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A reflectance model (AQUASAND) was developed to gain insi ght in to the
spectral effects of changing mineralogy , moisture, and grain size related
to beach sands. The model , a modification of the Suits radiative transfer
vegetation canopy model, uses the transmittance and reflectance of the
component minerals, the desired sand moisture content , and the desired
sand grain size to produce a reflectance spectrum in the .35 to 2.5 ~im range.
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20. ABSTRA CT (cont inued)

Using information from AQUASAND, a mineralogy, moisture , and grain
size predictive algorithms (HOGS), was developed based on laboratory sand
reflectance spectra. Input to the algorithm is a set of 17 spectral
reflectance “bands” simulating an airborne multispectral scanner (MSS)
configuration. The MOCS algorithm first determines the appropriate
mineralogical class for the input sand . Within a given class, regression
equat ions are used to determine moisture and grain size.

The predictive results of the MOGS algorithm are very encouraging.
When tested on 70 of the sand reflectance spectra from which it was
der ived, the correlat ion of actual to pred icted moisture was 96%. The
correlation of actual to predicted grain size based on 46 samples was
88%. Tests on independently collec ted sand spectra y ielded similar
results. The algorithm was also successfully app lied to actual MS~ data ,
collected over the Lake Michigan coastline, to generate moisture
distribution and grain size distribution digital images of the beach
region.
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iHF 1’ ~~ LW REflO1’ E S~:NS i N ~ I N TUE DE TERN I N A T  I O .~
l i t ’  BEACH SAND PARA: *t TER S*

C . F .  D a v i s , R . A .  Shuc hman , and (; . H .  S u i t s

E n v i r o n m e n t a l  R e s e , i i c h  I n s t  i t u t ( ’  ot  M i ~~~i i  ~~,I f l

Ann Arbor , M i c h i gan

ABS TRACT

A r e f  1cc t a i t ce  model  (AQUASAND ) Wa s det’c loped t o  ~~~i i n  insi ght
In t o  the sped r a l  e f f e c t s  of chang ing m i n e r a l o  V . tno i St n rc , and
g r a i n  s iz e  re la t  ~‘d t o beach sands .  The model , a mcd i I i c I t  io n o
the  S u i t s  rasi t a t  lye t r an s f e r  vege t  at ion canopy model  . u - e s  t he

r an sm it  lance  and re f  1 c d t  ance of t he component m i n e r . l  is , t h e  des i
sand mci s t Ut- c cont ent . and t h e  des I red sand g r a i n  s i e t o p r o d u ce  .1
r e f l e c t  ance  s p ec t r u m  in t h e  .~~5 t o  .‘ . iii range .

Using  In form a  t ion from AQUASAN ) . a in i nc r a  l o g y ,  m o i s t  nrc and
g r a i n  s i ze  p t -ed ic t  i Vt ’ al g o r i t h m  ( M I X S ’I was deve loped  ba sed on
l a b o r a t o r y  sand r e f l e c tan c e  sp e c t r a  . In p u t  t t he .11 gor i t  bin 5 .1
set  of 11 s p e c t r a l  r e f l e c t  ance ‘‘bands ’’ s hun la t  i ng an a i r b o r n e
m u l t i spec I ra I scanner  (MSS) c o n f i g u r a t i o n . rh t’ MOt:S .il  or i t  hut t i r s
det e rmines  t h e  a p p r o p r iat e  m i n e r a lo g i c a l  c i  ass for  t h e  i n p u t  S . I l l d
WI t h i n  a g iven  c Ia ss , regress  ion equa L  Ions arc  used t o  det  er m i  l it ’
m o i s t u r e  and g r a i n  s i z e .

The p t -ed i c t  ive  r e s u l t s  of the  M0f~S a l g o r i t h m  ,~i e  V e t v (‘tl~- o t t l a g  in
• When t e s t  ed on 70 of the  sand ref icc t ance spec t ra f r o m  w h i c h  i t  i.- ,is

de r ived , t he  c o r r e la t i on  of ac t  ual  to  p r e d i c t e d  m o i s t  n rc  t~as ~~ The corre  lat  ion of a c tua l to  p r e d i c t e d  g r a i n  s i z e  based on -it ’ s amp le s
was 8d~~. Tests  on independent  lv  co l l e c t e d  sand sp e ct r a  v i c Ided s m u  l.,t
r e s u l t s .  The a lgoi’i th in was a I so  s u c ce s s f u l ly  appl  ied t o ac t  t i l l  1 ~SSda ta , c o l l e c t e d  over the Lake M i c h i g a n  c o a s t  I inc . to  g en e r a t e  mci St  nrc
d i s t r i b u t i o n  and gr a i n  s Ize  d i st r ih u t  ion di g i t a i  im a g e s  01 t he beach
r e g i o n .

1. IIT RODUCT ION

H i s t o r i c a l l y r emote  sent t  ing has been proven u s e f u l in t h e  de l  m ea t  ion ~‘ I
rock t’.’pes nk~st o f t  en w i t h  he app I ica  I ions  of f ut  ure m i n e r a l  CXI’ 1 ora I ion  i n
mind . In this invest igat ion , beach sands were  a n a ly z e d  w i t  ii t h e  i n t e n t  ion ~‘

deL ermin tug not  on lv  m i n e r a l o gy  hu t  a iso mo i s t  nrc and gr a in s i, -e  - These t h r et
p aramete r s  a re  of t n t  c re st  fr t ~n a beach t r a f f 1  t’ahi l i t  v and se d i m e n t  t r an s  p or t
p o i n t  of v i e w .  Recogn i t ion  o t  t hese  p ar am e t e r s  wou ld  a l s o  a l l o w  t h e  i den t  i t  j e t —

ton cf beach m i n e ra l  d e p o s i t s  based on g ra i n  s iz e  and m i n er a  L o g y  Si nec
beaches are  formed by m t  en se eros I on of the  p a r e n t  tmt t e r ia  i s . h a r d er  m i n e r a l s
tend  t o  be preserved and c o n c e n t rat e d  while ci bet s arc d l  ssi p a t  cd . Depen ding
on t h e  o r i g i n  of t h e  sand - t hese r e s i d u a l  m i n e r a l s  may he econom i ca 11 v va 1 nab i t ’

In order  to  f u l l y  under s  t and the  e f f e e t  s of changes in m i t i t ’r a 1 cgv , m o i s t  n rc  -
and grain  s ize  on the  s p e c t r a l  r e f l e c t  ance of beach sand , a san ~l r e f  le~’ t ance
model was used . The model , an adap tation of the Suits radi ativ e t r a n s f e r
vegetation canopy model , is known as AQUASAND (Stilts . lQ7.’’l It uses , as i n p u t s .

work Is supported by the Office ct Nav~ 1 Research (0NR~ Con t m e t No
i’400l4—74—C-0273 . Mr. Hans Dolezalek is the ONR technical m o n i t o r .
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i l i e  r e tl e c t a nc e  and t r a n s m i t t a n c e  for  each mine ra l  comprising the beach sand
(i.e. , quartz , feldspar , kaolinite , etc.). In additior~, input to the mode i
includes the sand grain size , the void space in the sand , and the moisture pro-
file as a function of depth, By varying these input parameters insight was
gained into the effect of physical changes on the bulk sand reflectance .

Using the information obtained from AQUASAND , the mineralogy , moisture , and
grain size (MOGS) algorithm was developed using reflectance spectra measured on
a Cary 14 spectrophotometer .* These spectra ranged from 0.35 to 2.5 tim , an
interval practical for existing remote sensing technology. The MOGS algorithm
was evaluated both on the reflectance spectra from which it was derived and on
spectra collected following the algorithm development . In addition digital images
of grain size distribution and moisture distribution were developed from actual.
multispectral scanner data.

2. PROCEDURE

The research involved in the construction of the MOGS algorithm was divided
into two parts. First the Suits radiative transfer vegetation canopy model was
converted to a model which could be applied to beach sands (AQUASAND) and , second ,
the MOGS algorithm was developed using insight obtained from the AQUASAND model.

2.1 THE AQUASAND MODEL

The most elementary model of sand reflectance is the simple plane mixture
model. The model employs the assumptions that all sand particles are opaque
and are randomly mixed . The surface of the sand is made up of the cross-
sectional areas of the individual particles . The model calculates the bulk
reflectance as being a weighted average of the particle ref lectances. The
model fails to achieve good accuracy because the transmittance of some particles
in a finely divided state can be quite large and multiple scattering between
particles is often significant .

A more complex model and the one used in this work , employs concepts
identical to those employed in the directional reflectance model for vegetative
canopies (Suits , 1972). Although a vegetative canopy and a sand profile are
visually quite different , the essence of the reflection , transmission , and multiple
scattering phenomena is much the same for both cases.

2.1.1 MODEL ASSUMPTIONS

The first assumption of the model is that the scattering components are
distributed in more or less uniform layers. Because of the wind and wave action
involved in the creation of a beach , sand profiles tend to be vertically strati-
fied into horizontal layers and thus the assumption is satisfied.

The second assumption of the model is that spectral flux interacting with
the sand may be divided into two types: specular and diffuse, Specular flux
represents radiation which passes between the sand grains through voids and
cracks without deviation . All incoming radiation is specular before it reaches
the sand surface. Diffuse flux is some fraction of the specular flux which has
been intercepted by a scattering component (sand grain) at least once. Following
this interception it may be scattered forward or backwards , either interacting
with other sand particles , or heading upwards to the sensor.

A third assumption of the model is that the individual particles making up
the sand can be represented by a set of horizontal and vertical Lambertian
panels which have the sane reflectance and transmittance properties as do the
sand particles. This assumption defines a simplified scattering phase function
which allows the calculation of ensemble reflectances in closed form . Fortunately

*(The Cary 14 spectrophotometer is a device which is capable of digitally
recording the reflectance spectrum of a surface in the .35 to 2.5 urn range.)
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in sends , as in  v eg e t  a t  ive canopies , m u l t i p le s c a t  I c r  hug d c m i n at e s  ov e r  p l i .u se
f u nc  t ion s cat  t e r i n g  because of t h e  h i gh dens i t  v of t h e  se a t  t c m i  rig c o n i p o n e n t  ~. -

Thi s  c h a r a c t e r i s t i c  g r e a t l y s i m p l i f i e s  the  nee t - s s a r v  model  c a l c u l a t i o n s .

I’hc f o u r t h  a s s u m p t i o n  of the  model  i s  t h a t  the  d i f f u s e  f l u x  moves in ,u
Lambe r t  i an  manner , b o t h  upwam d and downward . as a f i r s t  approx  ima t ion . The
ensemble reflectance need not be perfectl y Lamb ertian . however , i t  s hou l d  he
approx imately so. Both vegetation and sand meet this c r i t e r i o n .

As mentioned earlier the AQUASAND model operates on the r e f l e c t an c e ( .
and transmittance ( i )  of a set component minerals for a g i v e n  g r .u i n  s iz e  to
predict the reflectance spectrum of a beach . One me thod  ci obtaining the
nccess.Irv and values would be to measure them exact  lv  1or each p o t en t  i i i
g r a i n  s i z e .  This  would p o t e n t i a l l y r e q u i r e  manY measurements and c o n s i d e ’v~ah l e
sample p r e p a r a t i o n . A n o t h e r  method , and t h e  one used in  t h i s  St udv w o u l d  he t o
de r ive  the components of t r a n s m i t t a n c e  and ref  lee  t .me t, f o r  each m i n e r a l  , uu i d
ana l y t i c a l l y p r e d i c t  the  and t f o r  any given g r a i n  s i z e .  The n e c e s s a ry
components  needed to  der ive  such i n f o r m a t i o n  a r e  ab sorpt  ion  ( a )  , i n t e r na l
s c a t t e r i n g  (s)  , and the  fo rward  s c a t t e r i n g  t r a ct  ion (F ’S) . These h ,us  ic  m e a s u r e -
ments  were ob ta ined  by m e a s u r i n g  the  i and , of 3 t h i n  sect  ions of each p o t e n t  i . u l
m i n e r a l  t ype . Each t h i n  sect  ion was a s l i g h t l y  d i f f e r e n t  t h i ck n e s s  t h a n  t h e
o the r s .  By us ing  an i t e r a t i v e  curve f i t t  ing procedure  the  a , s . and ES v u  lue s
were de r ived  using the Duntley equations (Duntley, l94$~~. W i t h  t h e s e  values
ca l cu l a ted a t 10 nm in te rva l  throug hout the spectrum we were able to predi ct the
transmittance and reflectance spectra of a given tninei’al and any grain size we
chose. The c and values were then entered into the AQIIASAND model to produce
a bu lk  sand r ef l ec tance spec trum (Fi gure fl

Moisture conten t was entered into the model by adding .tn appropriate water
spec tral absorption factor at each wavelength for which a spectral value was
computed for the sand . By entering the desired percent -by-volume w I t  t-r  c o n t e n t
the correct attenuation due to water was c o m p u te d  within the opt i e , u l  p a t h w ay
equat ions.

