
___ -- __

AD AOb3 307 ENVIRONMENTAL RESEARCH INST OF MICHIGAN ANN ARBOR FIG 8/6
REMOTE SENSING INVESTIGATION FOR BEACH RECONNAISSANCE. BEACH SA——ETC (U)
AUG 78 C F DAVIS, R A SHUCHMAN . G SUITS NOOO1Ce~ 74C~ 0273

UNCLASSIFIED ERIM—108900 12 F NL

_ _ _

_  

__ 
_

_ _ _ _ _ _  

cci
END

DAtE

3- - 79



7
Final Report

BASIC REMOTE SENSING INVESTIGATION
FOR BEACH RECONNAISSANCE

Beach Sand Environment Task

C.F. DAVIS, R.A. SHUCHMAN, G.H. SUITS

AUGUST 1978

‘

:~i ~~~~~~~~~~~~~~~~~

1~is document h~ ~ be~in
for 1 IL1 C 

—

~~

Geography Branch0.... Office of Naval Research
Arlington, VA 22217
Contract No. NOtfl4-74-C-0273
Technical Monitor: Mr. Hans Dolezalek

-J

C..3
% E N V I R O N M E N T AL

‘
~~ / RESEARCH INSTITUTE OF MICHIGAN

I FORMERLY WILLOW RUN LABORATORIES. TH~~ UNIVERSITY OF MICHIGAN
BOX 8618 • ANN ARBOR I MICHIGAN 48107

ç~ fl } f~
_ _ _



r - ,.~T
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~
&w7nfl/SUItS

1. Report No. /  
2. Government Acceseto 

TECHNICAL REPORT STANDARD TITLE PA GE

n No. 3. Rec Ip ient ’ s Catalog No.
103900—12—F ______________________________

4. Title and Subtit le
1
..7 

~~~~~~~~ Sensi t \ ( l ~~- i~~L /Final Repo , Remo 
_____)4~~efImI r~~T~aniZa 1ion Code/ Beach Reconnai8sance?Beach Sand

_2~ P.rfnrmân~ flr g~
niIatIofl Report No.7. Author(s)

C. Davis, R. Shuchnan, G. Suits ___________________________

- 

(
~~~~~~~~ I7’’~~

- 7~ 
- 1.~894~ — 12—F ( —

9. Performing Organization Na me and Address
— 

_L0~— War ~ Unit He.

Post Off ice Box 1618
Environmental Research Institute of Michigan -

~~~~ ,~~~~~~ 

~~~~~~~Ann Arbor , Michigan 48107 
. 

[~(~~ 14_74_C..ø’273
)1.— 3’yps &f fl-,..,.t PWIod f~~vered

12. Sponsoring Agenc y Name and Address
Final

Geography Branch I 1—1—74 to 2—28—78
Off ice of Naval Research .. / f . 

____________________________

14. Sponsoring Agency CodeArlington, Virginia 22217

15. Supplementary Notes

The technical monitor for this contract was Mr. Bans Dolezalek

18. 4~stract

A review of the Beach Sand Environment task to date is given together with a
description of a new sand reflectance model, AQUASAND. The AQUASAND model is a
modification of the Suits radiative transfer canopy directional reflectance model.The model is used to generate artificial sand reflectance spectra whose parameters
are user controlled. The spectra are subsequently used to develop an algorithm topredict mineralogy, moisture, and grain size of sands from input reflectance spectra.

The problem of correct model input related to iron—staining of sand grains isaddressed and solved. Using the proper iron—staining input the model is verified on
7 diverse beach types with varying moisture contents.

The preliminary development and evaluation of a mineralogy, moisture and grainsize algorithm is reported. A multistage regression framework appears to be themost productive type of algorithm.

18. Dist ribut Ion Statement17. Key Words

Beach Reconnaissance Distribution of this document is
Remote Sensing unlimited.
Beach Sand Modeling
Multispectral Scanner

19. Security Classif. (of this report ) 20. Security Classif. (of this page ) 1 21. No. of Pages I 22. Price

UNCLASSIFIED UNCLASSIFIED I ~~ text + I1 5 nrp l4m . I

//~ 7, /. <
/ s—

, /
/ 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _



2~
RIM

PREFACE
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BACKGROUND AND SUMMARY

A program in coastal dynamics has been developed under the guidance

of the Department of the Navy , Office of Naval Research. Working for

this program are numerous researchers who are attempting to model coastal

processes based on field collected data. It is the purpose of the Beach

Environment Task to determine which beach features are of interest to the

researchers active in the coastal dynamic program of the ONR and to deter—

mine if these features can be detected by an airborne remote sensing system .

The ability to remotely estimate composition of surface terrestrial

materials has been demonstrated by many workers, and these results may

have direct transfer value to beaches, where the composition is similar

to that studied by geologists. The most prominent reports in this area

have been by Vincent [1,21, Vincent and Thomson [ 3 ] ,  and Vincent, Thomson ,
Watson ~4]. These authors have explained the physical and optical

properties of various rock and soils types as well as demonstrated the

capabilities of a thermal infrared scanner in accurately classifying

silica—containing soil and rock outcroppings and areas with surface iron

stain. Discrimination is generally based on either atomic or ionic

absorption in the shorter wavelengths (0.35 to 2.5 pm) and by lattice

absorption at longer wavelengths (8—14 jim reststrahlen bands in silicate

and carbonate minerals). These effect the spectral reflectance or

emittance of materials.

Reststrahlen spectral einissivity variations with surface moisture

have been studied by R.D. Watson [5]. He determined that as the thick-

ness of water increased from 0 to 30 jIm on a polished quartz slab,

etnittance increased at the principal quartz reststrahlen wavelengths of

8.5, 9.0, and 12.5 jim. This may be an important way to detect sample

moisture content, and the effect will almost certainly influence composi-

tional maps made of wet areas using the techniques reported by Vincent!~~
’2
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Another qualitative observation is that the size of silicate mineral

grains affects the reststrahlen eniissivity features. Hovis and

Callahan [6] have demonstrated qualitatively that when the grain size of

a sample is reduced from a solid sample to particles with diameters of

1—2 mm, 0.105—0.250 mm, and less than 0.038 mm, the measured reflectance

progressively increases. Hunt and Vincent [7,8] have attempted to explain

this phenomena in terms of a specular surface reflectance component (R
5)

and a reflectance component which is due to radiation that has been

transmitted through part or parts of the sample before re—emerging (R ).

The total sample reflectance is the sum of R
5 

and R
~
. Further, the

ra tio R
s/Rv depends on grain size. Because R5 and R

~ 
depend differently

on the absorption coefficient , a. Thus, the reflectance or emittance

of the sample will depend on grain size.

