modifications for the pulsed laser operating in shallow water

wouICI be to record also the position and time, of tire emerging photons

and to consider a second boundary at tie ocean floor. Hodifications

could also be made to include a vertical stratification of the water

1)ro pert ies.

4.2 ATMOSPHERIC MODELING

The primary difference between tire radiative transfer problems in

water and in the atmosphere is the relative amount of absorption. In

water, the single-scattering albedo u0 (defined as the ratio of

scattering to total attenuation) is typically around 0.5 and rarely

e-xceeds 0.9 except in highly turbid water. In tire atmosphere, on the

other hand, absorption is negligible in the visible region of the spec-

trrim and the value of w is 1.0 for practical purposes. Because the0

QSS model is known to break down as w, l , at least for large optical
0

thickness, a different model has been used in the pas-t for atmospheric
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'a I u lat ions. The double-del ta model developed by Turner [8] is in

relatively wide use for this application. However, a problem has been

recently reported 19] in that the reflectance predicted by this model

is much too large in the anti-solar direction. Although this problem

was reported for the case of optically thick clouds, it appears to

exist also for the path radiance in a relatively thin atmosphere. As

a result, a re-examination of various models has been conducted with

reference to their performance in the conservative scattering use (1 0=1).

The QSS model was included in this comparison and found to yield results

at least as good as the Turner model in most cases, although it does

break down for large optical thicknesses. A new model Tvas developed

during the course of this study which is slightly superior to both the

QSS and double-delta model for predicting backscattered radiances,

particularly for optically thick media.

For the case of direct incident irradiance vi E on a plane-parallel

atmosphere, the transfer equation may be written [101 as

27T 1
;Jd- = L(t,ii,¢) - 2~Hfp(vJql',~vP LT ,p' )dbJ'dp'

1) -lt

-1

-- TSE -
- 00- e V (,,t;- p ,4 ) (10)

0 0

where l.(ifp) represents the diffuse radiance which has arisen from one

or more scattering processes. The Neumann solution is obtained by solving

this equation without the integral term (i.e., setting L=O in the inte-

gral) to obtain a first-order radiance L then substituting the first-

order radiance in the integral term and solving for the second order

radiance L(2 ) , etc. The n- t h order radiance L(n) in this series has the

physical interpretation of the radiance arising from n scatterings of the
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ba.Tb. di fficul ty of this method is that analytical solutions are

nt btl nab Ic beyond t ile f irs t order, so tha t numerical in tegrat ion is

ncsary, and that thle series COnIverges very slowly for thick layers as

In thle QSS model , tile approximate phase function

is subst ituted f-or the actual phase function pi,;,I)in equation

(10), resulting in tire set of equations

0 0

- wc FE e 0 6(P+p 0) 6 (-1 0) (12)

for j0, arnd
2n 0

d (1-(,) F), (1)off ~,;~Vq)~,Vq)~d

0 -1

SE -71/p
- T 00 1)r,- , 0~ 0 (13)

for p'0-.

Equation (12) may be solved in thle single-scattering approximation

(by neglecting thle integral term) to yield

,(1) CoP E 0[-(-wF)T/1 -Ip ( j~ 0 110(4
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for ti-0. Substituting this in equation (t3) and solving for L, we

obta in

0 0 0/ 111

1 1)( 1[,) 0 01 (+ o)e-e - o (/l+ /o p(lJ't;-PJo, )  (15)

for 1 'O, where i"=(I-i F) and wo"=' /(l-c0 F). Gordon [7] showed that

this approximation yi.lds a hemispherical reflectance which agrees with

an exact calculation to within 0.5 percent for uc <0.6 and to within
0--

about 12 percent for w 0 <0.85 for the semi-infinite case (T=-). It does

not predict the forward-scattered radiance, however, and the errors in

the back-scattered radiance increase as w -1.