2 .  1 . 2 .  MOi)EL RESULTS AN D EVA I .II ATION

By mani pula t ing the mineralog ica l , gra in si z e , and moisture model input
parame ter s we were ab le  t o  “crea t e” any sand type we wished. Model generated
spec t ra were compared to emp ir ical spectra obtained from seven d i v e r s e  beach
types (Fi gure 2). The empir ical measurements w e t e  made on a Carv 14 spectro-
photometer which allow s both continuous scanning of spectra in  the .35 to 2. 5 . m
range and digital recording of the output spectra.

The carbonate beach type (!~‘igure 2a) is compo sed of gq~ exoskelatal fragment s
of marine organisms with approximately 17, dark organic debris m ixed in. Carbonate
sands are charac teristically high in reflectance with hig h r e f l e c t anc e in t he
“red” spectral region (0.6 tm) . As is apparen t in Figure 2 the model captures
this characteristic quite well.

Fi gure 2b and c are  spectra of predominately i r on - s ta i n e d  q u a r tz  beache s
charac teristic of the Delaware coastline . In general t hese spectra are depressed
due to the iron staining and have substantial amounts of feldspar int-orpor .uted
with them .

Fi gure 2d is a non- iron stained , 98% pure quar tz beach. This beach typ e
is typ ical of that found on the Gulf of Mexico coastline. These beaches have
high reflec tance due to the lack of iron stain and other dat-k minerals. Be~ ldes
quartz there are trace amounts of carbonate and organic matter amounting to
approxima tely 2%.

Fi gure 2e and f are spec tra of iron-stained beaches from the Lake M ie )ui gatu
coastline. Both sands exhibit relativel y low reflec tance although spectrum 21
is defini tely the lower of the two. This difference is related to the more
intense iron-staining and larger percentage of opaque rock fragments in the latt er
beach type . 

~~~~~~~~~~~ - -  ~..:



F’ gore 1g 15 .1 heavy  m i n e r a l  beach spec t r a cc l ec t  ed on t he coas t  ci O r e ’g~s uu
w h i c h  e x h i b i t s  a eh a t ’ a c t e ’ r i . s r i c . u i l v  low r ef  1t ’t t . i ~u c t ’  in  t h e  v i s i b le  r e g i , ’n T h i ~.
is due t o  a h igh amount of i r o n  — st  a i n i n g  In add it ion t o .1 1 .ur ge  p e r c e n t  .u ge

a h i g h  d e n s i ty , opaque m i n e r a l s  ( I . e .  . ilmen i t c - , magne t i t  e , e t c  ) - Beaches of
t s  type tend t o have re 1st ive 1 y low pe rcen t  ages ci quat t z - on t he t ’r de  u of
30 to 40 percent , coup led w i t h  e’qua 1 an~~un t s of  f e l d s p a r .  E x c e p t  fo r  m i n o r  cr 1  ~‘:the AQUASAND model correctly predicted the spec t rum of the emp i i  i c a i l v  u n e a s u u r  ed
sand In all seven cases .  W i t h  t h i s  s u cc e s sfu l  v ,u l idat  ion , work b e g a u u  on t h e ’
al g o r i t h m  p r e d i c t  ing m i n e r a l o gy , m o i st u r e , and grain size based on sand
reflectance’ spectra In the - I I  to  2 . 5 n range’.

2.2 DEVELOPMENT OF THE MUGS ALGORITHM

From inspect ion of both the AQUASAdi~ gent’ rat e ~i , ~~ti~ I em~ i r i c a l  spe’c t t a  i t
became apparen t that mineralogy had by far the greatest i n f l u e nc e  on b u l k
reflectance. So great is t h i s  i n f l u e n c e  t h a t  i t  t ends  t o  mask the more suh t  i t~
features of changes in grain s iz e  and , t o  a much lesser extent moisture . It
was decided that in order f~ r the a l g o r i t h m  t o  hand le  . broad ~‘.u r j e t  V of sand
yp es and St ill maintain the resolut. ion needed t o  Jet e’et s m a l l  sp ect  r a l  features .

a preprocessing class if icat ion of miners logy w o u l d  he necessary .

2.2 .1 THE CLASSIFICATiON OF MINERALOG Y

In orde r to discriminate m i n e r a l o gy  a v e c t o r  length d e c i s io n  f ramework
was used. The concept is developed as t ol  lo w s

Suppose that there are two p o i n t s , A and B . icc at  ed in two d i m e n s i o n a l
s p a c e .  The distance , or vector length , I. . from A and it can he e’xpressed in
terms of the X and Y coordinate b eat ions ct point s A and B as

1. - - X it~~ ~
1A ~~~~

This is , of course , r e la t ed o the Pythagorean Theorem . Now SUppoSe we have a
p-d imens iona l sy stem w i t h  A and B located in each d i m e n s i o n .  The v e c t o r  length
can be expressed as

L — 

/ 

\‘ (X iA 
- X iB~~

where x A is the location of po in t  A in the i th d imens ion  and X iB is t h e
loca t io~ of point B in the ith dimension .

This rationale can he used t o  c l a s s i fy  some ’ p o i n t , T, as be ing  the member
of one of n classes (A1 , j—l ,n) . by finding t he minimum vector length f rom
T to A j (j—l .n). In other words ‘I’ is said t o  he a member of the’ cl a s s  w h ich  is
c bosest t o it , on the average , across all p dimensions . The minimum vect or
l ength  is d e f i n e d  a s  __________________

~~in n[i~~l 
(Xii 

- X
iM
)2 .

Notice that equation 3 has no provision for ~-atlah ilitv in  the n classes , there-
fore . is chosen as being the shortest linear vector length. If each class
has the ~~me variabili ty associated with it this causes no difficulty In t h i s
experiment , however , there were considerable d ifferences in ~‘ariahility between
the classes so that  a m o d i f i c a t i o n  of eq u a t i o n  3 had to  be made . The s t anda rd
deviation (SD) was used to modif y the distance between T and Aj related to each
dimension thus removing the effects of variability from each class. This
normalized minimum dis tance equation is expressed as

— 

~? (X~~ - X iA~
’)/SD jj

_ _ _  

_ _  
L 
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where SD~~. is the standard deviation associated with the ~th class in the ith
dimension. -1

In the app licat ion of this method to the classification of mineralogy , the
“dimensions” are spec tral bands or ratios of spectral bands and the “cla sse s”
are mineralog ical types. Eight spectral bands (Table I) and al l  poss ib le  un i que
ra tios of those spectral bands were used to classif y the mineralogical type of
an input sand as one of five categories (Table 2). The object was to make each
category as homogeneous as possible so that the moisture and grain size regres-
s ions which followed would be sensi tive to small  scal e s p e c t r a l  changes .

2.2.2. THE DEVELOPMENT OF MOISTURE A.iD GRAIN SIZE REGRESSIONS

Using the AQUASAND model we found tha t  information related to moisture
content of sands is best derived from the spectral region beyond 1.0 tim . This
is due to the fact that the spectral reflectance of sand in this region is
reduced by absorption in proportion to the amount of water present . Exceptionall y
hi gh spectral absorption is noted near 1.4 and 1.9 tim . Althoug h the s p e c t r a l
reflectance in these regions is hi ghl y correla ted to mois ture we did no t consid er
them since a tmsopheric absorption prohibits their use by an airborne sensor .

Changes in grain size seem to manifest themse lves most clearly in the
shorter wavelengths (.4- .7 em) . Grain size information is gained by l igh t
being reflected from sand grains  below the sur f ace  through surface grains. The
transmittance through the surface grains is reduced by internal scattering and
absorption of the particle. Since both of these factors are dependent on thick-
ness , the bulk reflectance of a sand is dependent to some degree on the grain
size. Theoretically a large grain sand should have a lower reflec tance than a
small gra in  sand of the sam e mineralogical composi t ion and wi th s imilar  mo isture
content . According to our measurements this appears to be the case .

a This grain  size phenomenon can be confounded in two ways .  F i r s t  if  there
is no scattering or absorption within the grains (i.e. , a perfectl y c lear
material at all wavelengths) there can be no attenuation . Fortunately, even in
our purest quartz sands there were enough impuri ties and inclusions to g ive some
attenuation . Second , the sand grains may be opaque and thus attenuate too much
light. This appears to be the case in the heavy mineral and carbonate beaches .
Most of the bulk reflectance for these two types was due to surface reflectance and
little if any was due to light transmitted through the surface grains from below .
We were unable to create accurate grain size equations for these types .

Utilizing the physical  phenomena discussed above we were able to
develop multiple linear regression equations for predicting moisture in all
five mineralogical classes and grain size for three of the five mineralog ical
classes. The basis for all the regressions except one was the sample group
corresponding to a given mineralogical class. The single exception was the
grain size equation corresponding to a pure qua rtz beach . Our samples within
this type consisted of a single grain size (0.22 mm) and , as such did not provide
an adequate basis for regression equations . For this case we used AQUASAND
generated spectra to simulate a wide range of gra in sizes in order to add grain
size variability to the data set.

Seventeen spectral bands between 0.4 and 2.5 iim were chosen for use in the
regressions (Table 3). Within the 17 bands , onl y those which were predicted by
the AQIJASAI’ie) model to be most informative were used . In this way we could be
reasonably certain that the regression equations would respond the correct
parameter and thus yield accurate predictions. The predictive equations
together with the associated standard errors (SE), and coeff icient of variation
(RI) are given in Table 4.

In summary the HOG S algorithm (F~~ure 3) represents a computer controlledpackage of equations . The input is a set of 17 spectral reflectance bands
obtained from an unknown sand . Based on these bands , the sand is classified as
being a member one of five mineralogical types. Depending on the mineralog ical
type , the appropriate moisture and grain size (where applicable) equations are
applied to the data . The output from the MOGS algorithm is the predicted mineralogi-
cal class , the predicted moisture , and the predicted grain size.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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i’hc’ MO~ S al  go r it hut s-as t i r s  t t es t ed on 70 o t t he 81 ii amg les I rent wh i ~‘h i t  e . t
~t c t  j v e’J and t h e’ re’sult s w e r e  very pv~’tu 1 s ing as can be seen in  r . t h l e  ‘i i l t ~’
c i . a s s i f i c a t  ion otT m i n e r a l o gy  was  9~~s ’~. c o r r e c t . l’he ovet ’a l  1 c o r r e 1 . - t t  io n of
p r e ’d i  ~~ ed to act ual moi stut ’e’ was ~~~~~ ( s i gn i t i  c a n t  a t  the 001 le’ve’ I ‘ nid t h e  t
ov e r a l l  c u r I c  ba t  Ion et pre’d ic t ~‘d t o  a c t ua l g t . t  i n  size was 55.. s ign i  1 i ca i t  a t
I he’ . 001 1 et c  I ) . Ilowc’ve’ I , t e’S t lug any e’~j 11.1 t ion  or a I go r it tin on t he’ S i t u p i i’s
I tom wh I c h  it was dci~ i ve’d i s  not  c o n c lu s i v e .  Fot t his Ie ’ .15 011 t he ~IOGS a I ~or i t
5.15  t e s t  i’d on sev~’ t.e I o t h e r  beac h sand samp le ’s w h i c h  we i’e’ I ti~t cp e t l J e ’Ii t  V cc i  1cc 1 c t
and spec t a  [ i v  ne .i t a t e d  t e l  l o w i n g  t h e  .t 1 ~ct i t  hut cons t r u e  t l o l l  hi ’ se I e ’ sU i t  S
.1 r e  g iv e ’n in l a b  Ic  t’ . in  each caSe ’ t he ~tik S a I gor it hut Se ’ 1 e e C  ed a ui t i e ’ ra 1 e~ ~wh i cli a lb owed t he m oi s t  ure and gi’ t i n  s 1: e r e’ gr c’S  si on t o opt’ t a t e c ‘ i t  e e l  i v
l’he independent  c’s t v It’ [dcii an act  ua 1 m o i s t  n rc’ t c predict ed mOist nrc con - c 1 .et io n
o ‘~~t (sign if i~.’ant  .i t t he . 01 l e v e l  i h e ’ p red ~ t’ I i on  of  ~.r .4 In s i t 5 .4 5  i f l  00

is i ’  mere t han ~) - ,~ tutu J if t er en t  I ron t ite act ia 1 gt- .t iii 5 i .‘ c

.. . TEST OF l’HE MUG S ALGORiTh MS ON i’ISS OATA

l’h~’ I t e x I  log i c a l  t i’s t for the MOOS a 1 gor it htu was t o  eva I na t  ~ on .~e ua 1
MS S da t  a . Such an in v e s t  iga lion is p r e s e n t  1 v un~lei-wav u s i n g  dat  .4 oh t  .i i n e ’d f r o n t
t u e  E~ v I rentacut al Rc’sc’arch inst It ut e of Mi cli i gan (ER IN) mu i t  i s  pe ’c t ra I — Sc ,Intie’r
i, ~‘tSS ‘t t lewn cvi’ r .i po r t  i on of t h e  i,~ ke ’ M i  c h i  gait s h o r e l i n e  (N ovt ’mbe r 1 . 1 ~ ~ .
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E R I H  Sc . i t i i ie’v -
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scope otT this paper . pt- el imintvv tesu its book q u i t  e good ~Tab Ic  7 ’) . ‘l’he’ c or r  e I . i  —
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and the pre d ict ion of gr a i n  s i z e ’ is , in  no case’ . gt e ,It e ’r t han .0~ nut d j t t , ’ re ’:it
fre*ti the ac t ua l c.t c i n  st:.t’ .

The’ moisture p red tc  t ion .tppt’ar s gai t icu 1.-ir I v poor I ci- high inc is t ure c ott I cut t 5
lb  is may 1’.’ due t o  t h e  t a c t  h~~t wet ~.itid at t h e’ t e’s t s i t  eu appeared t~ cxh ft it
ht - ~t i tee  t ions I dc’peund e’nc ~e5 I - e’ a t a i l Ure’ to  behave ’ in a Lanher ian manner
These b i —d it’ec t iena I cba rac  t c v i  st Ic s at-c enhanced a t  low sun ang les and ,irc not
.1cc cun t e’d f o r  by t h~ MOO S .1 lgor It hut . Alt boug h t h e  f l i g h t  t ook p lace’ i t  I 70 EST

he’ sun was on I v  .18 a b o v e ’ t hi ’ hor i zen on Nov c’mhe t’ 1 . To in in in I:’ e h i — d i r e ’ ci I ona 1
retle ct enc~’ t nt  u t  C aii- c r tt t f l i g h t s  should he made during c o m p l e t e ’ m i d — a l t  i t iide ’

t i l i t t I  m) c loud cove r  ci sunny sk i es w it it t he sun c LOSt ’ t o  t he en i t  h ~ suunuen- snn~
A p p l y i n g  t h e  saute m o i s t  nr c  ~ nd gr . t  in  s i  .~i? e q u al  ions  used in t h e  p 1 e v  ions

ana  li’s is , t he cut i r e  h’entwat en S t a t e ’ Park  beach on .4 p i x e l  by p i xci b.is is  , I t i
th is case 1. ‘4 x 1 .  ~i meters ’) was c l a ss i f i e d  si  rh respect to  t o  in  si ze’ .,nd mo ist nr c
con t en t . The two MOOS gi ’t ie’ i a t t ’d di g i t a l  maps ~see Fi gure  .~~‘) show t h e  predicte d
m o i st  ~tr e’ and grain S i z e  J 1st ti hut i otis on the  he’ac it ,it Pen t  wa t e’r . The ground li i i  it
measuremen t s  t a k e n  at  t h e ’ t m it’ e l  f l i g h t  cor re  i at e’ w e ’l l  w i t h  t he se im , Iu~e’sFigure .. helps t o  demt1nstr at e h t,w an ent i t e’ sandy coast  l ine  cou ld  be’ .411 .4 1 v :ed in
i’espect t o  m o i s t u r e , grain s i.e . .end gross mineralo gy Using .i sisa l I suhse’ct ion
is c a l l h t 5 t  iot i .

‘4 . CONCLU S1O~4

The development  otT t he MOOS al gori thm has demons t r .41 e~l t he’ feas  i h i  l i t  v of
o b t a i n I ng  quant  i t a t  lye moi s t u r e  and gra in  s ize  i n f o r m a t ion  f rom t h e’ spec’t r,’ii
r e f l e c t a n c e  of  beach sands.  The ’ dc t  e r m i n a t ion  of g r a i n  size is dependent on the
sand grains being neither opaque’ or perfectly clear.

The two stage nature of the MOOS algor ithm is directl~’ responsible for Its
broad applicability without loss of deta il. By separating the mineralog ical
types prior to the predicti on of moisture and grain size much otT the i ’arl ahili tv
which could easily hide sma ll sc,tle changes is removed. The use ct ii ve’c tor
length discriminant function t o  classif y mineralogy worked extrem ely
well in this application , since it ’ different dimension s could he’ simultaneousl y
evaluated . The use of a mul t 1st age approach Involving mul t ip b e’ classification
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techniques is a powerful tool; one which will very like ly be useful in many
areas of remote sensing.

The Lake Michigan field test has further demonstrated the MOOS algorithm ’ s
applicabili ty to actua l remotely sensed data. Grain size was predicted to within .09
mean diameter of actual while beach moistures less than 2 - were accurately pre-
dicted . In all cases the computer algorithm correctly identified the Michigan
beach mineralogy as being a predominantly quartz iron stained-feldspar beach.

Table 1. The 8 spectral bands used in the breakdown of
beach minera logy into 1 of 5 categories. In
addi tion to these 8 bands all unique ratio
combina t ions were also used

Band # Wavelength Range (tm)
.43~~.47

2 . 4 7- . 4 9

3 .51- .53
4 . 53- .56
5 59- .63
6 .80- 90
7 . 90 -1.0
8 1.0- 1.1,

Table 2. The 5 potential mineralogical classifications

Class # Desc4ption
I !?on stained Atlantic coast type
2 li~on stained Michigan coast type
3 iron stained pure quartz type
4 Heavy mineral type
5 Carbonate type

Table 3. The 17 bands used in the development of moisture
and grain size regression equations

Rand ~ Wavelength Range (put)
0.43-0.47

2 0.47-0.49
3 0.49-0.51
4 0.51-0.53
5 0.53-0.56
6 0.56-0.59
7 0.59-0.63
8 0.63-0.67
9 0.70-0.75
10 0.75-0.80
11 0.80-0.90
12 0.90-1.00
13 1.00-1.10
14 1.10-1.20
15 1.20—1.35
16 1.50-1.85

-~ 
, 17 2 .10 -2 .50

7
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Table 4. Multi p le linear regression equations for the
predic tion of moisture and gr~ ri SiZC . The
equations are listed by mine ralog ical class.
Gra in  s ize  is in mm.

a. Iron stained qu a r t z  - A t l a n t i c  coast

Predicted moisture 7, — 67 . 9 6 4  - 65.046 (~~°~ 
)
~~

S.E. 3.087., R2 0,888

Predicted grain size — 6.87 - 3.4634 (Ba nd 7) 1~’4 + .0300 (Band 1) + .01672(Ba nd 15)

S.E. — 0.13 mm , R2 0.603

b .  Iron stained qu a r t z  - M i c h i g a n  coast

Pred icted moisture 7, 60.149-49.961 (~~~t’~ ) - 2 . 2 2 6 ~~~~~ ~~~

S E .  — 2.567., R2 = .970

Pred icted gra in  size = 0 .6405-0 .0 152  (Band 5) - . 0047 (Band 17)

S.E. 0.055 m , R2 0.558

• c. don-Iron stained quartz

Pred icted Moisture 7. = 127,02-65.159 ~~~~~ 
)