Because of the promising research described above ERIM began, in

1974, to relate grain size, degree of sorting, composition, and water

content of beach sands to the spectral properties in the visible ,

reflective infrared , and thermal infrared regions. The objective was

to find quantitative relationships between the spectral reflectances of

beaches and their physical properties. During the first two years of the

program , 50 beach sand samples from a variety of environments were

collected. These samples were analyzed in terms of mineralogy, grain

size, degree of sorting and degree of iron staining. In addition the

spectral reflectance of each was determined in the 0.35 to 2.5 pm range

using the Cary 14 spectrophotometer. A number of different moisture

contents were used to simulate different regions in the land/water

interface. Thermal infrared measurements were made in the 8—14 pm band

on some of the sand types, however , further analysis was restricted
to visible and near IR wavelength because of moisture attenuation in

this region.

Several regression equations were developed at the end of the
second year in an effort to predict grain size and moisture from spectral

2
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data. Among them, a two channel moisture algorithm was developed which

resulted in a coefficient of variation , R2 ’ 0.79 and a standard error of

4.5%. Another moisture algorithm that used five spectral channel ratios

was capable of predicting moisture content with a standard error of 4.0%

and a R2 of 0.86. Relative to grain size, one algor ithm using 10 ra tios
was found capable of predicting the Wentworth grade scale of beach sands

with an R2 of 0.83. Although the results appear very good , the physical
reasoning for the spectral channel selection and success of these

algorithms was felt to be somewhat in doubt. In addition the large number

of factors in the regression coupled with the relatively small da ta set
reduced the significance of the results. These equations did , however ,
show the feasibility of developing an algorithm which could successfully

predict moisture and grain size from spectral data.

In order to better control the variable parameters of beach sands

and to more economically create the necessary da ta sets, work began
in the third year on an adaptation of the Suits radiative transfer vegetative

• canopy model to the beach sand situation. The initial model, SANDREF ,
was verified by the end of the third year on two dry sands; a carbonate
type and a pure quartz type. In the process of developing this unique

modeling app roach , the scattering coefficient  (s) , fowa rd scat ter ing

(FS) , and absorption coefficient (a) of sixteen common beach

forming minerals were derived . This was the f i r s t  time such
a measurement had been achieved for these minerals. In order to develop
these parameters three thin sections of each mineral of interest  had to

be cut. Each section had to be slightly thinner than the one before i t .

Using the reflectance and transmittance of each of the three thin sections ,
an iterative curv e f i t t ing  procedure was used to develop the a , FS , and s

parameters. These parameters were then used to predict the reflectance

and transmittance of a given mineral at any desired thickness. The

reflectances and transmittances were then entered into the SANDREF model.

S 3 
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A f t e r  SANDREF was proven to work , it was modi f ied  to u t i l i z e  mo isture

input to simulate the spectra of sand which conta ins  water .  The new

program , called AQUASANDREF , included a moisture a lgor i thm . The two

modeling programs were then combined at the beginning of the f o u rt h  year

into a single all—purpose program called AQUASAND. This composite program

can theoretically handle any beach sand s i tuat ion.  It should be stated

that the AQUASAN D model is not designed to predict sand parameters f rom

reflectance spectra but ra ther  to generate spectra from known parameters .

These spectra , in conjunction with measured spectra may be used to generate

a p redictive algorithm.

Specifically,  the following accomp lishments were mad e in year four :

(1) A new method of modeling the i ron—stain f requen t ly  found as a

coating on sand grains , was developed .

(2) The two models , AQUASANDREF and SANDREF , were combined and

shortened into a much more e f f i c i en t  form (AQUASAND) for beach

sand modeling. This version will handle modeling for  both wet

and dry sands.

(3) A total of 7 diverse beach types were modeled successful ly

using separate mineralogical and moisture input to the new

AQUASAN D model.

(4) Developmen t of an algor i thm to predict mineralogy, mois ture ,

and grain size was begun using modeled data  obtained from

AQUASAND.

4
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2

TECHNICAL DISCUSSION

As mentioned previously the modeling concept u t i l ized in the third

year of the ONR e f f o r t  was ver i f ied  on two beaches wi th  relatively simple

minerai.-’gy and moisture content . This year , the dry model , SANDREF ,

was modified to uti l ize moisture input to simulated sand spectra which

contained water. This new program called AQUSANDREF , was then combined

with SANDREF into a single all—purpose program called AQUASAND .

AQUASAN D was tested this year on a greater range of comp lex beach

types — those that  contain a g rea te r  var ie ty  of minerals in add i t ion

to varying moisture contents .  Given in appendix A of this report  is a

copy of a paper entit led “AQUASAND : A Beach Ref lec tance  Model and

Validation Tests. ” This paper [9]  presented at the F i f t h  Canadian

Symposium on Remote Sensing of the Environment , summarizes f o u r t h —

year ONR results. A complete description of the AQUASAND model is

given in this  paper and , thus , will not be repeated in this section.

The paper does not discuss the moisture al gori thm developed for  use

in AQUASAND , however , a descript ion of this  algorithm is given in

appendix B of this repor t .

2.1 MODEL VERIFICATION

One parameter that has a great e f f e c t  on the reflectance of some

beach sands is iron staining. In general , iron staining tends to reduce

the overall reflectance of a sand. In addition , iron staining exerts a

strong influence on the shape of the sand reflectance curve due to its

absorption characteristics [10]. This absorption depends, to a great

degree, on the oxidation state and hydration state of the iron. Unlike

the other minerals we used , an iron stain cannot be modeled as being

granular since , in nature, it appears as a coating on other mineral

grains. Therefore , it was necessary for  us to t ry  other methods of

expressing the stain so as to provide correc t input to the model .