In order to test the QSS model for the atmospheric case (i.e.,

",=1, -0...), calculations of L((O,P, ) from equation (15) were com-

pared with exact results calculated by Hansen [.1] using the doubling

method. The phase function used for this comparison is shown in

Figure 13. The reflection function

R( ;'i,$; o' ) = - L(o,1j,i) (16)

0

is plotted versus p for the case ji =1 (normal incidence) in Figure 14(a),o0

and for the case Wo= 0 .5 in Figure 14(b). Fairly good agreement is noted

for the case of normal incidence with T =1, but large errors exist for
0

the other cases. More accurate results could probably be obtained b\'

doing a second iteration: i.e., by substituting equations (14) and (15)

into the integral term of the transfer equation (10) and solving for

1 (2)( ,j, ). This would involve a numerical integration over 2" and

however, which detracts from the simplicity of the model.
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The approach taken by Turner [8] in the double-delta model is to

use the approximate phase function

I1 (., ;l ',<) 41,1 (i-lV) (4-V) + 4 11B 6( i+p) (17)

in the transfer equation (10) and to solve for the first-order radiance

(I) oLM [Ew4)= _ ()6(p")~f) + E - ) 6(Ijp )S -+1)] (8
11 0 0

Solutions Ior E (1) and E+ (t) have been given by Turner [8] for (,j =1

and bv Zachor et al [12] for w <1 . Substituting equation (18) into the

integral term of the transfer equation (10) yields a second-order solu-

tion which is the one generally referred to as the double-delta model.

Again, further iterations could be done, but would require numerical

integrations and a more complex computer code.

A comparison of the reflection function for the double-delta model

with Hansen's exact calculations is shown in Figures 15(a) and 15(b).

Figure 15(a) shows the overestimate of the radiance in the anti-solar

direction (0=00), which increases with increasing optical thickness.

(This effect is also present for optical thicknesses less than one.)

Figure 15(b) does not include the anti-solar direction, but shows that

the double-delta model generally underestimates the radiance in other

direct ions.

This analysis of the limitations of the OSS and double-delta model

suggests several other possible approaches to obtaining an approximate

solution of the transfer equation. One such approach is to use a phase

function of the form

p (l',t;V ,qP") = 47Tg 6(-])_(-,) + l-g (19)
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in order to obta in a i rst-order so I tit ion. II an approx imate f i rst-

order solut ion is obta ined in the iufrm

i(I)
I 1)( z, l , P,) = I.'-(tI) S( ( + 1 ) 1 ( P-,- 1, ) + !.o (I + III,.1(( )  (20)

ts- inlg tit, Eldd ington app)roximalnt ion, L tis !olIit ion can then be substi tuted

back into tbe integral term of the L ransi .r equat ion in order to obtain

a second-order so lI t ion in c Iosed form.

Subst itut ing the phase f unct ion (19) into the transfer equat ion

one read i I y obtains

re-( -'"g) l lo -i/ll

0 L
E_ ) I"el- (21)

in the Edd ing ton app rox i mat ion, t lie terms Io (i ) and L I(T) are obtained

by sust it tint g (20) into the transfer equation and taking the first

two Moments of this equation (i.e. , integrating over 11, then multiplying

by i and integrating). The result is the set of equations

dlIo

d- =  1 (22)

-l =____

di o o 4 T o

o ( 1 - g)
where f (l-(, g)-i and = I- For the case (i) =(,)=1, this set ofo o 1a g oo

equations has the solution

311) - E 0 I -e 1 + Ct + 2l+C (24)
0 -4o7-F- l o

311 E '/TIi ]
() = 4-- + ( (25)
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This first-order solution can then be substituted back into the trans-

fer ,quation, and a second-order solution obtained. The solution is

somewhat more complicated than the QSS solution but is not untractable.

At v=o, the reflected radiance (p>O) can be written as

1, () (0,.0 0t~(~ i )(0; -1'0 p + 3p. (lgi.W)

+ - I + ~+ ( + 2c C] (l-e ) C(l-g)Te

(27)

A comparison of this result with Hansen's exact calculation is shown in

Figures 16(a) and 16(b). The agreement is generally better than that

for either the QSS or double-delta models, although the results obviously

are not exact. A FORTRAN source listing for the computer program used

to calculate these results is given in Appendix B.
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5.0

CONCLUSIONS AND RECOMMENDATIONS

Information can be obtained from active and/or passive multispectral

scanner data on both bottom reflectance and water attenuation parameters

in shallow water, provided that the assumption of uniform water pro-

perties can be made. This information has potential applications to

studies of marine biology and geology, as well as to the remote measure-

ment of water depth, as outlined below. The water parameters which can

be obtained from passive-only data are the ratios of the irradiance

attenuation coefficients in the wavelength bands used. Using active

(lidar) techniques in conjunction with the passive data, the absolute

values of the irradiance attenuation coefficients can be obtained as

well. These parameters are determined for the entire scene, while the

bottom reflectance is calculated at each point in the scene.