~~~ - 64.054 ~~~~~ 
)

~~~
S.1.. 2.127., R2 = 0.971

Predic ted grain size — 1.158-2.328 (Band 10) + .3201 ~~~~~ ~)+ 0,2858 (Band l~
S.E. and R2 no t app l i cab le

ii. Carbona te
Predicted moisture 7. 596.28-642 ~~~ ~~)-  1.081 (Band 14) + 0.1538 (Band 17)

S.E. 4.097., R2 = .879 No grain size equation .

e. Heavy mineral

Predicted !ioisture 7,. = 19,284+11 ,194 ~~~~~ 
)

~~~ - 1.081 (Band 14) + 0.1538 (Band 17)

S.E . — 4.097., R2 = .879 No grain size equation .

8
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Tabl e 5. Comparison of actual sand parameters to predicted
classification by the HOGS algorithm

Sand I.D. Moisture 7. Grain Size mn
Actual Predicted Actual Predicted Actual Predicted
Al A 4.5 3.8 .35 .36
A2 A 29.4 26.4 .35 .46
A3 A 15.0 11.8 .37 .40
A4 A 28.4 28.0 .50 .48
AS A 11.3 12.9 .43 .49
A6 A 33.4 27.1 .32 .39
A7 A 13.1 13.8 .35 .43
A8 A 24.9 27.3 .38 .37
A9 A 8.8 19.4 .44 .30
AlO A 29.7 27.9 .43 .44
Bl B 21.0 17.8 .40 .62
B2 B 24.6 25.5 .76 .58
83 B 14.2 15.1 .46 .57
B4 B 27.2 26.3 .88 .76
B5 B 11.0 8.9 .63 .82
B6 B 19.0 25.6 .95 .76
B7 B 26.8 28.2 .71 .76
B& B 24.9 21,0 .76 .63
39 B 6.2 5.9 .71 .62
BlO B * 7.5 .71 .57
BIl B 20.0 23,0 .81 .76
B12 B 34.0 33.1 .69
813 A 6.0 4.4 .55 .60
B14 B 31.0 26.0 .83 .71
Bl5 B 18.0 22.2 .67 .69
B16 B 32.0 31.5 .57 .72
B17 B 18.0 20.8 .56 .67
B18 B 23.0 23.9 .65 .76
£19 B 3.0 7.1 .94 .68
B20 B 23.0 27.8 .60 .61
Ml M 5 8.2 .36 .27
M2 M 15 13.4 .36 .28
M3 M 25 26.2 .36 .34

- M4 M 30 27.4 .36 .36
MS M 5 5.5 .41 .38
M6 M 15 15.7 .41 .45
M7 M 0 0.0 .23 .31
M8 M 0 0.0 .29 .29
M9 M 0 0.0 .41 .39
M10 M 0 0.0 .36 .35
MIl H 10 12.0 .23 .31
M12 M 25 24.4 .23 .28
M13 M 30 27.2 .23 .25
M14 M 10 12.8 .41 .36
MIS N 20 20.6 .41 .40
M16 M 15 16.8 .23 .26
01 H 0 0 no grain size
02 H 5 6.4 no grain size
03 H 10 11.7 no grain size

- 04 H 15 20.3 no grain size
05 H 20 22 .0  no grain size
06 H 25 21.9 no grain size
07 H 30 2 7 . 5  no grain size

~~~ moist’tre data
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CLASSIFICATION

Minimum Vector Length C~assIf 1cation

Iron-Stained Quartz Michigan Heavy Pure Carbonate
Beach (A, B), Beach (N) Beaches (H) Quartz (lix) Beach (C)

their Decislo

R ress on Regression J [ Regression Regressio n I L Regression I

Beach 
ei stu n moJt >~ moiAure moiL~~

j  
moAture

A grain size grain size grain size
Beach

OUTPUT INFO~4AT ION

FIGURE 3. FL~HI DIAGRAM OF THE MOGS ALGORITIII .

13



MI’ I
~~

II’IC I II) i R ( t ( I I ( , t N  ‘I S . )  I (iUI )E .1(5111 I\ l ’ I  \ I l  IU~ .))( C ‘ I , 1I . I I ’ CI
I ‘ ‘~~I I  \~

- .‘ I~ I .

•

IN S I .  I (I  1 . 1  i~ I II I I I - S I i - I~ (I I ~~~- l I \ i ’ !  I,. ’ . 5 1 1  - - I \Ii I (1 R S I N  ~. I .

— - 1 ’ —  -
‘ (Ill ) - .~ ( 1 )(())(

~~~~ ‘- ‘s.
* c~\ -~L,.