5

• - -  - -.- --- _ _ _  



— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _——— - - - - - - - 
~~~~ 1I~~~

• 
~~RIM

Our f i r s t  approach was to a r t i f i c i a l ly coat a glass surface  wi th  an

iron s ta in  and subsequent ly  measure the re f lec tance  and t r ansmi t t ance  of

this  p late. The glass plates used were determined to be opt ical ly clear

in the wavelength range of interest  ( 0 . 3 5 — 2 . 5  pm) and as such t hey resembled

quar t z  wi th an iron coating . This iron stain proved to be i n su f f i c i en t

since the proper coating thickness, hydra t ion  state , and oxidation state

of the iron could not be controlled accurately . The reflectance

and transmittance spectrum obtained f rom the iron stained plates d i f f e r e d

s~ bstan t ia l ly  f rom each other and , unfor tuna te ly ,  none seemed to correctly

model the iron ref lectance found in sand .

Because of this  negative resul t another approach was taken. The

ref lectance of an iron stained quar tz  sand , BA1, [11] was measured on

a Beckma n DK—2A spectrophotometer .  The Beckman , like the Cary 14

spectrophotometer is an instrument which is capable of continuousl y

scanning ref lectances or transmittances in the 0.30 to 3.0 pm range . It

d i f f e r s  f rom the Cary 14 in that it has only an analog chart  recorder

ra ther  than a d ig i ta l  record ing capabi l i ty .  It has been found in the

past that  the Beckman is more accurate for  determining hemispherical

t r ansmi t t ance  measurements due to the detector  locations within the

integrat ing sp here . Also , when dig ital recording is not essent ial the

Beckman is usually employed because of i ts  relative ease of operat ion as

compared to the Gary 14. Following the ini t ial  measurement , the sand was

bleached wi th  n i t r i c  acid fo r  three days to remove any iron stain f rom the

grains . Prior  to any measurements all the carbonate was removed f rom the

sand manually since the n i t r i c  acid would have dissolved this  together  wi th

any iron stain . (Removal of carbonate between the i ron—stained and the

non—iron—stained spectral measurements would , of course , have altered the

reflectance spectrum independent of the i ron.)  After  bleaching, the

ref lec tance  of the sand was remeasured . Any d i f f e r ence  between the f i r s t

and second measurement was assumed to be absorpt ion (o~) due to iron

staining.  The shape of the iron stain t ransmit tance  ( t )  curve was expected

to be:

TFe(shape) Fe(shape)

6
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since the ref lectance from the iron itself was assumed insignificant .

This means that the color due to iron staining is related to light which

is transmitted through the stain from below, not light which is reflected

directly f rom the iron surface.

To verif y this reasoning , a number of sand grains were masked into

a black background so that only light which passed through the iron

stained quartz was t ransmit ted. The transmittance was then measured on

the Beckman DK—2A spectrophotometer . As expected , the transmittance

curve compared favorably to the reflectance spectrum described above

supporting the contention that iron stain reflectance is negligible.

Since quartz has essentially no spectral shape , the trans-

mittance spectrum we obtained was assumed to be due entirely to iron

stain except for  an 8% drop due to surface reflection in quar tz .  These

transmittance values were then normalized such that 92% t ransmit tance

equaled an iron transmittance of 1 and 0% transmittance equaled an

iron transmittance of 0. We were then able to mul t iply this “iron

staining fraction” to any mineral we chose to simulate an iron stain on

that  mineral.

In order to ful ly verif y the model , and the new iron input , seven

beaches were chosen of d i f f e r ing  mineralogies, grain sizes , and moistura

contents.  The spectra for  these beaches were , in all but one case , among

the 50 samples measured in the f i r s t  and second year of the ONR e f f o r t .

As such a fu l l  description of the sands is given in report no. lO89 00—3—T.

The composition of the seven beaches selected for  model ver i f ica t ion along

with th& r mineralogical and physical input parameters used in AQUASAND are

given in Table 1. Figure 1 shows the AQUASAND generated reflectance curves

(in the 0 . 4 — 2 . 5  pm region of the spectrum) fo r  the respective beaches.

Superimposed on each of the curves is the actual spectrum of the beach as

measured using ERIM ’s Cary 14 spectrophotometer .

The f i r s t  beach modeled was a carbonate type (see Figure 1). This

sand is somewhat d i f f e r e n t  from other beaches in tha t the individual

grains tend not to be spherical in shape but rather appear as oblong plates.

This is related to their  orig in as extoskeletal f ragments  derived f rom

7
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TABLE 1

BEACH SAND CONSTITUENTS

SAND MEAN GRAIN SAND

1. Carbonate 1 nun

99% Carbonate
1% Organics

2. AD2 .38

98% Quartz
2% Feldspar

3. BA1 .40

98% Quartz
2% Feldspar

4. EA2 .28

90% Quar tz
6% Feldspar
2% Kaolinite
27. Opaques

5. D—Dune HI .19

95% Quartz
5% Feldspar

6. MX2 .22

98% Quartz
2% Carbonate

7. HAl .32

55% Quartz
28% Feldspar
4% Kaolinite
13% Opaques

8
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marine organisms. The horizontal component for this beach was much

greater than the vertical component due to the grain shape. In this context H

the horizontal component refers to that portion of the sand grain surface

which is parallel to the beach surface while the vertical component is the

corresponding portion which is orthogonal to the beach surface. (For a

complet€~ discussion of the AQUASAND model see appendix A.) Because of the

nonspherical nature of carbonate grains they were entered into the model

as being plates which were 1 mm in length and width and 0.25 mm in depth.

Using this grain size input coupled with 16% water the modeled spectrum

closely resembled the actual measured spectrum.

Representing the iron—stained Atlantic beaches, AD2 was chosen as the

model test. This beach is reasonably well sorted and moderately iron stained.

It provided the first test for the new iron stain input. Input to the model

included 50% clear quartz, 30% polyquarcz (representing frosted quartz),

5% carbonate and 15% iron—stained quartz. The minerals were inputted as

spherical grains; 0.38 mm in diameter . This input together with a water

content of 25% produced an excellent fit to the actual measured spectrum.

The Delaware Bay beach (BA1) is an alluvial sand of continental origin.

In general the mean grain size is larger for this type of sand than its

marine counterpart (A beaches). It is a moderately iron stained sand and

has virtually no carbonate, unlike the A beaches. Based on measured data,