The information extraction algorithms described in this report are

relevant to remote bathymetry studies in several respects. The water

parameter information can be used to estimate the maximum depth which can

be mapped by remote sensing techniques, and can also supply input

parameters needed by these techniques. The bottom reflectance information

can likewise be used to supply input parameters and to make corrections

for bottom color variations in the water depth calculations.

It does not yet appear to be possible to devise a computer algorithm

for distinguishing water parameter variations from bottom reflectance or

water depth variations, although it is frequently possible for a trained

photo-interpreter to make this judgement, probably on the basis of spatial

or textural differences. The assumption of uniform water properties

appears to be much more frequently valid than the assumption of uniform

bottom reflectances. However, more in situ water measurements are needed

to assess the spatial variability of the water attenuation coefficient

and to directly verify the results of the water attenuation extraction

algorithms.
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Very little direct information is available on the spatial variation

of the irradiance attenuation coefficient. This lack of information is

due in large part to the difficulty of obtaining irradiance attenuation

data in shallow water. The conventional method of obtaining the irradiance

attenuation coefficient is to make a series of measurements of the

irradiance at different depths, using a submersible photometer. This

method is difficult to apply in shallow water because the problem of

shadowing the photometer is more severe and because the range of depths

over which measurements can be made is more limited. Beam attenuation

measurements are easier to make in shallow water, because these measure-

ments can be made with transmissometers that use an internal light source

and require a shorter path length. However, these measurements are not

easily related to the irradiance attenuation coefficient, which is the

relevant parameter for remote sensing, unless independent measurements of

the scattering function are made simultaneously. What is needed, therefore,

is a means of making rapid measurements of both the beam attenuation

coefficient (,) and the volume scattering function (0). The irradiance

attenuation coefficient can be obtained from these measurements by inte-

grating the volume scattering function over the forward hemisphere and

subtracting this quantity from the beam attenuation coefficient.

Other areas of research that should be pursued include the extraction

of water optical properties using the volume-scattered return from the

pulsed laser, and an examination of surface effects. A modeling effort

could be undertaken to determine what water parameter information can be

extracted from the shape of the returned laser pulse. The results could

be initially tested using existing pulsed laser data from the Bahamas,

Puerto Rico, or Florida. Definitive testing would require the acquisition

of a data set with simultaneous in situ water measurements, however.

Surface reflectance and transmittance effects also deserve further

examination. These effects are important for several reasons. First, in

the visible region, they represent a source of noise or interference with the

subsurface-reflected light for most passive remote sensing applications,
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including bathymetry. A better understanding of surface effects

would thus aid in the development of more accurate information

extraction techniques. Secondly, active systems (such as lidar bathymetry

devices) require that a recognizable surface-reflected signal be

recorded, and it is important to design and operate these systems so

that this condition is met. Thirdly, useful information on sea state

and wave parameters may be contained in the surface-reflected signals

and improved techniques are necessary to extract this information.
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APPEND)IX A: F ORTFRAN Code for Monte Carlo Model

I C MOrNTE CARLO QAnIATTvP TRANIFER PROGrRAM

2 NANFLTST IINPOIT/ XO,Yfl, .TH.ETAPHI4.NPMAX,NIMAE. IS.NRPPTHNNI

3 1 NAI,W0lNWO
4 C (X0,VO,ZO)2INITIAL POsITIN flF PHOTO,~

5 C (TtETAPHI)zTNyTjA. DWIRECTION OF PHOTOlN (DEGREES)

6 C NPMAX=AXIM~UM NUMPBER (IF PHOTONS CnNSIOFREO

7 C NIMAXSMAWIMU4 NUmRFR OF INTERACTIONS CONSIDERED(<50)

a C ISzINITIAL StEE FOR RANDOM NUNOER GENERATOR

9 C NReINDFX OF REFRACTION OF MEDIUM

to C P(I)SSCATTERINn PHASE FUNCTION OF MEDIUM

11 C TH(I)SCATVERING ANGLE (DEGREES)

12 C NTHNNIJMRER OF SCATTERING ANGLESMO3)

13 C NAIzNUm8ER OF ANGLE INTERVALS FOR COUNTING EMERGING PHOTONS(S0

In C WO(I)ZSINcLE-SCATTERING ALREDO

Is C NWOUNUMOER OF VAL.UES FOR SNOLE-SCATTERING ALBEDn((10)