- •~ _*~ ~,H~è1 — ~~~~~~~~~~~~~~~~~~~~

5’,, III1i ” I \ 1  I, SI 1.1 S I ( ‘ I ’ ‘, I, S l I t

l ) 1L I I ’AI .  t~ I t~CLR\ ’ , ~I’NIR ,\ l I P  \ Ill)’ ~i(~t S  A l i i P  I~ I I ~1 ~ IIiSs I N’ I I I -  P1 SIR I Iti 11  1N
OF P ) t S i l R E A~~lS C R A I , ~ S 1 . . t • ~ t tN I ’ - . ; l ~A~~~R i I .\t I I  ~~~~~~~~~~~~ ~~ A I’ I  P A R K .
I f l I I t , A ,~ l~I I I  VP AREA S AR t-: F t  VIU R N i t  .\ S 1 F I I  1 R t - , : 1 l t~~ t~R t 1 1 I N  \ . \ f l -~

i~j 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —-----—— ~~-—-----—— ~-~~~~~~~~~~~~~~~~~ - . - - - --*

UNCLASS IF lED
SECURI TY CR .ASSIPI CA TI ON OF THIS ~ *oc (Yhi. 0.1. EaAhrid) ______________________________

READ IN STRUCTIONSIEPOIT DOCUMENTATION PA iL BEFORE COMPLFTING FORM
I REPOR T H uMBlER 2 GOVT ACCES SION NO ~I RECIP IENT ’S CATALOG NUMBER

l34400—7—T (Part 2)

4 TITL E (dad 5a~.diIe) S TYPE OF REPORT & PERIOD COVERED

SHALLOW WATER REFLECTANC E MODELING WITH TECH N ICAL REPORT

APPLIcATIONS TO REMOTE SENSING OF THE OCEAN ~3/ ~~~~~~~~~8 

ORG REPORT NUMBERFLOOR l~ 4Th~-~-T
~ AUThON (I) a *~ONTRAC Y OR GRANY NUMBER ( i )

D. R. Lyzenga N00014—78—C--0458

$ PERFORMING ORGANIZATION NAME AND ADDRESS iO PROGRAM ELEMENT PRO.JECT TA SIR
Env ironmental Research Institute of Michigan A R E AS  WORK UNIT N U M B E R S

P.O. Box 8618 , APPLICATION S DIVISION
Marine Lnvironment Thsk

Ann Arbor, MI 48107
fV~~ ONTROLL$N G OFFICE NAME AND ADDRESS 32 REPORT DATE

Geography Bran ch Apr i l 1979
Of f ice of Nava l Research ‘3 NUMBER OF PAGES
Arlington , VA 22217 20

4 MONITORING AGENCY NAM E AND ADDRESS 15 SECURITY CLASS (.fihti rrp orY)
(If ds//iv~~ / . c.in.P mg O//si,,I

Unclass if i ed
I S a  DECLASSIFICATIONJDOW NGRA OINO p

SCHEDULE

IS DISTRIBUTION STATEM(NT(.~~~~i R~~.ø)

Dist r ibut ion of this  document is unlimited .

37 DISTRI B UTION STAT EMEN T ( ./  ~hi .,h,haa stkrr ~ ii Blork 20, if d*f/er~vs /vui Ripert)

IC SIJPPA.EMENTARY NOTES

This report was presented at the Th i r t een th  In t e r n a t i o n a l  Symposium on
Remote Sensing of Environment , April  23—27 , 1979.

IS I(EY wORDS ((..unwe .. rii~,,t *adt a~sd ~d.au/y h~ Mich iarah~/

REMOTE SENSING
MULTISPECTRAL SCANNER
DATA PROCESSING

20 ABSTRACT (C..srnw.. r~ -~~ie ude if LAUII.IY~ a~id idA1~ $ ~lorh oai bl3’j

Features attributable to the reflection of li ght from the ocean tloor
are observable in r~ note sens ing data  fo r water depths less than 1—2 opt ical
a t tenuat ion lengths.  Information about the c h a r a c t e r ist i c s  of t he  b o t t o m  and
the water depth can be obtained b y comparing the observed r adiances  in two or
mo re wavelength bands with radiance s calculated from a radi a tive transfer
model.

DO ~~~~~~~~~~~ 
~~~~~ 

EDITION OF I NOV 55 IS OBSOL ETE UNCLASS IFI  ED
SE CURITY CLASSIFICATION OF THIS P AGE (WhHL i~.,.. ~~~~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



UNCLASSIFIED
SECURITY CLA SSIFICATION OF THIS PAGE fWhi~ I)~1dIr.si~~d)

20. ABSTRACT (Continued)

To first order , the bottom—reflected radiance in a given spectral band
Is proportiona l to the bottom reflectance and exponent ially dependent on tt
water depth. Deviations form this simple model are caused by volume
scattering , internal reflec tion at the water surface , and effects due to
the var iation of water parameters within the spectral bandwidth of the
detector. Most of these effects are not readily observable in remot e
sensing data because of the spatial variability of water and bot tom
parameters. Thus, the simple model is useful for understanding the ma in
features of the data and for suggest ing methods of extracting the desired
information from the scanner data , but a more comprehensive rad iative
transfer model is needed to evaluate the accuracy of these methods.

As an example of the app lication of radiative transfer models , an
algorittlnt for mapp ing bottom reflectance variations is described , and an
evalua t ion of t h i s  al gor ithm Is presented using a model based on the quasi~
si ngle—sca t t e r ing approximation , input  parameters for  th i s  model include
water a t t enu t ion  c o e f f i c i e n t s  tabula ted  by Jer lov , volume scat ter ing
fu nct ions reported by Petzold , and bottom refiectances measured in St.
Andrew Bay, Florida. Results are presented for the case of clea r ocean
water (ierlov type 1B) and for  rela t ivel y turbid coastal water (Jerlov typ~
5). The effects of syst em noise are inc luded , and the improveme nt in
c l a s s i f i c a t i o n  accu racy obtained by increasing the number of input
wavelength bands is evaluated .

UNCLASSIFIED
S E C U R I T Y  CLA SSInI CATION O~ T HI$ PAGE (U A,,, I) .,i., I ~~~~~



SHALLOW - WATER REFLECTANCE MODELING
WITH APPLI~XTT~~~ TO ~E~OTE SENSING OF THE ~~~EAN FLOOR

David R. Lvzenga

Environmental Re search Institute of Michi gan
Ann Arbor , Michigan

ABSTRACT

Features attributable to the reflection of li ght from
the ocean floor are observable in remote sensing data for water
depths less than 1-2 optical attenuation lengths. Information
about the characteristics of the bottom and the water depth can
be obtained by comparing the observed radiances in t~~~ or more
wavelength band s with radiances calculated from a radiative
transfer model.

To first order , the bottom-reflected radiance in a g iven
spectral band is proportiona l to the bottom reflectance and
exponentially dependent on the water depth. Deviations from
this simple model are caused by volume scatterin g , internal
reflection at the water surface , and effects due to the
variation of water parameters within the spec t ra l  b a n d w i d t h
of the detector. Most of these effects are not r e a d i ly
observable in remote sensing data because of the spati al
variability of water and bottom parameters. Thus , the s imp li’

. model is useful for understanding the main fea tu r es  ot ’ t he  da ta
and for suggesting metho’~s of extr a ct ing the des i r ed  information
from the scanner data , but a mor e comprehensive rad tat i v e ’
transfer model is needed to evaluate the accuvac’~ of thesemethods.

An an example of thc app lication 0? radiati ve t ranster
models , an algorithm for mapping bottom reflectance variati ons
is described , and an eva luation of this al goritlm~ is presentedusing a model based on the quasi-sing le-scatte ring approximati on
input parameters for this model include water attenua tion
coefficient s tabulated by .lcrlov , volume scat t ering fu n e’t ions
reported by Petzold , and b o t t o m  retlectance’s measured in
St. Andrew Bay, Florida . Results are presented for  the case’
of c lear ocean water (Jerlov t ype IB) and for relat tvt’ly
turbid coastal water (derb y type “). The effects of system
noise are included , and the improvement in classification
accuracy obtained by increasing the’ number of input wavelength
bands is evaluated .

1, INTRODUCTION

Remote sensing data over shallow water areas contain informati on about both
the water depth and the bottom composition , since both of these factors contri-
bute to the observed radiance. The feasibilit y of extracting this information

‘ depends on the extent to which the contribut ions of each of these factors can he
separated . The role of modeling is to determine the dependence of the observed
radiance upon all of the relevant physical factors , to devise methods or
algorithms for extracting information about these factors from the observed

• , radiance , and to evaluate the accuracy of these algorithm s under various c o n d i t io n s

In this paper , efforts at modeling the reflectance of shallow water are
described and an example of the use of these models for devising and evaluat ing



t n t or n t a t  ion ext r ac t  ion al g o r i t h m s  is presented . The example is of .In a igor ~~t imi
or r ecogn iz ing  and c l a s s i f y i ng  hot t orn t ypt’s under a variable depth of wat  c’.

Lit is  prob lem is in a sense pr ior  t o the problem of e :11 cu 1st ing  water depths front
mutt ispectral scanner data , since bottom types can he recognized wit bout knowle’dgt’
of the water depth hut the water depth cannot be calculated in the ge’ne’rai .‘:lsc
wt t hout knowledge of the bottom ype . * In addi  t ion t o its i ci e’vanel ’ t~~ t h e
problem of remote sensing of water depth . the capab ility of mapping bot t om
r e f l e c t a n c e  var t a t  ions may be u s cf u l  in  geolog ical and biological s t u d i o s  of t h e
shallow ocean floor . Reflectance variat ions are’ caused mainl y by the gr owt h ot
henthic v e g e t a t i o n , w h i c h  is i n d i ca t i v e  of the s u b at  r at e ’  m a t e r i a l  and of
ecolog ical coiidit ton s in the littor a l .one. Muds ~lnd si its can also hi’ d i s c r i n t i —
nat  eel fr om qua r t  or carbonat e ’  sand as anot  her i n d i c a t i o n  ot ’ hot om cot ’..? it ions.

2 . SHM l.OW -WAFER REFLE CTAN CE MODELS

The reflectance of t h e  oce’:nl or of an~’ othe r  body of wat or is dot erni ined by
the surface stat e , the opt ical propert ics ot the water , and in the case’ of shallow
w at e r  by t h e  d e p t h  and r e f l e c t  ance of the hot torn. Since the water ret b e t  anc e ’
cannot he calculated exact by , excep t by nuttier ica 1 methods . a numb er  of :lI’ptOXimat 0
models have been dov ’ loped . Some’ of the’ Sc’ mode’ is arc d e s c r i b e d  i n  t he t o l l  o w i ng
sect ions .

2 . 1 SIMPLE ATTE~UAT ION lAW

It is well known th at in an a b s o r b i ng  medium t h e  in t e ’n s i t r  of r a d i a c  ion - 
-

decreases exponent i a l ly  w i t h  d i s t a n c e  t l iougue’r ‘ s Law) . Alt, houg h t h i s  law ho is i s
s t r i c t  ly for collimat ed li ght , or l i ght  mea suro~I with a de ’t Oct or having a n arrow
field of ~‘iew , the assunipt ion is c e~um~’.nl y made h a t  t he’ same law holds ~~~i r r a d i a n ce  . Thus . measurements ot ’ downwe’ 11 ing  i t’i ’ad i ance ’ in  t he ocean are
suninar ized by the i rradiance a t t enuat  ion coo ii ~ Ic ten t *~~ . K , w h i c h  imp lie ’s t h a t

he I rrad i ance decreases with d e p t h  :Ic c o r d i n g  t o  t h~~’ CqWI t ion .

— ~~~~~~~ c-K :

The simp lest model for  p r e d i c t  tug the ref b e t  ance’ of a s ha l l o w  bod~’ of w a t e r  i s
t o  assum ’ that t his rels  t i on sh t p ho lds  f or  hot h d ownw e 11 ing  l i g ht  and upwe 1 r in g
li ght reflected f rom t h e  hot t oni . Thus , ~~~~~~ :1 wSt 01’ dep t h and a hot torn roil e’c —

tance R h .  t h e  r e f l e c t a n ce  of the body of water is g iven hr t h e  s i m p le  equa t  tot ’.

K - kRh 
,-K : 

4 R 5

whe re’ K is a fact or which  inc 1 ude’s the’ t r ansml  t t ,ince ~~ I t he’ W8 t O1~ s i I I ’ l a c e ’ for
downwe’l 11 ng and upwe’ i i  tng l i ght , and R’. is  t h e  r e f l e c t  :Ine’t’ of t h e’ w at e r  s u r f ace  -

When the i-of lee tanc ’ is measured t rom ~tn sen :11 p1st form , t he’ same’ formu l  a is
used except the ’ fa c t or k must  in c l u d e’ t he’ t ransut itt ane’t’ of the atmosphere and
K 5 must include t he’ path radiance

Oespt te the crudeness of this model . it seems t o accoun t quite’ well for t h e’
signs is recorded by a mutt ispe’ct v a l  scanner over sha l low w a t e r .  Dcv tat ions
certainly occur from the pure l y e’xpone’nt ia 1 dependence on d e p t h  predict ed by the’
model , but the variability in bottom reflectance and water attenuation coefficient s
in mos t t~~t ur a l  areas provides a plausible’ explanat ion for  these slcviat ions.

* In many cases the depth can he calculated to a good approx imat Ion without exaCt
knowledge of the bot tom typ e’ by assuming that the ratio of the’ bottom ref lectance’s
in two wavelength bands is the same for a ll bot t om types in  the scent ’.

**ALso called the dittuse attenuation coe tt icl e’nt . although this term is misl eading
since it implies that the direct beam is excluded from the measurement , whereas
the measurement actually include’s both direct and diffuse irradiance,

I 
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Experimentally then , this model has not been conclusively disproved with remote
sensing data. Theoretically, however , these are reasons for mistrusting this
simple model and there are methods of constructing more accurate models based
upon tne radiative transfer equation . Some of these models are discussed in the
following section.

2.2 RADIATIVE TRANSFiR MOt)ELS

Trie radiative transfer equation in principle completely describes the
radiation field in any macroscopic medium in terms of the scattering function and
the optical depth within the medium . Since this equation does not have exact
analytical solutions, except in the simplest cases , two approaches may be taken
to obtain useaole results . One approach is to apply numerical integration
techniques to solve the equation for a specific set of conditions. Examples of
this approach are matrix operator methods (1) and Monte Carlo methods ( 2 ) .  Given
enough compute r t ime these methods can y ield results to any required degree of
accuracy, ~ut because of the highly anisotropic nature of the scattering functionin water some compromises with accuracy must usually be made to keep the time and
cost within acceptable limits.

The other approach to using the radiative transfer equation is to obtain
approximate analytical solutions by simplifying either the equations or the form
of the scattering function . In the two-stream approximation (3) the radiation
field is characterized by two parameters and a simplified form of the transfer
equation is assumed . Neglecting the effects of internal reflection at the water
surface , this approximation yields the following equation for the subsurface
reflectance of a shallow body of water :

R .,/IT i’r cosh (Ka) ÷ (x-R ’.., ) sinh (1(z)
- (3)W 

/~~~~~~2 cosh (Kz) + 
~‘‘~ b~ 

sinh (Kz)

wnere X
~~~~~a~~~~~ b 