input to the model included 55% clear quartz, 30% polyquartz , 9% iron—stained
quartz, 5% opaques and 1% orthoclase feldspar. A grain size of 0.40 mm was

entered for all minerals in addition to a moisture content of 21%. The model

fits the actual measured spectrum quite well, however, there is roughly a

5% difference in reflectance in the region between 0.35 and 0.7 pm.

MX2 represents a non iron—stained quartz beach such as that found

on the Gulf of Mexico coast. It exhibits high reflectance even with a

high moisture content. The sand is extremely well sorted, and has very

spherical grains. It is virtually pure quartz except for a small amount

of organism related carbonate and dark opaque organic matter. The model

input included 97% polyquartz, 2% carbonate and 1% opaques at a grain size

of 0.22 pm. Water input to MX2 was 25% and the resulting fit was very
good. There are some spectral features between 0.8 and 1.2 pm which the

10
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model failed to represent, however, they seemed to be an artifact of

this beach only and were not consistently represented in the other Mexico

beaches.

The EA2 and D—dune beaches were both continental beaches collected

on the shore of Lake Michigan. The primary differences between the two

were a greater amount of opaque rock fragments and substantially more iron

staining in the D—dune beach. Also the D—dune beach was modeled with a

moisture content of 30% while the EA2 beach had 22%. As with the other

beaches these moistures corresponded to the previously measured values

obtained in the first two years of the ONR program. These differences yield

a depressed reflectance spectrum for the B—dune beach relative to the EA2

beach and the model successfully showed this. The D—dune beach was modeled

using 70% clear quartz, 20% iron stained quartz , 5% carbonate, and 5% opaques

at a grain size of 0.17 mm. The EA2 beach had 60% clear quartz, 20% iron

stained quartz, 3% opaques, 7% polyquartz and 10% orthoclase at a grain size

of .28, as input. The model results are good for both beaches particularly

related to the sudden drop in reflectance around O.6pm. This appears to be

related to iron stain and is characteristic of the Michigan beaches within

our data set.

HAl was chosen as an example of a heavy mineral beach (particle

density >2 .65 ) .  “Heavy mineral” is a loose definition we have

af f ixed  to any beach which shows a strongly depressed reflectance spectrum,

particularly in the visible region. These beaches usually exhibit

the property of hav ing higher reflectance in 1.2—1.8 pm region than in the

visible (except for  the water bands) .  In the case of HAl the depressed

reflectance spectrum seems to be related to a high percentage of opaque

rock fragments in the beach (12.3%). These rock fragments were inputted

to the model as opaque grains regardless of their mineralogy since their

low reflectance functionally supresses any spectral characteristics.

The input to the model included 50% clear quartz, 33% iron stained

quartz, 10% ilemenite, and 70% orthoclase at a grain size of 0.32 for

HAl. The spectral fit is very good except for a miscalculation of

spectral shape in the 0.35 to 0.55 pm region.

11
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Notice that the mineralogical input to the model does not, in all

cases, correspond exactly to the measured mineralogical percentages in

the sand. This is probably due to many uncontrollable factors including

random preference of one mineral over another during the reflectance

measurements and subtle tendencies towards a grain size—mineralogy

correlation in the samples. The important fact is that the model

behaves correctly to changes in moisture and grain size once mineral

inputs are determined .

In summary, the new iron —stain modeling concept allowed us to achieve

good correlation between the actual measured reflectance spectra, and

the model output for seven diverse beach sands. In addition the

moisture input to the AQUASAND model is an excellent representation of

the actual data in every case.

2.2 ALGORITHM DEVELOPMENT

With the model fully verified , work began on the development of a

prediction algorithm for beach parameters. The initial plan called for

using simulated multispectral scanner bands in some n dimensional system

to create a classification structure for the three major parameters —
mineralogy , moisture content, and grain size. It was determined that

preliminary analysis should be accomplished in two dimensions to facilitate

a simpler interpretation of the results. In addition, a single mineralogy,

that of an AD2 beach, was used with the intention of separating

mineralogy prior to moisture and grain size. Both single bands and

ratioed bands were considered. Computer programs were developed which

maximized the area separation of the data points in this two dimensional

system since the number of potential two way combinations was too large

to handle manually.

Fifteen potential channels were investigated (Table 2). These channels

were chosen as being representative of a general scanner system. The

breaks in channel coverage near 1.4 and 1.9 pm, are of course, related to

12
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TABLE 2

SPECTRA BANDS USED IN PRELIMINARY
ALGORITHM DEVELOPMENT

Band Number pm Range

1 .4—.45

2 .45—.5

3 .5—.55

4 .55—.6

5 .6— 65

6 .65— .7

7 .7— .75

8 .75—.8

9 .8—.9

10 .9—1.0

- 

. 
- 

11 1.0—1.1

12 1.1—1.2

13 1.2—1.35

14 1.55—1.8

15 2.1—2.3

13 
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atmospheric water absorption. With the advent of active laser systems,

the bandwidth is potentially much finer than is indicated in Table 2,

but for our preliminary purposes this band composition was deemed

sufficient.

Using the AQUASAND model, 12 different beach sand spectra of

identical mineralogy were derived using variable moisture and grain size
input. The combinations are given in Table 3. These spectra were then

condensed into the appropriate bands using linear averages. These bands

were then scattered against each other. For the single band situation 105

potential unique combinations were investigated . Of these, band 1 (0.4—

0.45 ~m) against band 10 (0.9—1.0 pm) provided the maximum separation of

moisture and grain size (Figure 2).

The ratio case was somewhat more complex. Using 15 bands there

were 105 potential ratios and 7560 possible unique combinations of the

ratios in the two dimensional system. Maximum separation of grain size

and moisture achieved with the ratio of band 10 to band 14 (0.9—1.0 pm !

1.55—1.8 pm) on one axis and band 1 to band 14 (0.4—0.45 pm/l.55—l.8 pm)

on the other (Figure 2). The ratioed situation was considered more

favorable since it would tend to reduce effects of noise within the system

when applied to actual scanner data.

As can be seen in Figure 2, separation of moisture and grain size