16 RFAL P(30)PTH(30),NR
17 INTFGER BIN(5f,50),NEP(%0)
IS REAL R( I0)epH( 10),RFCIO).THII(50),WO(10)
19 DATA XOY0,70/0,,0.v0./
20 DATA IHETA,PIIT/A.,0./

21 DATA NPMAX/0O0/
22 DATA NIP4k/lj01

23 DATA IS/1/
24 DATA NR/I.313/

25 DATA P/EJS*77,5.14,1I.55, .294..120, .0366#. I.01,*01, .00661t. 00641P

26 1 .00732, .OnA2Q, *I.01.o26, .0131, .0130, .0136,13*0 1

27 DATA T/*5,I.2.3.4.6.7.9.15,2.15,5.
28 1 165.,170.v175.,180.e13*0,/
29 DATA NTN/IT,
30 DATA NAT/10/

31 DATA /. *2 3*,, 6*,,*t*0

32 DATA Nwo/q/
33 INTEGFR*2 AmjS/' '/*YES/IY'/#Nnj''N*/

34 REAL*A DASHFS/'-------- I/
35 PI..ARCOS(-I.0)
36 TNOPI*2.*PI
37 DFGRAD=PI/l80?
39 CALL FCVTNRTI)

39 10 WRITE(6,l00)
'JO 100 FORMAT(COFNTER INPUJT PARAMETERS (NAmELISI FORMAT),')

41 WRITE(6,INPUti
42 RFAfl(sINPUT)
43 WRITE(7,INPIITi
04 C INTEGRATE PHASF FUNCTION

'Is IiuPINT(P I N fNTH)
06 W JTF(7,1021 9
a7 102 FORMATOOACKSCATTERING FRACTION 80#F?@3)

45 C CALCULATE ANGLF INTERVALS AND INITIALIZE BINS TO ZERO

09 DO 12 12I,NAI
so TMS8(I)UARCOS(Sf2RTC(-1 )/NAI) ).'EGPAD

51 DO 12 J210NTMAX
52 ITN(IJ)so
53 12 CONTINUE
54 THR(NAI*I)U6.
S5 NPgtO
56 C Np 1S NUMBER OF PHOTONS FONSIOFRED THUS FAR

57 NLP9O
55 C NLP IS NIINRER OF PHOTONS NIT EMERGING AFTER NIMAX INTERACTIOINS

59 ZLP20.
60 70 NPSNP*1
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!RIM

61 IF(NP.GT.NPmAY) GO IT) 60
62 C CO)NSID)ER NEW PHOTON
63 NIzO
6'4 C RESET INITIAL POSITION AND ANGLE
b5 xpzxo
66 YPayo
67 ZPszo
66 CYNCOS(THETA*DEGRAD)
b9 STSSIN(THETA*DEGRAD)
70 CPxCO)S(PHI&DEGRAD)
it SPOSINCPHI'onGRAD)
72 30 IF(NI.GT*NIMAX) GO TU so
73 NI&NI+I
7'6 C CALCULATE DISTANCE 0 TO NEXT INTERACTION
75 RDZUHAND(I3j
76 Do.ALOG(RD)
77 C CALCULATE POSITION OF PHOTON AT THIS INTERACTION
78 xuxP+DAST.CP
79 YXYP+D*S1aSP
SO ZsZP+D*CT
SI C CHECK To SEE IF PHOTON 1S STILL IN MEDIUM
82 IF(Z.LT.0.) GO TO 40
83 C CONSIDER NEXT PATH# RESET INITIAL PU3ITION
84 32 XPOX
as ypsy
86 iPsl
A7 C CA(CULATE ROTATION MATRIX FOR PREVIOUS DIRECTION
Be A3123T*CP
89 A322ST*SP
90 A33mCT
91 AIIZSQRT(I..AII*A31)
92 A2SA33/AII
93 A23u.A32/AIt
94 AlZBA3l*A23
95 A13S.A31aA2?
96 C CALCULATE NEW PHOTON DIRECTION (TPPP) RELATIVE TO PREVIOUS DIRECTIUN
97 R73URANDII3i
96 CTPOPINV(Rj
99 STPnSQRT(£..CTP.CTP)