(4)

and K ~~~a
2 + 2ab (5)

a is cne absorption coefficient and b is the backscattering coefficient of the
water . A plot of this reflectance as a function of Kz is shown in Figure 1 for
the case Rb — 0.5, with values of x ranging from 0.1 to 0.9. As z • ~~~, the
subsurface reflectance approaches the value

R’ — (6)V l + / T~~
2

The reflectance predicted by this model can be closely approximated by the
equation

R’
~ 

= R’b e
2Ka + R’

~ (7)

where

• R’b = R b
_ R ” ., (8)

and K is defined by equation (5). The difference between equations (3) and
(7) is less than 2 percent for R1, < 0.5. Thus, the effects of scattering as
calculated by this model can be described in terms of the simple attenuation
law as a decrease in the apparent bottom reflectance and an increase in the deep-
water reflectance. This model does not allow the angular distribution of the
light to be calculated, nor does it account for changes in the angular distribu-
tion of the light field with depth. Thus, it does not allow a complete assessment3
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of the effects of scattering in the water , but i t  does d e m o n s t r a t e  t h a t 1 a c I - ~.scattering ~~~ se does not cause a noticeable deviation from the rxponciit jab
dependence on depth predicted by the simp le at enuation model ,

Another approximate solution of the radiative transfer equation is th0
quasi-single-scattering approximation ~~J In this approximation the actua l
scattering function , which is strongl y peaked a t  -- -0 , is rep laced b y th e fu’.~L t  ion

F - -
- 2

p ’ ( t ~) = (9)
p( ’) .  ~~~~~~~~~~

and the effects of multiple scattering are neglected by dropping the inti- c ra l
term in the radiative transfer equation. The angular distribution of the upw ell inr
light can be calculated with this approximation , although the angular distribution
of the downwelling light is not accuratel y represented , si nce a l l  fo rw a rd
sca t ter ing  is assumed to be concent ra ted  in a s i n g l e  d i r e c t i o n , For d i r e c t
incident light , the radiance predicted b y the quasi-sing le-sca ttering approxima-
tion can again be written as a simple exponential function of the depth , In
this  case , the deep-water radiance beneath the surface is given by

, — ~~~~~~~~~~L ,, 
~~~+b) ~~ I )  

(10)

where E’0 is the downwelling irradiance beneath the  su r face , ‘0 is the cosine
of the ang le of incidence (under water )  , is the  cosine  of t h e  vi ew ang le under
water , i 8 is the cos ine of the ang le between these two d i r e c t i o n s , and ,- ( ,

~~~) is
the volume scattering function for the water. The attenuation coefficient is
given by

(a+b)/’.,i0 ( 1 1)

for the downwelling irradiance and

K (a+b)/p (12)

for the upwelling radiance. The diffuse reflectance can be obtained from t h i s
model by integrating over ~i and . This gives r ise to a sl ightly non-
exponential behavior since the ra~ iance at larger polar angles is attenuated
more rapidly than that at small angles .

A second effect which causes a deviation from the simple attenuation law is
the effect of internal reflection at the water surface. Although only a small
fraction of the upwelling ligh t is r e f l e c ted f rom the wa ter sur f a ce a t norma l
incidence , this fraction increases to 100 percent a~ the critical ang le (48.6°).
If the upwelling light is isotropically distributed , the total fraction of the
upwelling irradiance reflected at the surface is about 48 percent. The effects
of internal reflection can be incorporated into the radiative transfer equation
as a boundary condition , and evaluated exactl y using numerical methods . An
approximate evaluation of this effect can also be made by assuming that beneath
the surface the body of water acts as a Lambertian reflector. The total
reflectance above the surface is then

(1_ R~ ) ( l _ R ’ 8 ) R ’~R — —— + K
5 

(13)
1_ R ~~ R~~

4
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where R’
~ 

is the subsurface reflectance , K ’ s is the interna l reflectance of
the water surface (0.475), and K5 is the external reflectance of the water surface
(0.020 for collimated light incident normally, 0.067 for diffuse li ght). This
effec t is illustrated in Figure 2 for var ious values of the bottom reflectance.
The dashed lines in this figure indicate the reflectance calculated from the simp le
attenuation law ignoring interna l reflection effects and the solid lines indicate
the reflectance calculated from equation (13). The effect of internal reflection
is appreciable for very shallow water and hi gh bottom reflectances , but falls
off rap idly with increasing water depth.

A third effect which causes a deviation from a pure ly exponential relation-
ship between the reflectance and the water depth is the effect of averag ing
the reflectanc e over a range of wavelengths. The previous equations for reflec-
tance are stric t ly true only f o r  monochroma tic light . When li ght is collected
by a detector system having a finite spectral bandwidth , the spectral components
within this bandwidth may be attenuated at different rates. As a result the
total irradiance within the band has a larger effective attenuation coefficient
in shallow water where all components are present than in deeper water where only
the less rapidly attenuated components remain. An examp le of this effect is
shown in Figure 3. This figure shows the reflectance for .Jerlov ’s wa ter type
lB with a sand bottom , calculated from a model based on the quasi-sing le-scattering
approximation including the effects of internal reflection. The dashed lines

— indicate the monochromat ic reflectances at 0.55 ~m and 0.65 rn as a function of
water depth. The solid lines indicate reflectances averaged over Landsat bands
MSS4 and MSS5. which are centered at the same wavelengths but have bandwidths
of 0.10 in each. The effective attenuation coefficient for MSS4 , as indicated
by the slope of the upper solid line , is slightly larger than the attenuation
coefficient at 0.55 jim in shallow water , but approaches the same value in
deeper water . In the case of MSS5 , the effective attenuation coefficient is equa l
to the monochromatic value in shallow water but becomes smaller as the depth
increases. The magnitude of this effect depends upon the degree to which the
attenuation coefficient varies over the spectral band under consideration. Thus ,
if the band is narrow or is located in a region of the spectrum where the
attenuation coefficient is relatively constant , the effect may be negligible.
For broadband systems , however , the effect is appreciable.

2.3 INPUT PARAMETERS FOR WATER REFLECTANCE MODELS

A complete set of input parameters for calculating the shallow water
reflectance would include the spectral absorption and scattering coefficients
of the wa ter , the volume scattering fun c t ion , and the bottom reflectance.
Unfortunately , simultaneous measurements of all these parameters are very scarce.
Petzold 15 ) has measured volume scattering functions at one wavelength for several
different water types (Figure 4) and used the measurements along with the beam
attenuation coefficient to infer the absorption and scattering coefficients.
iiowever , spectral measurements of these quantities are still lacking . Jerlov ) f )

- has devised a scheme of optical classification of water types , and tabulated
spectral values of the irradiance attenuation coefficient for each type
(Figure 5)atlo information is given by Jerlov about the scattering properties of

- these water types.

In order to synthesize these measurements into a complete set of optical
properties , the empirical relationship reported by Shannon ( 7 )  between beam
attenuation coefficients and irradiance attenuation coefficients has been used
to estimate the scattering coeffic ient for each of Jerlov ’ s water types. An
average scattering function was obtained front Petzold’s measurements by summing
the volume scattering functions for all the stations and dividing by the sum of
the scattering coefficients. The wavelength dependence of the scattering
function is estimated by decomposing the scattering function into a Rayleigh
or molecular component and a particulate component . The Ray leigh component
varies with the fourth power of the wavelength , and the particle component is
assumed Co be wavelength independent.

Measurements of bottom reflectance are even more scarce than water optical
properties. A limited number of bottom reflectance measurements were made by
the author in St. Andrew Bay , Florida using an ISCO Spectroradiometer with 
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submersible fiber optic probe . The radiance just above the bottom was measured
and compared with the radiance over a set of calibrated reflectance panels on
the bottom . This method allows corrections to be made for absorption and
sca tt er ing  in the water path between the detector and the bottom. The results
of these measurements f or sand , shoal grass , and tur t le grass  are shown in
Figure 6. Other sources of information include measurements made using a

‘ photographic technique with filters and reflectance panels for a variety of
bottom types in the Bahamas 181* . and laboratory measurements of beach sands
from a number of loca tions using a Cary-14 spectrometer (9).

3. BOTTct~t RECOGdI TION ALGORITHM

The problem of napp ing bottom reflectance variations under a variable depth
of water is illustrated in Figure 7 .  This f i gure shows a portion of Landsat
f rame 1925-15015 over the Great Bahama Bank. A comparison with hydrographic
charts of the area shows a general correlation between the MSS4 reflectance and
the wa ter dep th , bu t there are some no table discrepancies. The two areas
indicated on the image have the same MSS4 signal level (about 28 digi tal c o u n t s ) ,
but toe lower area has a depth of 3 meters while the upper area is about twice
as deep. Low-altitude color  aer ia l  pho tography shows that the lower area is
qu ite heavily vegetated , presumabl y because of the pro tec t ion a f f o r d e d  by the
row of islands to the west , while the upper area has a sand bottom. Thus , the
difference in depth is offset by the change in bottom reflectance , causing the
MSS4 signal to be the same in both areas. In order to separate the effects of
water depth and bottom reflectance , an algorithm which combines information from
at least two wavelength bands is needed. Convent ional multispectral classification
techniques do not work well for this purpose because they depend upon the
existence of well-defined spectral signatures for each category, which do not
ehist in this case because of the effects of water depth variations . An
algorithm which combines the signals in such a way as to remove the effects of
water depth variations is described in the following section .