was unambiguous for both the single band and the ratio case. Both were within

the theoretical sensitivity of the scanner system although separation using

ratios appears the better of the two. The ratio of band 1 to band 14

appears to increase with increasing grain size. This is evidenced by an

increase in reflectance in the 0.4—0.45 pm band as grain size increases.

The 1.55—1.8 pm band remains more or less stable with grain size changes.

As moisture increases the reflectance in the 1.55—1.8 pm band decreases

and hence the ratio, band 10 to band 14 increases. For both moisture

and grain size, band 10 (0.9—1.0 pm) can be considered a reference in the

ratio which is relatively stable as the parameters of interest vary.

14
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TABLE 3

GRAIN SIZE AND MOISTURE CONTENT OF
AQUASAND GENERATED SANDS USING AD2 MINERALOGY

Sand Number Grain Size Moisture %

1 .38 4

2 .38 12

3 .38 20

4 .38 28

5 .60 4

6 .60 12

7 .60 20

8 .60 28

9 .95 4

10 .95 12

11 .95 20

12 .95 28

15
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As a test of the robustness of this algori thm a Mexico beach mineralogy

was generated using AQUASAND and the mois ture  and grain size were varied

as before. The results showed the same relationship of changes, however ,

the absolute values of the ratios were substantially d i f f e r e n t ;  so

d i f f e r e n t  in fac t  that  accurate prediction of moisture and grain size

based on the AD2 algorithm would have been impossible. This outcome

indicated that the mineralogical differences between Mexico Beach

compositions and AD2 compositions would have had to have been broken down

previously and two separate grain size moisture a lgor i thms would be need ed .

Assuming that Mexico Beach mineralogy was too unlike AD2 mineralonv tn uqe in

the AD2 algorithm it was decided that  actual spectrally measured , A—beach

data should be tested in the algorithm. As such the appropriate bands

from the original ten A—beaches were tested using the AD2 algorithm.

The results were not promising. Although the spec tral response rela ted to
mois-ture was predictable, the spectral response due to grain size was

not. The implication is that even subtle changes in mineralogy within

the same geographic area are suff ic ient  to overpower changes related to

a moisture and grain size, particularly the latter.

A further difficulty with developing an algorithm along the lines

described above is related to the definition of classification boundaries

around the modeled points defined by moisture and grain size. Since

the input is created by a model there is no inherent “noise” or variation

such as that found in a natural system. As such ,it is impossible to

define an actual distribution of ratioed values related to a particular

grain size moisture combination. One solution would be a nearest

neighbor approach saying that an input point is classified as to moisture

and grain size by the closest modeled point. This is probably insufficient

since the relationships are non—linear . Another more suitable answer

would be some kind of curvilinear interpolation between the modeled points,

however, in any more than 2 or 3 dimensions this methodology would be

17
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extremely difficult. In conclusion , the above procedure is not

sufficient for our purposes.

Another approach to algorithm development would be the use of a

stepwise procedure , and , at this time , such a route seems to be the most

productive.  The algorithm will consist of many equat ions  proceeding from

the mos t eas ily d i f fe ren t iab le  parameter , mineralogy , to the most

d i f f i cu lt,grain size. The rationale is that by the time grain size must

be determined , all other controllable parameters will be accounted for .

The approach is shown visually in Figure 3.

18
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REMOTE SENSING
INPUT

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ANALYSIS OUTPUT :

•SAND MINERALOGY
•SAND MOISTURE
•SAND GRAIN SIZE

FIGURE 3. FLOW DIAGRAM FOR MINE RALOGICAL , MOISTURE ,
AND GRAIN SIZE PREDICTION ALGORITHM
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3

CONCLUSIONS AND RECOMMENDATIONS

At the present t ime the AQUASAND model appears to be func t ion ing

well. For seven diverse beach types the parameters and output  seem to

be an accurate representation of actual measured spectra .  The concept

of developing an algorithm to predict beach parameters from spectral data

appears sound , however , grain size appears to be a very sensitive parameter
which is easily overshadowed by extraneous variables. For a single

mineralogy , however , separa tion of gr ain size and moisture was demon-

s t ra ted using modeled data generated by AQUASAND.

The nex t logical move is to imp lemen t the composi te algorithm
approach described above. The first step in this computer algorithm

will be a preliminary breakdown of the sand mineralogy into classes

using ad iscr iminan t func tion of some typ e based on appropria te sing le

bands or ratios. The second step will be a series of regression equations,

one for each mineralogy to determine moisture content. The third and

f inal analysis will be another series of regressions , one for each

moisture, f r o m  which grain size will be determined . Obviously this

could lead to a tremendous number of equations , however , several
moisture contents may be able to use the same grain size regressions.

Perhaps mathematical func tions can be developed tha t describe the changes

in the regression coefficients with moisture. If this is possible then

simple modifica tion of one regression equation fo r  several moisture

conditions is feasible.

In order to tie this algori thm developmen t to the real world as

much as possible, actual reflectance measurements made on the Cary 14
should be used to develop stage 1 and 2 of the algorithm . The data to

develop the regressions related to grain size will have to come from the

AQUASAND model.

20
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APPENDIX A

AQUASAND: A BEACH REFLECTANCE MODEL AND VALIDATION TESTS

Paper presented at the Fifth Canadian Symposium on Remote Sensing of

the Environment, August 1978, Victoria, British Columbia, Canada
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APPENDIX A

AQUA SAND: A BEACH REFLECTANCE MODEL
AND VALIDATION TESTS*

R .A. Shuchman , G.H.  Sui ts , C.F.  Davis
Environmental Research Institute of Michigan

Ann Arbor , Mi chi gan 48107

ABSTRACT

A new sand reflectance model called AQUASAND has recently been
developed. This model, a modification of the Suits radiative trans—
fer vegetation canopy directional reflectance mode l, accounts for
the reflectance and transmittance of sand particulates in the .35 to
2.5 ~im spectra l range. The AQUASAND model also accounts for the
influence of soil moisture within the sand . The model will ulti-