t00 RPZIJRAND(131
101 PPvTW(IPTeR
102 CPPUCOS(PP)
103 SPPmSINCPP)
104 C CALCULATE DIRECTION IN ORIGINAL COORDINATE SYSTEM
105 CTSA£3a5TP*CPPA23*STPASPPA3CTP
j0b SY*SGRI(I;:CT*CT)
107 IF(SI.E).0.$ Go IIo 30
100 CPNCAI1.STPoCPP#A31*CTP)/ST
109 SP2(A12*STP.CPPA22.STPSPPA32*CTP)/ST
110 GO TO 30
I'll C CHECK TO SEE IF PHOTON IS REFLECTED AT INTERFACL
Ila 40 STAvNP.ST G O4
113 IFCSTA.Lt.l: u T 4
114 CTx-CT
1ts Za.Z
116 GO To 32
It7 C ACCUMULATE STATISTICS FUR EMERGIN4G PHOTYONS
110 42 NINNIel
119 ST2SSTA*STA
120 CT2xI.-5T2
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121 N4AsNAT*C?t)
122 tN(NA,NflXBIN(NA.NI )*1
123 GO To 20
129 C ACCUMUIATE STATISTICS FOR "LOST" PHOTONS
125 5O NLPuNLP,£
126 ZLPxZLP+Z
121 GO TO 20
128 L PRINT OUT STATISTICS
129 60 KRITE(7,1601
130 160 FORMATC'0 nOER OFlD£OxD'NMIER OFO/l INTkRACTIONISx#
131 1'EMERGING PHOTONS0 )
132 DO 64 JXIPNIMAX
£33 NfPIJISO
134 DO 62 IaI,NAI
Lis NEP(J)zNkP(,l) ,8N(1,J)
136 62 CONTINUE
137 WRITE(7,162) J,NEP(J)
138 £62 FORMATCI7o£nX.Il0)
139 64 cONTINUE
190 ZLP4ZLP/NLP
141 NRITE(7,164j NIMAXPNLPvZLP
£92 164 FORMAT('ONUmBER OSF PHOTONS NOT EMERGING AFTER1,19,1 INTERACTIONS X

193 1 1,110,/f' AVERAGE DEPTH OF THESE PHOTONS gliF£0.3.' UNITS')
144 NRITE(7,166i fWO(I),Im1.NWO)
14166b FORMATIORIDIRECIIONAL REFLECTANCE (AZIMUTHALLY AVERAGED) X £00 8'

£96 1 /#OANGLE INTERVAL',£OX,'SINGLE-SCATTERING ALBLDO,/
147 2 1 (DEGREfS)f,2X*£0F7,3)
198 WRITE(7oJ67i (DASHESfIgioNWO)
199 167 FORMAT(1Xtl3('.')#10A7)
ISO DO 6a 131PNAI
£51 IIZNAJ-I*I
£52 12:NAI-1,2
£53 DO 66 KmINwO
£59 Wal,
155 R(K)ufl.
156 DO 66 JB£.NIMAX
IS? WxW*WO(K)
1se NtK)aR(K)+£fl0.&W*SINC II,J)*NA1/NPNAX/PI
159 66 CONTINUE
£60 kRITEt7s168j THB(I2hTHB(££). (R(K),KalNWO)
161 £68 F0RMAT(IX,FS.I,' *'.F5.1,£X.10F7.3)
£62 68 CONTINUE
£63 00 72 KuI,NWO
164 WSJ.
165 RH(K)*0.
166 DO 70 J31,NTMAX
167 "vWaNOCK)
168 MMCM )SRN(K),100. aW*NEPCJ)/NPMAX
169 70 CONTINUE
370 WawAwOCK)
171 RE(K)2100.*W*tNLP/NPHAX
172 72 CONTINUE
II3 WRITE(7,170j (RH(K),Kal,NWO)
174 £70 FORMAT('OHEMISPHERICAL REFLFCTANCE X 10011/0 0/19K,£0F7,3)
I7S WRITE(7, 1721 NIMAX, (RE(K)*KwI,NWO)
£76 £72 FORMATC'OMAXIMUM CUNIRIBUTInN TO HEMISPHERICAL REFLECTANCE'/
177 1' FROMPHOTONS SCATTERED MORE THAN1,I9,0 TIMES,',' 1/14X*£0F7.1)
170 80 WRIT (6 IRO)
£79 £00 FORMAT('OCUNTINIJE THIS RUNi')
IG0 READ(5,182) ANS
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18t 182 FOR1tAI(All
l82 IF(ANS.EQ.YFSI GO3 TO) A4
183 IFCANS.EO.Nn) on TO 10
164 GO To 80
385 84 wRITE(6,184i'
lab 184 FORMAT('OENTER NUMBER OF ADDITIONAL PN(JTUN3 TO Fit CONSIOEHEDllI
187 HEAD(5,i86) NADP
288 186 FORMAIC 1301
l8g NPI4AXXNPMAXNAOP
190 NPzNP-I
391 ZLPZZLP*NLP
392 GO To 20
193 END