3. 1 FORMULATION OF ALGORITHM

A method of combining multispectral signals in order to create a depth-
invariant index of the bottom type is suggested by the simp le reflectance model
described in section 2.l~ This model. predicts that if the radiances over a given
bottom type are plotted in the space defined by the variables

X~ — ln(L~ — L5~) (14)

where Lj is the radiance in band i for water depth z and L5j is the deep-water
radianc e, the set of points generated by allowing z to vary continuously over
a range of depths will fall along a straight line having direction cosines

Y i = K~,/’\J~~ K~
2 

(15)

which are independent of the bottom reflectance. For a different bottom type ,
the rad iances will , therefore , fall along a parallel line which is displaced
from the first by a distance

d2 -~~~ (ln rbi) 
- 

i~ l ~
i In rbf ) (16)

where rbi is the ratio of bottom ref lectances** for the two bottom types in

*Furtner measurements of bottom reflectances in the Bahama s are currently being
made by F.C. Polcyn under sponsorship of the Defense Mapping Agency (contract
no. DMA 800-78-C-OO6O).

- **When volume scattering is appreciable, the “effective ” bottom reflectance
defined by equation (8) must be used instead of the actual bottom reflectance.
If the effective bottom reflectance is negative , as is possible in extreme
cases of high scatter ing and low bottom reflectance , the X1 variables are not
defined and the algorithm as formulated above is not app licable. However , a
reformulation of the algorithm is possible to include these cases.

6
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band 1. These points  may be proj ected onto a p lane perpendicular to the direction
defined by equat ion (15), thereb y producing a new set of v a r i a b l e s  (Y 1..
which are independent of the water depth (101. If d ~ 0, the two bottom
type s ar e theore t ica l ly separable at any depth if the system noise is suffic ientl y
low .

This formula tion depends upon the assumption that the radiance is a purel y
exponential function of the water depth (with an additive constant). Since
there are effects which cause a deviation from this behavior , as di scus sed in
sec t ion 2 , the proj ec ted v a r i a b l es (Y l. . ‘t’n~I) 

are not comp letel y depth-invariant
even if the water optical properties are uniform throughout the scene . Therefore ,
an evalua tion of the accuracy  of thi s al gori thm is necessary using a ‘tore detailed
radiative transfer model which takes account of these effects . Such an eva lua t ion
is presented for two cases in sections 3.2 and 3.3.

3. 2 EVAL UATION IN CLEAR OCEANIC WATER

The firs t case considered is for Jerlov ’s oceanic water type lB (c f.
Figure 6) with bottom types consisting of sand and turtle grass (c.f. Figure  6 ) .
This set of parameters was chosen to model cunditions occurring in the north-
western part of the Great Bahama Bank . Measurements  of the  i r rad i a n c e  a t t e n u a t i o n
coefficients in this area (81 have shown that the water is similar to Jerlov ’s
water cype IB , anu observations of the bottom indicaLe that t h e  most  common
bottom types in shallow water are sand and turtle grass (thalassia) . In order
to model the Landsat data for this area , radiances were ca l cu l at ed for  the
wavelength range from 0.5 jim to 0.7 jim and averaged over bands MSS4 (0.5-0.6 jim)
and i1SSS (0.6-0.7 im)* . The reflec tances over a sand bottom as a function of
depth were shown in Figure 3 of sec t ion 2 .2. A plo t of the radiances for MSS4
and MSS5 , transformed as in equation (14), are shown in Figure 8 for the two
bottom types . Although the X i are no t stric t ly linear functions of depth because
of the effects described in section 2 , onl y a sma l l  amoun t of no n l i n e a r ity is
observed in Figure ~ because the e f f e c ts in one band tend to cance l  those in
toe other.

Since only two wavelength bands are considered , the transformation described
in sec tion 3.1 resul ts in a sing le bottom-type index , wh ich , for  the parame ters
used in this example can be written as

0.975 ln(L1 
- L31) - 0 . 2 2 3  l n ( L 2 

- L52) (17)

where L1 is the radiance in MSS4 and L2 is the radiance in MSS5. The values of

~l 
over sand and turtle grass are -0.98 and -2.11 , respective ly. Thus , a given

sample would be classified as sand if the value of Yl is greater than -1.55 ,
and as turtle grass if the value of Y1 is less than -1.55. This is equivalent
to drawing a decision boundary pa ra l l e l  to the two l ines  in F igure 8 and midway
octween them . Points falling above this boundary are classified as sand , and
points belc~e the boundary are classified as turtle grass.

In order to calculate the probabilities of misclassification of the bottom
types in the presence of noise (which in this context includes the fluctuation
in the observed signal due to surface reflections), a Monte Carlo procedure
was used. A t each depth , two sets of normally dis tributed random numbers were
generated with mean values L1 and ½ and standard deviations of 0 1 and 02, where
L1 and L2 are the radiances calculated from the model for the two bands and
°1 and 02 are the noise-equivalent radiance values. The values of 01 and 02
were taken to be 0.01 mW cm 2 sr 1 based on the observed standard deviations of

*The model used for calculating these radiances is based on the quasi-single-
sca ttering approxima tion , and inc ludes  the e f f ec ts of in terna l r e f l e c t ion a t
toe water surface. Atmospheric effects are also calculated using a double-

- delta approximation (UI. The atmospheric visibili ty assumed for this
calculation was 23 km . and the solar zenith ang le was 450,

7
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t he Letnds&t t deep — wa 1 e r I gita I ~. I ot’ I h i s  .t t ea - F~ t t. each ~ I t he ii ( ~ random l v
gene rat t’ l  r a i l  i , i i ice  p a i r s , he’ i a  I i ’  of  is .i 1 i’u 1st i’d and t h ’ hot t tint is
c l a s s i f i e d  as s.iitd or I u r t  it’ glass - I I c it hi’t’ 0(11 iitct’ Is i c;  ii t han I he’ tii ’ e’p —

water r a d ia nc e , t h e  s.iiup i t ’ is p 1 .iced i n  I hi’ ‘‘ un c l as s  i t  1 ed’’ c .1 e’gorv . Th e’
prob ab I l i t .  y of c t~~ ’ r ~~~ t c La ss  I Ic  a t  ion is he’ f roe t ion ~i t he’ t .indoni samp les I t i

a given eat egory whi  cit a I-c ~~~ ~~~~ sl it i’d I i t t  o t he’ Saint ’ t~~ I I cgolv I rota wit I ~~ t ht ’v
were drawn .

The class It Ica t ton accui’ac (es toe sand and t tie I It’ glass ii i ’ p lot t cii versus
deptn in Fi gure 9 . The d e p t h  at w h i c h  h~’ p r o ba b i  l i t  r of ml ~~ l a s s  i i  le st  ion
reaches  50 pe’ teen t is about  4 met er a  ( t i e  C ii rI 1 e gr s.s a and I t .  ‘) m~ t e t s  t o t  sand

c lass if I eat ion e’i ’ t o e  a i i i ’ e hi gher t o t •  ur t  Ic  grass  t h a n  or sand bee Oust ’ I he
i-ad lances are Lowe’r over tort it ’  g ross  , so t h er e  is  a h i  ght’r pi’obah i i  I t  v ot t he’
red lance fal 1 log be low he’ de ’e’p—wn t t~ r tad I anci’ In  t he pet- seth - i of nit I st”~ . The
noise equivalent rail lance’ c . t t t  be re’ihii’t’d by spa t I .~t I t i t t e  r I ii~ , at  t he’ cost  ot
dec reseed spatial re sot itt ion , it a ‘ x .‘ p 1 xc I boxc ~ smoo t h i  ng f u nc  t Ion i
app lied , t he noise is r e’due’e’d liv i i  t a c t  01’ ot two and t he’ dep t  ha for ‘i t)  pe’ cc ent
mist’ less ilicat Ion art’ tni’re’sse’il t o  about S met ci ’s for  ur t  i~’ gr a ss  (111(1 1 . 5
meters  for  sand . The I cra d  lance ’ at t enu.t t ton I engt ii toe MSSS I a about  3 ne’ e’l’s
for this water vpt’ , sit t h e  max I mum dept  h for  wh I i-h u r t  i t ’  ~ ias a c~ n (,t~ t ’(’ i o g f I  I ~t ’ ,I
w ith better than random 5e’i’UtScy is bet We’cn I and I a t  1 enuat  ion I e ’ttg t ha  , depend I itg
on the amount itt nol at’ l i t  t he’ u s  a . ‘l’hcse’ re’sei it a have’ bee’n ~~t ’ i i i ’ n i  l i v  con i i  rrne ’d
wi th experimental dat a ne’ar Nort h Cat Cay , wIt I cit show ;it’curat e’ ci ( 1 5 5 1 1’ 1 i t t  i o t t  of
turtle grass throughout hi’ r i l l ige  ‘it ’ dept  ha  i,l t et i met e’rs) in wit I ch It wits
found to exist .

3. 1 EVALUATION IN T U R R I I  COASTAl. WATER

The second case to t ’ wit i cli t he hot out t’ t ’cogni t ton a i got ’ It u r n  has  been ‘vs tii ,it ed
is in water described by it’ r b y ’ a coast al I vpe’ 5 it t enuat ion coi l I l et ent S ~c , I -
F i gure ~) . Thi s  case t~ t n t  ended to at mu (at e he’ i-one) It ions  occur  c i  t ig  at  ii t t at
site in St . Andrew Bay, F b r  ida .  Met it I spe c t ca l  scaltltt ’i- dat .i and ;i d ’ t  a l l  i’d si ’t
of subsu r face  obse i’vst ions were cot I e’c ~‘d .1 1 I his al t  e’ , and m t  t’ntp i t ’ I c,l I
eva lua t ion  of the hot t o r n  r e ’ce ’g it l t  Ion a l g or i  t hut was made’ comparing t heat’ otiservat b its
wi th the results of processing t he’ scanne ’ r d a t a  I I .’). Foui’ bit t t oni t vpe’s were’
observed In t lii s scene Inc I uet I ng w h i t  e’ sand , s h~~i I grass . in rt it’ ge ass , m i t i t I  .1
dark organic silt . R e f l e c t  tenet ’s of t he t’irs t I (tree ’ hot I out t vpe’s were’ rne ;tsur e ’tt
in sItu as was deacr ibeel in sect ion I. I and p [ot t i’d fi t F t  gure ’ 1’ . l’he’ r e f i t - c t  anci’
~T t”he s i l t,  was not measured bitt was asaume ’d , on t he’ b a s i s  o f  he’ scmin n t ’ r eht( a ,
to have a reflect ant-c about h a l f  that of th e ’  sand . Tb is assiunt’d ret’ I e ’ I : i t t e e ’ Is
a 1 so plot ted as the dashed curve in F I g u r e  It -

Mul t ispect ra 1 scanner  dat  ti W C f t ’  cii ii &‘ t’t eel i t t  seVe ’ ra  I wave’ 1 e’ttgt i ts  hands
inc luding the t hrec bands cent creel at appt ’ox irnat el y 0. ‘tO t uiit , I) . S S t im and 0. h i  ta
which were selected tot ’ hot torn recogni I Ion process I t ig . R~ ciiani ’es we’ Fe ’ c~~I ciii at  i’d
for hese bands in  orde’r t o  a m iii I at e t he s ir e  r a f t  ~Lit mi Se’ t c o i l  e’e’ t i’d on lb Mliv 1911, **
‘rhe t rans  formed rail ieint - e’s In  h~ ittt~ I and .‘ ar c p 1 cit I e d  Vt’ r se ts  l iii’ hand I i -ad I suet’ a
in Fi gures (Us and 11th , respect ively , t’or wilt e’r d e p t h s  r ang ing t’rom I) t~~ 

‘ I ( u t  e l  S
In the X 1—X 3 p Lane ( Fi gure  h a )  t he curve’s for C net Ic gl ’;lss tu tu sh oal  gm as m itt ’
near ly coincident , while ’ In t hi’ X I — X -

~ p la t te  (F i g u r e’ h O  b~ t hi’ en I ’ve a lot ’ shuilt I
grass and s i lt  t i e ’  very e ’ lose’ t oge’i h er .  l’robab l i l t  it ’s of e’o r t - c’c I e’ 1~~ss Il ’ it ’s h u l l
for these t w o  wavelength pa l i - s we’l’e’ e’a lu ’u l a t  e’cl i n  l iii’ same’ ntttItn~~r i t s  dcscr  the ’d
in sect I on . I us tug ,t t i t i t st ’— e’qti i vs l en t  ra i l  l ance’ of 0. D i  itiW cnr ‘mt ’~ 11U I fett ’
the aircraft scanner data, The’se’ re’su I t s  are’  ~ lo t It ’ d In Fi gures I I a anti I l b .
The relativel y low class i t ’ t e a t  iou ae’curat’ t e s  f or  shoal  grass  and t u i  tie ’ grass itt
the f i r s t  case , anti for  shei~ 1 grass  and a l i t  l i t  I hi’ se’c ut n el cml St’ , m i i i ’ tItle’ C 0 1 hi’
c loseness of the curves lit FIgure’ it) , an cii se’tiss,’eI ;iltovc

*Virtuall y all of the m is -l asst I i  e’ O t  I ott o t  t ne t  Ic  g rass  I a i n t o  t h e  “ tine lass I I I  ed
category, wi th l~ s s t han 2 pt’rc’e’n t be i ng u’1~~ssi t l ed is s~ tte1 at  .inv the’pt it .