mately determine the practical limits of remote sensing algorithms
for determining physical and chemical properties of beaches.

The AQUASAND model uses , as inputs , the coefficients of absorp-
tion and scattering and the forward scattering fraction for each
mineral comprising the beach sand (i.e., quartz , feldspar , kaolinite,
etc.), the average number of grains (particles) per given volume
from which average cross sections of each mineral type can be com-
puted , voiu space , and the moisture depth profile of the beach to
calculate the reflectance of the beach . ERIM, using its Cary 14
spectral reflectometer, measured the hemispherical transmittance and
reflectance of sixteen common beach forming minerals at a number of
prescribed thicknesses to obtain the needed coefficients and forward
scattering fraction .

Additionally, ERIM used the same instrument to measure actual
sand samples collected from fifty diverse beaches found on United
States coastlines. These reflectance spectra were used to evaluate
the AQUASAND model. The results are very encouraging showing good
agreement between the actua l beach spectra and the model results
when the individual mineral components comprising the beach are cor-
rectly identified and inputed into the model.

The validated AQUA SA ND model (based on ten of the fifty actual
beach samples’) is currently being used to generate algorithms that

*This work is supported by the United States Office of Naval
Research ( ONR ) , Contract No. N0014—74—0273. Mr. Hans Dolezalek is
the technical monitor.
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predict grain size , mois ture  contents , and mineral composition using
remotely sensed reflectance information in the .35 to 2.5 ~im spec tral
range.

1.0 INTRODUCTION

This paper discusses a new radiative transfer model called
AQUA SAND. This model predic t s  the r e f l e c t a n c e  of beach sands in the
.35—2.5 ~um wavelength range of the electromagnetic spectrum. This
newly developed sand reflectance model will ultimately determine the
practica l limits of remote sensing algorithms for determining physi-
cal and chemical properties of beaches.

The use of .35 to 2.5 ,~m radiation to determine physical and
chemical properties of beaches is deemed feasible from the proven
capability of mapping silicate minerals using reststrahlen techniques
in the 8 to 14 gim spectral range, a procedure developed by Vincent
and Thomson (1972) and earlier by Vincent and Hunt (1958). The .35
to 2.5 ~m region of the spectrum is of interest for beach parameter
sensing since water is relatively transparent in this region (unlike
the 8 to 14 ~um region) and beaches typically have high moisture
contents.

2.0 MODELING

The capability of determining important physical properties of
beach sands by remote sensing techni~’ues depends upon the interaction
of radiation with the constituent materials of the beach. Such in-
teraction is certainly complex but , nevertheless , must follow the
laws of nature. The purpose of making a mathematical reflectance
model of this complex interaction is to achieve insight into the
relationship between the remotely received signals and the physical
properties of the beach sand that are of interest.

A mathematica l model of a physical phenomenon is the result of
incorporating the mathematical expressions of the laws of nature as
they apply to a complex circumstance so that the conclusions drawn
from the assembled expressions correspond to the physical results of
an experiment under similar circumstances. Such a model requires
experimental validation using a few but diverse circumstances in
order to prove that the essence of the phenomenon is contained in
the logic of the model. Once validation has been achieved , the model
may be used as a readily available and inexpensive substitute for
experiment under all circumstances within the scope of the circum-
stances of the validation experiments. In addition , the logical
structure of the model provides the insight into the significant
interaction processes so that more general conclusions may be drawn.

23
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2.1 Reflectance Model Concepts

The most elementary mode l of sand reflectance is the simple plane
mixtures model. The model employs the assumptions that all sand
particles are opaque and are randomly mixed . The surface of the
sand layer exposes sand particles in proportion to the product of
their mean cross sectiona l area and the concentration of the parti-
cles in the sand mixture . Thus, the reflectance spectrum of the
mixture is predicted to be the area weighted average of the reflec-
tance spectra of the various minerals exposed at the sand surface.
Multi ple scattering between particles is assumed to be negligible
and one surface particle is assumed not to obscure from view an
adjacent surface particle.

This elementary model fails to achieve good accuracy because the
transmittance of particles in a finely divided state may be quite
large and multiple scattering of radiation between particles should
be significant. In addition , the packing of grains in layers pro—
duces partial exposure at the surface so that line of sight to some
particles will depend upon the direction of view. A more complex
mode l is required to account for these effects.

The more complex model which is used in this work emp loy s the
identica l concepts that are employed by the directional reflectance
model for vegetative canopies (Suits, 1972). It may be hard to
visualize off—hand that the interaction of radiation with a vegeta-
tive canopy is homomorphic with the interaction of radiation with
sands because vegetation and sand hardly appear the same to the eye.
Nevertheless , the essence of the reflection , transmission , and mul—
tiple scattering phenomena is the same concept for the optica l
parameters of the components that are involved as long as the wave—
length is much smaller than the particles .

The first assumption of this model is that the scattering com-
ponents are distributed more or less uniformly in horizontal layers
where the mixture of component types may be different in the various
layers . In a corn field , for example, the tassels always appear at
the top, green healthy mature leaves appear in a middle layer and
necrotic leaves appear usually near the soil. In sands, the action
of wind and waves are likely to stratify mineral mixtures vertically
and certainly moisture content varies with a vertical moisture pro-
file. The division in layers is done in order to “uantize statisti-
cally what may otherwise be nearly a continuous distribution .

The second assumption is that the radiation field may be divided
into two types of radiant flux —— specular and diffuse. The specular
flux represents the radiation arriving from the source with recti-
linear propagation and passes through the holes , cracks, and voids
of the ensemble of randomly packed components without deviation.

24 