I FUNCTION PINT(P,THPNTH)
2 REAL P(103.jN(10),NU(3G)
3 REAL*8 A(30 .A(10),SC301
'I iDGRAO3ARCOS(-1.01/180.
s 1W0PIA3b0.&DEGRAD
6 DO 10 ZI.NTI
7 MUCI)*COSCTHCI).OEGRAO)

8 IFCP(I).GT.p(NTHJ) N~mlI9 to CONTINUE
10 C FIT FORwARD LOBES PmA(I)*(I.NU(I33**6(3) M UtI))PM>S4U(I~3)
11 NFI=NF-1
12 DO 32 131#NFI
13 31(1 )aALOGCP(lI /PC13) )/ALOG(( 3 -MU( I)3/(1..4U(I1 *)))

Is 12 CONTINUE
to C COMPuTF INTEGRAL S(1) FROI4 MNI TO MUSMUCI

18 DO 14S I.2,NF

20 14 CONTINUE
a3 C FIT REST OF FUNCTIONS PaACI).M(11*MU, MUCI)olU>MU(1,l)
22 NTIaNTH-l
23 00 16 IxNFNTI
24 C)PI,)PI/(Ul3.I()
25 All )xP(J3-I(I i*MUCI 3
26 16 CONTINUE
27 BCNTss)u8(I3
28 ACNTH)zA(I)
29 C COMPUTE S(T) FOR REST OF FUNCTION
30 NFINNF'3

31 DO0 28 ImNF INTH
32 AMUvCMU(I.3'S$NU(I))/2*
33 DMUUD4U(I1).MU(I)
34 S(1)wS(3.2 ),CAiL-I)eBCI-3 )*AMU)*ONU
35 18 CONTINUE
36 SY*SCI)

36 C COMPUTE BACKSCATTERING FRACTION
390DO 20 181,NTH

'50 IF(MUC1)) 22,22,20
IIt 20 CONTINUE
452 22 131-3
483 IF(I.GE.NF) GD 10 Z41

45 Go0To26
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46b 24 F5zS(I )4CA(T),B(J)*MU(1)/0.V*U(I)

a RETURN
U9 C CONPUTF MU CflRRESPONDIN. 10 INTEGRAL OF St
s0 ENTRY PINVCSlj
51 sI=St*ST

52 00 30 1ut,NyH

53 IFCSI.LF.9(1! GO TO 32
S4 30 CONTINUE
55 GO TO 36
56 32 IF(I,.T.Ii ro Tn 34
57 C MOUMU1:

59 RETURN
60 C MIJ(I;I)>mu)NtI( )'

fia RETURN
63 C Mu(NLJ(NTH)t

64 36 PINV.MU(I)-rI.,MU(Ifl*(iI-S(1l)/I-~ifI)
6s RETURN
66 END
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RIM
A1i'PENI)IX B: FORTrRAN Code for Approximate Models