**l’hese radiant-es were’ ca le’ul at t ’iI ti si og t itt’ Saint’ mode I ,i a iii se ’ ’  t I on I . -‘ - ‘i’he’
solar zenith angle anti n t metaphe’ r Ic vlsi b h i t  v we’ t’t - C he Sante ’ ‘is In  I hi’ e.u r i l e t ’
case , bu t’ the p1st form a It It t ide Wits  IOU met ct’ s I list t’itul of a p-ieee i ; t  ft a i t It t i t l e  -
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de’Xt , ttte cia salt I em i t  b i t  mic c i t t ’ mli ’ v i t s  l ug  a l l  I ht’ee ’ b~ iie Is w i t s  e’Vml I O mit  e d ,  i i i
h i s  e’ase’ e .iu’h dat a pel tnt Is pt ’o let ’ t ed clOt o me p latte’ pe ’t’pe’nd ten is t t o I he ‘‘dt’ii t ft

a x i s ’’, rcsult ittg itt two d e p t h —  b u y s ! ’ i a l t l  I t t u l l c e ’s V i  Situ) V i . i’hc l t r o ) t ’ c t  i o n s  ,‘ii t t ’
t h is p [mi t te ’ at ’ t he ’ cact i mince VS 1 uem; ton each of  the I out b u t t  I ont t ~‘p e5 m i l e  s h t o ~ ii

in Fi gure 11 The c la s s  If I ~~t I ion accuracy lo t a g i vcit hot I oft I vp t ’  i s  eva ins t ( ‘if
by g-enerat itig random Se’t s o f tad I slice vs 1 tie ’s I ~~t cu t - h L ’mi t i d , cmi  it ’u l~~t l og  t lit ’
vs lute ’s ot’ V 1 and \‘) fei r eat -It  samp be ’ , min d de’ t e ’t’mi ii i t i g  t he’ e l i  SI min c e ’ s l i-ou t cui t i
samp le’ t ci each e t the “ si  gna t  tire ’ s’’ a hewn In F I go t’ e’ I _‘.. The’ It - s i t I on of t he ’ t .t nd out
sam p les which  nt ’e’ c l a s s i  f l e e t  lot  o t h e  Sante’ emi t ege i rv  ft ’ ont w h i c h  1 ) 1ev w e t , ’ ~t ! ‘not
is again hc c l a s s if  h e a t  ion ae et t i ’ au ’v 1 01’ t h a t  bol t out I vpe

The i’esult s of ’ t he ’se t ltr et’—battd cut Icul m it ions  mite shown i i i  I” i g i t i , ’ I I Au
t n t  c rest  Ing f t ’t i t t t t ’e’ of  t h i s  ligut’ e’ i s  t he’ t e l a t  b y e  c i  u t s i u i t  I t ’l l  l o u  i t - t i l l  mii ’t’ o f
shoal  g rass  , as c- uun p nr e’ ul w i t h  t he’ t Wit— bmi ttd ie ’sii  I t  a - i n  hot  It I wit — i t . l t i t t  i ’m lst ’ a -
shoal  grass was the ’ I en at  mit - en t at e i v  c l a s s i f i e d  ta,-it c i i  a t  . ‘I’lt i s  was ihie’ I i’ I lit’
p r ox i tn i t  y of t he Y 1 vs In c t o  t limi t of ’ t e i l t  be gt’aas mi tid the ‘i’ ’ vs l i i i ’  i i ’ I hmi t 01
a l i t  . In  C itt’ t lt r t ’t’ — h and i’S SC , howe-ti ’ t ’ - t he’ altos 1 gi’  miss  s i gui mi I e t t ’ e’ t s iii’ I I
se’parat eel I t o r n  i t s  ne’igltbot’s mu te1 e’ciutsoe l iut ’t l t  l v  t lie’ ~~ a ssi  [I em i t  Ion  m i t ’ i’c i l ’ mi , ’v i s  much
itnp to V e’d.

‘rhe average  ci, mis s i t  i t -  mit lent s ec t !  u mut ’ v ten’ t itt ’ feiut’ hol C om C vpe’ S i 5 p 1 itt I i’d in
F igui-c 14 t’or t itt ’ opt Iutiuiiii t W i t— tisiiul ease’ t lie 0 , S i t ) - hi S ut Iiautcl p:i i i i  mi nd I I t ie
t he ec—h atict  t - Sa t’ , l’hc’ average’ probabi III t’ of ’ correct c la s s  i t  I em i t i ou  i- i sign i l l  ‘a l l t  l v
Improved in sIts 1 low wa h e  t as t he’ n et rnh i e ’ t ’ 01 wave I e ’itgt It b au d a i a h u e  t e a  s t - i t  I t out
I Wit to  three’, bitt t he’ dept h mit  wI t  I c’lt I he’ ; uu ’u ’u r m u i ’v e’q eimi Is I l imit of ’ a u ’ sui t l t t rn  guess
t, 25 pt ’re’ent ) rt ’tna I its i t i iout I int’l c i’s  . For tlc e’pe’ t ’ will e’ r - I hc p t’i i l i ah ’  i l l  I v i tt  m i s  —

c’ lass If it -at lint i s  m i t -  I iou l iv  1 at’gt’r f u r  t h e  t i i t’ e’e’— b and c’ m ise  i’e’ c m u t i s e  o t t lie ’ I t ic teased
1 ikel ihe oel that one’ of the riechiatice v al ue s w i l l  t a l l  below tIte ’ uhce ’p - v a t  ci’ iaclimm c’e’
The’ acid it I tin of’ a t ouir t  li bm u t t d t O . hi) un) doe’s not lus t e’t 1:111 v liii ’ I emi ~m , ’ 1 lie’ el muss I —

f it-at Ion ac’t’ut ’acv In  aba I low Wm u t  e’ r - mm ii t lecreu iat ’ s i t  s l ig ht  iv iii dc’epei’ vat er
because’ of t he’ mihøye’—rnent i~~ttt’ti t~ t I e’u’I , The’ I trail imlnce at  I c ’t t itmt t I on 1 e’uigt h mit
0 . ItS tm is abou t ,‘ nte’t en’s, so t he ’ max I mum dept  Ii lot’ a hi ’ I C ct  t han t miu i d o ni  hot I elta
c l a s s  i f  ic-a t  i tin j ic- t - U tmie’ y I s  agmi I t t  be’ t we’e’n I slid ,‘ m e t t ett um i t ion I i’ngt Its f o r  I he’
l east pellet r at  tu g  wave’ le’ttgt ii bmiiid

‘
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Thccire ’ t t e a l  meit le 1 l ug  e f f  til t a h a t e ’ ~ltowti I l imi t  I lie ’ t e l  ie’ u’t alt ec i t t ,  sli m u 1 low
w at e r  c- m it t he’ tippruiximm i t c- i  V t’ e’pt ’ese ’itt i ’d by a s im p le equal  it ’it w i t  Ii two terms , I hi ’

I r st  he ’ t u g  an exponent t a b  fn t te ’t I ciii of I lie ’ w at  e’ t’ de’pt Ii Si lt t  C he a econd ti l t  ~u~f d  I I  i \‘i ’

c ents t ent  . Re la t  ( v t - t v  srn,’e l b  dcv i mit I otis t’rom t h i s  a Iutp i i.’ t -xpOt iCnt  I a 1 fliotbe’ i i i i  t ’
e’auisi’d liv vo Ionic sea l  C e’ t’ing . I n t  ct ’ltm i 1 t’e I I t - c t  I tin mit liii’ t.’a C ct sot I mit -c - mu te1
Se’ lect lvi’ ahs irpt ieit i w i t  b in  C h i t ’ spe’e’t t’ a I hsu tu lwl  d l i i  of I he ’ ehe ’l ccli ii

Ait mi lgeir It hut t’ot nwu pp l ug  heit I ciut t e’t’ le’e’t s l i t - c’ t’sris t I ot is i t u t i t c u  ml \‘ :il I m i h i  e’
ulept h itt wat et’ was preipeised tilt t he’ b a s i s  ot t he’ a imp it’ utode’ i di’ st-i’ Ib~’d above
anti has hee’n eva lust  e’d u s Itig mu moi ’e’ t’eitnp i C l i’ mode’ I whti cli I t t t ’ I t u f t - s  f lit’ ci I , ’,’ I a
i t t ’ ae’dt let’ Ing . I l it  t’ i - nm i I re f  I e’c I I ott , no e l wave i e’ngt ii mlvi’ t’ :i g I t ig , Tb I s I h t eo t u ’ t it ’ m u I
evaltiat l int ittilicate’s t l i mi t  hot I eni t vpt ’s such as sminef mi nd  \‘ e’gu’ t  m i t  iou e’mi l i  l’c’
resceignt zt’et lii a maximum cIe~1it Ii i i I c t i ie ~ 01 t Wit I l i m i t 1  I :itiu ’e’ mit I t’u t i i a t  I out l e ’t ig l  its ! ( ‘1
typ ica l mult i,upe’e’t ral sc’miu tut e ’ t’ sy s t e m s  - Fu it’ u t - L i t  b v e ’ I v  u l i s t  h u t - I  be it t u t u  I vpe ’s
aelequat e r eau l  I s  nisy bt’ eiht at lit-el WI lb out Iv  t wit wave 1 e ’t igt  it b au d s - F’ot’ nt t i t ’ e’ aud i t  it-
vartat tons itt befl ( tint i t - I  I c t - I  :l tt ce ’ - the ‘.‘ i ii ssi  f i c ’ m i t  t out :le ’cu t ’ a t ’v t ’ uin hi ’ i mpi’ot ’i’d -
wi t htn limits , by in~ t’tnes tug i he’ nuutbe’r elf w a v e l  cuig i  Ii hands