-

~~~~~~~~~~~~~~~~~~~

-

~~~~~~~~
--

~~ & •1



— ---
~~~~~

--— 
~~~~~~r~~~~~~~ --- -~~~- ----

~~RIM

The diffuse flux is derived from the specular flux and is that part
of the specular flux which has been intercepted by a scattering corn—
ponent at least once and is scattered in both forward and backward
directions . In a vegetative canopy , specular flux frequently reaches
the soil level and appears as sun flecks on the soil. In a sand ,
specular flux diminishes exponentially to negligible proportions in
only a few millimeters depth . Optically, the sand is infinitely
deep. However, the diffuse flux is derived from the specular flux
in the identica l manner. The diffuse flux may penetrate much deeper
into the sand than can specular flux.

The third model assumption is that the manner of scattering by
minera l particulates can be adeq uately represented by replacing each
mineral particulate with a set of equivalent Lambertian panels which
have the same spectral transmittance and reflectance as does the
component. This assumption defines a simplified scattering phase
function which permits one to calculate ensemble reflectances in
closed form. The form of the scattering phase function becomes sig-
nificant when single scattering is the dominant phenomenon. Scat-
tering by wide ly dispersed aerosols in the atmosphere (e.g., smoke
and dust) exhibits detailed phase function effects. However, as the
degree of multiple scattering increases , the detailed features of
the scattering phase function are no longer significant. In both
sands and vegetative canopies , multiple scattering effects dominate
because of the high density of scattering components.

The fourth model assumption is that the diffuse flux moves
generally vertically upward and downward with a Lambertian angular
distribution as a first approximation . The reflectance of the en—

- • semble is calculated using the method of self—consistent field with
the specular and approximate diffuse flux as the illuminant of com-
ponents The ensemble reflectance is not necessarily Lambertian but
is only approximately so. Both vegetation and sand meet this
approximate criterion.

Because of the homomorphic relationship of radiative interactions
with sand and vegetative canopies , the reflectance model previously
developed for vegetation is applied to sand with the appropriate
component properties for sand minerals substituted for vegetative
canopies.

2.2 Optica l Properties of Sand Components

The cross section view of a hypothetical sand layer containing
two kinds of minerals is shown in Figure 1. The irregular shapes of
the sand grains result in some more or less random, loose packing
with many voids . These grains are to be replaced by a number of
equivalent Lambertian panels which will intercept approximately the
same amount of radiant flux as do the actual grains . The spectral
re flectance and transmittance of the panels are to be the same as

25 
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the spectral reflectance and transmittance of the grains . Since
these spectral properties may change with grain size or state of
division , some means of calculating the appropriate spectra l proper-
ties is required .

An auxiliary reflectance and transmittance model for mineral
thin sections was developed in order to relate the inherent spectral
properties which are characteristic of a mineral to the properties
of that minera l in any state of division. Three characteristic bulk
properties were taken to be sufficient for this purpose —— the spec-
tral absorption coefficient , a, the forward scattering fraction, FS,
and the scattering coefficient , s.

Radiation which penetrates a mineral may be absorbed and con-
verted into heat energy depending upon the chemical composition of
the mineral. A mineral which is internally homogeneous without in-
clusions and cracks will transmit radiation passing through it in
accordance with the relation ,

E(x ) E0 ~~~~ (I)

where E(x) is the irradiance on a plane at depth x in the mineral,

E0 is the irradiance on a planeinside the first surface ,

a is the spectral absorption coefficient .

The spectra l absorption coefficient will be a function of the
wavelength of the penetrating radiation and will depend upon the
chemical composition of the mineral. The spectral absorption coef-
ficient is largely responsible for the spectral variations in minera l
reflectance and transmittance .

The formation of minerals is a complex natural process so that
minerals may not be optically homogeneous. Foreign materials are
often formed in the interior of the mineral. Such features as frac-
tures , gas bubbles , small crystals of associated minerals , and grain
boundaries of anisotropic crystals create inhomogeneities within
mineral bodies. These inhoinogeneities reflect or scatter and deviate
penetrating radiation from rectilinear propagation. A collimated
beam of radiation which propagates rectilinearly through the body of
a mineral will be diminished due to such scattering by the relation ,

E(x) = E0 e 8’
~, (2)

where E(x) is the irradiance of rectilinear flux on a plane at
depth x,

E0 is the irradiance of rectilinear flux at the first
surface,

a is the scattering coef f i c ien t .

- 
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The radia t ion  which is scattered will tend to propagate either
deeper into the mineral —— forward scatter —— and contribute to
transmittance or reverse direction and propagate back out of the
minera l —— backscatter —— and contribute to reflectance of the min-
eral. The fraction of scattered radiation which continues deeper
into the mineral is the forward scattering fraction, FS. The frac-
tion of scattered radiation which reverses is then (I—FS). The
scattering coefficient and the forward scattering fraction can be
spectrally dependent but should not be the primary determinant of
the spectral quality of a mineral.

These three optica l properties of a mineral , a, s, and FS, are
assumed to be independent of the thickness of the mineral. That is,
the inhomogeneous structure and chemical composition of a mineral
thin section is assumed to be evenly distributed so that a, s, and
FS, are inherent properties characteristic of the kind of mineral
and not the size of the mineral sample.

The auxiliary reflectance and transmittance model for mineral
thin sections makes use of these three properties and the index of
refraction of the mineral to yield the thin section transmittance
and reflectance for any mineral thickness. The value of a, s, and
FS, for each wavelength must be determined experimentally. However,
these properties cannot be determined by direct experiment. Instead ,
a spectral reflectometer was used to measure the transmittance and
reflectance of mineral thin sections having various thicknesses.
Since a, s, and FS are presumably thickness invariant , the value of
a, s, and FS may be determined by finding the value of a, a, and FS
which , when used in calculating the transmittances and reflectances
of thin sections having these various thicknesses, yield matching
values for the reflectances and transmittances found experimentally.
A computer iteration technique was used for this purpose.

Then spectral values of a, s, and FS for some of the common sand
minerals have been tabulated . For certain opaque minerals, such as
hematite and limonite , the values of a, s, and FS could not be de-
termined . The transmittance and reflectance of these minerals are
independent of grain thickness for all thicknesses that are likely
to be found in sands. The reflectance and transmittance of pure ,
unstained clear quartz is due almost entirely to surface effects
which are also independent of grain thickness.

The optica l properties of sand components are determined and are
introduced into the sand reflectance model. The spectral transmit-
tance and reflectance of the equivalent Lambertian panels for each
mineral are determined using the auxiliary reflectance and transmit-
tance model for mineral thin sections where the thickness of thin
section is the mean grain thickness for each mineral. The mean
cross section of grains of each mineral type is multiplied by the
corresponding number of such grains per unit volume for a given
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beach sample and represents the scattering effec t of the equivalent
Lambertian panels.

2.3 Mode l Description

Figure 2 indicates the flow of information beginning with the
raw experimental CARY transmittance (r) and the reflectance (p) data
and ending with the predicted reflectance spectrum for sand . As
indicated prev iously, the needed input into the AQUASA ND model are
transmittance , 1 , and reflectance , p, values for the individua l min-
erals in a particular sand configuration. These -r and p values must
be calculated for each particle size. Experimentally, -r and () spec-
tra were determined for each mineral at given thicknesses. Some
minerals which were opaque exhibited a negligible amount of trans-
mittance . Iron stains were treated as separate minerals and experi—
mental T and p spectra were determined for them. These inputs are
shown on Fi gure 2.

In order to predict -r and p ’s for any par t ic le  size , properties
independent of size can determined . These properties previously
discussed , are the forward scattering (FS), scattering coefficient
(a) and the spectral absorption coefficient (a). The computer pro-
gram calculates these coefficients for a given mineral using the
experimental T ’s and p ’s and the experimental thicknesses and the
parameters of refraction (particle to air (RPA) and air to particle