I PEAL mM(11 1 10R 19),*TH( I9iP( 19)
2 PI:ARCU(.l1.0)')"'
3 C"AINITI&IIZE MOW(1 VALUES
4 DO0 R 121.19

6 MI( I )3COSCIH(l )*PI/I80.
7 SP(I)ZSIN(TH( T)hPI/180.j*P(MU(l )-I..O.)
6 g cflNTJNUF
9 C**PEjAD ASY'4HFTRY FACTOR G~

10 to bWITE(6,110i
11 Ito FORP4AT('OENTER ASYMMETRY FACTnR.')
12 IEAD(5,11?) G
13 It? FOAMAT(3Fj0.5i

Is DF) 12 1=2,1A,?
lb tFZRF#SP(I-l ),d.*SP(1)+SP(I+t)
17 12 CONTINUE
18 8Fw9F*PI/?16.
19 14 WRITF(?.114S n,RF
Po 1to FnRP4AT(IIASYMMETRY FACTO)R 29,F7.3,1, PACKSCATTERING FRACTION at*
?1. 1 F7.3,'s'i
22 C**READ OPTICAL THICKNESS AND ANGLE vF INCIDENCE
23 16 WRITEC6,116)
?4 116 FORMAY('OENTER OPTICAL THICKNESS, ANGLE OF INCIDENCE, AND',

26 RFAn(5#II2,FNlutO) TPTHOPPHI
27 MUOXCO)S(THO.PI/ISo.)

29 1?2 FrPRMAT(90nPTICA. THICKNFSSsa,F7.3.1. ANGLE OF INCIDENCE 20P
30 1 F7.3,1 DEGPFFS. RELATIVE AZIMUTH w',
3t t F7.3,0 DEGREES,'/'OTHU',t8(FS,.2,','),F5.2)
32 X0:FwP(.TM110j
33 Xf,:XP(-T*(t..G)/MUO)
34 Cu(I .. G).T#(.3.MUO)*(I.-XGi
35 C2C/(4./3.+( 1 -G)*T)
36 C**Ln1P lIVtR ANGLES
37 on 32 121,19
38 UuM1I(I)
39 X20.
40 IF(IJ.Nt.0.) X*EXP(-T/U)
41 RI:P400,2./3.*C+(C.I*U

44

46 32 CONTINUE

48 132 FnRmAT('OITFRATFD EnDINnTO1N p400EL1$/'0 R'I(5 '',5
49 C**RFPEAT EFlR TuR1NER MODnEL
So DEHU.*(MI.I0,AF*7)
51 Dn 14 Ist19
52 URMI1fI)
53 "1t.
94 IF(1JNE.o.) Xal.-EXP(-7/U)
55 PIUP(tJMU0PHI-16O.)
56 P2zP(U,-MIIoPHi)
")? Rf )s(AF*(T..U*X).(PI P2),MU0.*t*P2)/)EN
so 34 COINTINUE
59 WRZT~F7,14) (R(1)112t,19)
60 I34 FnRMAT('OTURNFR Mf1DFL,','O Ru'.I8(E5.It,') F.1)
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Ih E**PfPEAI FOR 035 Mr1DFL
62 on 35 Jul.19

613 U:ml I )
Ad4 13:T*RF
65 Y "RI
66 IF(II.FQ.0.) Gfl TO 36
6 7 YSUI ..EWP(-TS*(t./U+l./4U0))
658 36
69 38 CrINTINUF
70 WPITE(7,118i (R(I)PTI.t19)

it 118 FO)RMAT('OQSR MOflEL3'1V' R20,tA(F5.3..'f),FS.3)
72 Gn TO 16
73 n

I FaINCYTON P(mu,MJoPH~ll
2 DTMFNSIflN T H(25),PT(2S)
3 DATA H0,5.I.2.30.75d*

5 DATA Tlo.2..,.,,2,l,5.,2t..70,
b 1 *OOD.03,.OO#, 05,,07,.Iup.2,.lfl.14.l4,1.30,.5o/
7 REAL MUsMIIONR
a DEGRAfl*ARCUS(-t.O)/tJ)0.
9 MRuMU*MLI0,SORT((1.-MUtMif)a.(1..Ngj*MUO)).cfS(pN!.DfGRAD)

10 THETA8ARClS(Plp)/DEGRAf)
11 DO t0 122,25
12 IF(THFTA.I.E.714(t)) GO Tn 12
13 to CnNTINUE
14a PoPT(25)
is t2 PuPT(T),(PTCI-t j-PT(li)(TMETA-Ta())/(TH(!-t).714(I))
16 RETURN
17 END
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