(RAP)).

These determinations of the fundamental a, FS , and S properties
of sixteen common beach forming minerals in the .35—2.5 urn range are
the first such measurements made to date. Figure 3 is a plot of a
(
~

) and S for a carbonate beach.

Once the absorption and scat ter ing coe f f i c i en t s  are determined ,
another computer program uses these coefficients coupled with the
parameters RPA and RAP to predict -i- ’s and p ’s for a given thickness.
These predicted values are then used to model the sand.

The f inal program, AQUASAND, computes the reflectance of mixtures
of minerals. The inputs to this program consist of the predicted
-r ’s and p ’s for the minerals constituting the sand, the amount of
iron stain , the depth of the sand , the reflectance of an infinite
depth background underneath the sand, the particle cross sections
and packing factors for the various minerals, the angle of illumina—
tion from a point source i l luminator (or optional Lainbertian source)
and the angular position of the sensor and the percent moisture of
the sand on a millimeter scale.

The output of AQUASAND is a predicted reflectance spectra of the
sand for various configurations of illuminator position ((~) and sen-
sor position (0, ‘I’). The AQUASAND program was derived from a program
which predicted reflectances for a two layered vegetation canopy
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with a background . Thus the sand can have two layers with different
• densities and grain sizes in each layer. A background material for

the sand can also be specified . These properties of AQUASAND allow
great flexibility for modeling various configurations such as thin
sands, sand after a storm with a layer of organic matter or stones
on top, etc.

3.0 RESULTS

Seven beaches of d iverse mineralogy , moisture content , and grain
size were selected for evaluation of the AQUA SA ND model. The beaches
selected for model verification along with their mineralogica l and
physical parameters used as inputed into AQUA SA ND are given in
Table 1. Figure 4 shows the seven AQUASAND generated reflectance
curves (in the .4—2.5 pin region of the spectrum) for the respective
beaches. Superimposed on each of the seven curves appears the actual
spectrum of the beach as measured using the ERI)! Cary 14
spectroreflectometer .

These results are very encouraging, for although the absolute
values of the curves differ , the overall shape and absorption bands
seem to correspond remarkably well.

4.0 SU}IMARY

The AQUASAND reflectance model has been satisfactorily evaluated .
The model is current ly being used to generate hypothetical sands, so
that grain size and moisture prediction algorithms can be generated
using remote sensed data.

A beach resembling the mineralogy of beach sample AD2 (see Table
I, and Figure 4) has been parametrically run with various moisture
and grain sizes using AQUASAND. The generated spectral graphs simi—
lar to those shown in Figure 4 were then examined to determine opti-
mum single or ratio spectral intervals to predict moisture and grain
size.

A summary of that analysis is shown in Figure 5. The graph on
the left of the figure shows ratio channels selected while the graphs
on the right show single channels selected from AQUASAND parametri-
cally varied results.

Currently AQUASAND is being used to generate beach sands where
only one physical or chemical property is parametrically varied .
Regression analysis is then applied to the AQUASAND results to ob-
tain the finalized moisture and grain size prediction algorithms.
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:::: ~~~~Cross Section of Sand Layers Equilj van t Lambertian Panels

Layer I is shown as consisting of grains of only one kind of mineral.
Layer 2 is shown to cons ist of a mixture of two kinds of minerals.
The equiva lent Lamber tian scattering panels are Illustrated on the right.

FIGURE 1. CR(~ S SECTION OF SANI) LAYERS

TABLE 1. BEACH SAND CONSTITUENTS

Sand Mean Cra m Sand

1. Carbonate 1 nun

99% Carbonate
1% Organics

2. D—Dune HI .19
95% Quar tz

5% Feldspar

3. MX2 .22
98% Quar t z

2% Carbonate

4. BAI .40
98% Quartz

2% Feldspa r

5. EA2 .28
907. Quartz

67. Feldspar
27, Kaolinite
2% Opaques

6. AD2 .38
98% Quartz

2% Feldspar

7. HAl . 3 2
55% Quar tz
28% Feldspar

4% Kaol !ni te
13% Opaques
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IN PUT FROM
TERMINAL
“REAL TIME’

EXPERIMENTAL BEACH
COMPONENT MINERAL
SPECTRA I AND
FOR 3 THICKNESSES

~ I~ ~ IDETERMINE ABSORPTION (o)
SCATTERING (S) AND FORWARD
SCATTERING (FS) 

I

EXPERIMENTAL PREDICT TRANSMITTANCE 1. BEACH GRAIN
VALUE FOR AND REFLECTANCE OF SIZE
IRON STAIN EACH MINERA L AT 2. PARTICLE-TO-

DESIRE D THICKNESS AIR REFRACTION
3. AIR-TO-PARTICLE

I I I I I I I 

REFRACTION

WATER ABSORPTIOI’iI FINAL MODEL: 4 1. PERCENT WATER
INPUT BY WAVE- ~

_. AQUASAND IN SAND
LENGTH J USIN G PREDICTED 2. PERCENT OF

TRANSMITTANCE AND EACH MINERAL
REFLECTANCE IT IN SAND
DETERMINES A HYPO THE- (IN CLUDIN G IRON)
SIZED SAND SPECTRUM —

I PREDICTED BEACH REFLECTANCE BY WAVELENGTH BEACH

L SPECTRA REFLECTANCE TABLE

COMPARISON OF MODEL 7
”

\
\
\

Oi TPUT WITH EMP~~~~~~7

EMPIRICAL BEACH
REFLECTANCE DATA

FIGURE 2 .  DIA GRAM OF MODEL FLOW
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FIGURE 3. PLOT OF THE ABSORPT ION COEFFICIENT (a) AND SCATTERING
COEFFICIENT (s) FOR CARBONATE IN THE .4 TO 2 .4  jim REGION
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APPENDIX B

S IMULATION OF MOISTURE VARIATION
IN THE AQUASAND MODEL

F
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APPENDIX B

SIMULATION OF MOISTURE VARIATiON
IN THE AQUASAND MODEL

Before a wet sand can be modeled , an understanding of how water is

incorporat ed into the sand must be reached . Besides a dry sand, a

saturated sand is the easiest to model. In a saturated sand , water f i l l s

all the voids which are, in a dry sand , air spaces between the sand grains.
For such a case the AQUASAND model includes the absorption coefficient of

water in the optical pathway equations. Because AQUASAND calculates the

reflectance of a modeled sand at discrete wavelength intervals (0.01 ~~
increments),  the water absorption coeff ic ients  must be entered into the

model in the same intervals. Another dry—sand to wet—sand change that

must be considered is that  the index of ref ract ion di f ference between sand

particles and water air is smaller than the equivalent difference from sand

particles to air . Since surface reflectance from par ticles is governed by

the dif ference in index of refract ion from one medium to another , less

reflectance and more transmittance is noted for  saturated sand as compared

to dry sand. The AQUASAND model allows different indices of refraction to

be used depending on the intergrain medium.

Sands are most commonly found to be somewhere between dry and saturated

in a coastal situation . In such cases there is a comb ination of air and

water in the void spaces between the sand grains. The model treats the

air portion of this combination as being granular in the sense that  bubbles

may be thought of as bieng air grains in a matr ix  of water. Using this

logic, these air grains are treated as another particle type within

the sand. Based on the index of ref ract ion d i f fe rence  between water

and air , each bubble has a transmittance of 58% and a reflectance of 42%.

There is, of course, no absorption associated with air bubbles.

As was described in Appendix A , the AQUASAND model looks at granular

beach constituents. As being orthogonal Lambertian panel. Each panel

represents either the horizontal (parallel to the beach surface)  or vert ical
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(perpendicular to the beach sur face)  component of an associated grain .

The size of each panel is de termined by the size of the associated sand

grain. Each air bubble in a wet sand is treated in this same way.

The size of air bubble and the associated panels is dependent on the

amount of void space not occup ied by water .  The number of air bubbles

in any given volume of sand is assumed to be equal to the number of

grains of sand in that volume. Therefore, the volume of each air bubble is ,

VS 2
= 

air/cm
bubble - 2

No. sand grains/cm

where VS
1 

is the void space not occupied by water.  Once the bubble

volume is computed , the horizontal and vertical components of each

bubble may be determined .

By using the above rationale the model imp lements the same proced ure
to calculate the reflectance of any wet sand throughou t the entire range
of potential moisture contents. For high moisture contents  the bubbles

are small and the water f r ac t ion  is large , and for  low moistures the opposite

- . is true. When the moisture content decreases to the point where the

amount of water coating the sand grains is on the order of one wavelength

thick , the sand is said to be dry . The model recognizes this s i tua t ion

by the equation :

= 
Volume of water/cni 3 sand

Total surface area of sand grains/cm3 sand

where WT is the average water thickness coating the sand grains. When WT

decreases to a depth of 1 wavelength all the water terms are removed from

the optical pathway equations and the sand is treated as being d ry .  In

fac t , the water will give d i f f r a c t i o n  e f f e c t s  down to a thickness of 1/4

wavelength (similar to that noted with a light oil slick on water), however ,

this does not appear to alter the bulk reflectance significantly.
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