The advan tage c it m u j iu ’e’I i m h u i m u i’v e v s i t i a t  lc i i i  u s i n g  s t twin ,‘t i t - m u u ci le ’ct  an t i ’
model is that feasibilit y i’mi tt  lie’ ef t ’meiiist i’ j it e~l I itt’ a w ith, ’ va t i ,‘t  V ,‘l e i iv i  r onmt ’n C i i i
condit ions and oper at t u n a  I ceina t  i’s lot  s jut ~ te l at lvi ’  l v  low cu t s  I - The’ t (‘11,11111 it t’

of euch theoret teal t’esitl ts eti’penels nett ant v u pon I he’ mat heuw~ t lu ’ at  c on s i s t  Cltc’\’
of the model but upon t he mit -  cut-dc’ v iii I Itt’ I i ip t t t  itti camel i’ rs as we ’ll . Mt ’t ’ e’
measurement  a of ahab le’iw—w~t in opt I c’iu l pu ’etpe’ r t l ea  and lit-i t I em ret ’ I ecu m ine , ’  a ii i’”
needed for a v a r i e ty  iii t- ~i mu sI mu I ctiv I t’eiltilleflt $ . St tit i i (‘5 i i i  l iii’ I t ’ I itt I ouisli I P~among the physical ti tt ti hi  a logic i i i  e’ttv i t -  etnmi’flt M slid liii ’ opt I cit I pu ’ t ipe ’ i t  It’s mit c

a iso need ed t ci improve t he’ mete ic Is mit t , 1  I t ’ ,tc’vc 1 tilt uti’w app lie ’ mi t i t ’t t s  itt t’ern~tt e’ su ’t ta  I tig
in sha l low wa t er a re as .  )“ in’ examp le’ , I m i t  gi ’ v5r I i l l  I t i lls  I i i  bitt C tint i c ’ I I c i t  ant-c
are  caused by t he’ growt h of bent  l i i i ’ vegel mu C l out , witI cii Is coliC i o  l i t - c l  l ’t’ t lii’
a v ai l a b i l i t y  of light and nut t’ I t -n t  a , t h e  aiuie tu tt t ,‘t wave s t- I  l ou t , ant i Iii ,’ I t’pe ol
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substrate. Variation of water  parameters is due to land run of f , growth of
phytop lankton , and resuspension of sediments by wave action on the’ bottom ,
Understanding the magnitude of these variations will allow a more accurate
modeling of reflectance and may also lead t o the use of remote sensing for
making inferences about the environmental conditions which give rise to these
var ia t ions .
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14-8 scanner*. This data  set, was processed to produce bottom-t ype maps ci’ t h e
area using two and three wavelength hands , and the results were compared w i t h
the subsurface observations on a p o i n t - b y - p o i n t  bas i s . Discrimin ation of fou r
bo t tom types was a tt emp ted , i nc lud ing  sand , s i l t , shoal grass , and turtle g r as s .
Water optical properties at the test site were similar t o  J e rl ov ’s Coastal
Water type 5. Because of t h e  r e lat  i v e ly  h i gh w a t e r  a t t e n u a t i o n  and the  number
of bo tt om types in the scene , this situation probably represents a limit i tu1’, case
for which the technique is app l i c a b l e .

2. TEST SITE DESCRIPTION

The test site for  this evaluation was in St. Andrew Bay, near the Naval
Coastal Systems Center In Panama City, Florida, This is an inland bay w h i c h  i s
fed by several smal l  creeks and discharges through a narrow out let  t o  t h e  ~ t i l f
of flexico, Fresh water com i ng from these creeks contains h i g h  concent  r at  ions
of hurnic and tannic acid , result ihip, in relatively poor visibilit y . The t t ’st
s i t e  is located on the west side of the  Bay near  the  NCSC M a r i n a , .‘in d includes
a narrow channe l leading into the Marina, The maximum depth In  the  t e s t  s i t e
is approximately 2, ~ me ters , which corresponds to roughly one -irrad iance t i t  t en-
uat ion 1 eng rh ( I  - e - I ‘K - where K i s  the  max Irium i rrad l ance  ,lt e n ua t  ion  coti f i • I -

d ent for  the w a t e r f .

.‘ . 1 SUBSURFACE OB SERVATI ONS

A 150 by 180 mete r  area cent ere’d about th e N ’~~’ nt.l r I nit channe l wa s  se l e c te d
for  de ta i l ed  st ih i s t i r i  :1cc and water measurements - D u r i n g  t h e  week p r i o r  I c  ‘5 ‘Liv
1977 a grId svs t e rn  was set  up w i t h i n  t h e  t est  , ir e : I  and ilet a i l e d  obser va t  i (illS c i
the hot t o rn  typ e s  and t he water dept li were made :11 I he gr Id  poin t s - The dept  Ii
measurements were processed on .1 Hew le -t I Packard Pros~rnniuah1e C a l c u l a t o r  ~hi .’ ’
and used t o  general e a cont our p l ot of I he b o t t om t t ’pcp .r ~~~hv I I I . The hot  t i ’m—
type  observat  tons  were t ’r g:I n I ‘ed Int o S i  \ h ’ I Si  d i’ :I i  ep,~ ’r I i ’s p 1 us f o u r  ni I xi  tir e ’s
of these  ca tegor ies  - T h ’  s i x  ha s  i i• hot  I ciii tYpes observed in t h e  t e s t  s i t e  wc rc

- I t, 1~ clean wh i te’ (ltl:Irt.~ sand
thin shiti .l I gr:~s 5 1 1 - 5 cm I t ill)’

i ’l thick shoal g l a ss  I, ‘ dli l t~flg I
14’ thin turtle g r a s s  4, ’- IS cm 1ong~
i, S\  thick turtle gras s  15 cm 1 I’np.~ti ) clark o i’gan  I c s i l t  v sand

R e p r e s e n t a t i v e  u n der w a t e r  p i l t ’ I  ~‘g r . I p h s  of  sand , ~-hic . i  I 1 .155 - md t t i n t  It’ gl,ls s
taken :11 the t e s t s i t  e on ‘ti ~ia v ~ 

f l ’  — u-c s hio~’n i n  I - I  p,~ i ri’ I - l i i i ’  Is~ I I out
obse rvat tons were suninar I zed i n  t h e  t o  rat ‘I :1 second c h a r t  slicit I lip, t he di 51 i i  bit —

t ion of  hot torn t ~‘j ’es in  I he I est a i i ’i I I I These ohse ’rv:I Ii OIl S I nih c i t  e ( h i t
shoa l grass  occurs p r i m a r i ly  in l iii’ Ii - S — 1 (1 met i dept hi range w h i l e  I hi ’ t tint Ic
grass grows n~u st  Iv in w a t e r  de-epe t than I met en - Sand Oddil i’ s t i i ’ :I i~ I lie shore h i  a’
In less than  0 . 5 meters  of w a t e r  and In scat I erec t  pat ches at  i t  I depths L I t ’
s i l t  category  was observed i t n l  v i n  t he bi t t  t o rn  of I lie mar l  na dli:Iflfle I -

On the .‘St l i  and 2b t li ci f t l v , 1Q 1 7  :1 set  o t  m e a s u r e m e n t s  t ’I  \,‘ : I t ( ’ i O{’t i i ’ , i l
propert  it ’s were a l s o  made :I t  va it  O t t S  pc i  f lI  5 w i t  li i Ii I lit’ I es I S i l t ’  - ~‘O5 I i ’

these measur emen t it were made w i t h  a beam I ransml s some icr , hut some measurenletit s
of the I r r ad inn ce  at t enuat  t on coef f t c  t e n t  were a l so  made’ , The I ranrti ss( ’mei (~i~
measured beam a t t e n u a t i o n  c o e f f i c i e n t s  on t h e  order of 1 .5  - .‘ , O n( - I’roni w h i u e ’b i

*The M-8 scanner records the scene r adiance  in  ei ght spcct i-al h ’ : inds i i i  t h e  v i  si
ble and near IR reg ions , The spat t a t  re’solut  I on is 2 . S m i l l  I r a d i  :11W ~nd (hit’
scan ra te  is 60 per second . The I n s t  rtu ’lent also Incorporates t w c  l a se  u I l I u -
minations and detection systems , but this c i ’p a h t l l t v  was not uttlL-e 1 dui -inp .
the present  s tud y .
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a range of irradiance a t t enua t i on  coefficients from 0 , 3  - 0 . 4  m~~ was i n f e r r e d
using the relationship reported by Shannon h 2 1 .  This  rela tionship was generally
conf irmed by spot measurements of irradiance a t tenuat ion  at other locat ions .
itaximum water transmission was observed for wavelengths  around 0 , 5 7  rn due t o
the high concent ra t ions  of “yel low substance” in the  bay , These obse rva t i ons
characterize the water as being similar to Jerlov ’s water type 5 13 1 .

These observations were carried out under a program organized by t h e  N aval
Coasta l  Systems Center (NCSC) to evaluate the use of remote sensing techni qites
for coastal reconnaissance 11 , 4 1 .  The primary focus of this program was on
water depth mapping , rather than bottom feature extraction . During the present
study some of the data collected as a part of this program was re-anal yzed for
the specif ic  purpose of eva lua t ing  a nult ichannel  bottom recognit ion a l g o r i t hm
which was not fully developed at the time of the original program. In order to
facilitate a comparison between the bottom-type observations and the results oh - 

-processing the aircraft data set (c.f. section 2.2), the bottom-type map was
converted in to a digital file . This file consists of a set of 200 by 240 p i x e l s ,
each corresponding to an area of O.75m by O.7 5m on the  bottom . A number repre-
senting the bottom type is stored at each pixel location . A display of t h i s
digital file is shown in Figure 2 .  In th i s  d i s p l a y  the two shoa l grass  cate-
gor ies have been combined together , as have the two t u r t l e  grass ca teo,or i e s .
Sand and sil t are shown separately, and the various mixture categories are
indicated by the cross-hatched areas ,

2 , 2  MULTISPEcTRAL SCANNER DATA SET

Mul t i spect ral scanner data was collected over the NCSC test site with the
ERIN 11-8 scanner system on the morning of 26 May , 1977. The plat form altitude
was 300 mete r s an d the speed was abou t 45 meters/sec . resulting in a s p a t i a l
resolution and pixel size of about 0.75 meters. The solar zenith angle was
about 45 degrees at the t ime of the o v e r f l ig h t .  Data was c o l l e c t e d  in the  t’I p.h i t
wavelength bands indicated in Table 1. An image display of the data i n  hand .t

(.52- .57 urn) is shown in Figure 3.

This data was collected under the NCSC bathymetry experiment mentioned in
Section 2.1 , and was processed to produce water depth charts as part ~f t h a t
program 141. During the present study, this data set was re-processed us ing  a
newly developed multichannel bottom recognition algorithm . The d e t a i l s  ci’ t h I s
processing are discussed in the followinp, sections ,

3. BOTTOM RECcY~ 1ITION P~ 0CESSINC

The a l g o r i t h m  which was used for  processing t h e  a i r c r a f t  data Set was pro -
posed ea r l i e r  ( S I  and has been t heo re t i ca l ly  evaluated for the  same se of ccii -
ditions as encountered in t h i s  t e st  1 6 1 .  Briefly , the steps involved In t h e
bottom recognition processing al gor i thm are : ( I )  subtracting the deep-water
signals , (2) cal culating the natural logarithm of the si gna l s after deep-water
subtractions . (3) taking linear combinations of these logarithms In orde r to
create a set of N- I  d e p t h - i n v a r i a n t  signa l  channels  from the orI g ina l  se t of
N data channels , and (4) usIng these d e p t h - in v a r i a n t  signals  as i n p u t s  to a
conventional multispectral classification routine in order to ca tegor ize  the
bottom t yp e s.

Prior to the first step In this sequence , two pre-processing steps were
carried out on the NCSC data se t ,  The f i r s t  was a s p a t i a l  filtering , or
sit~ othing , to reduce the noise in the  data, The second step was t o  e ’dit out
land areas using a threshold value In the near-ln~rared band (band 8’ , which
has a high reflectance owe land and a low re f l ec tance  over w at e r .  The deep-
w a t e r  signals were obtai - 1.’d by averaging a set of scan l i n e s  In t h e  a lon g -
track d i r e c t i o n , so as I - i  o b t a i n  the  deep-water  s ignal  as a fu n c t i o n  of t h e

-‘ pixel nt~ ber or scan angle .  The sequence of steps outlined above was then



carried out using subsets of two and three input wavelength bands . Details and
results of this  processing are described in the following sections .

3. 1 TWO-BAND RESULTS

The first test of the algorithm was made using two input wavelength bands.
The bands sel ec ted for processing were bands 4 (.52- .57 urn) and 7 (.62- .70 urn) .
The second step in the sequence out l ined above y ields the va r iables

— in (V1-Vsl) (1)

and

— in (V2-Vs2) ( 2 )

where V 1 is the data value in ban d 4 , Vsl is the deep-water signal in ban d 4 ,
and V2 and Vs2 are the corresponding value s for band 7. A plot of the r e l a t i v e
frequency of occurrence of these variables is shown in Figure 4. These variables
are approximately linear funct ions of the water depth Thus , a change in th~
water depth causes a displacement of the data points for a given bottom type
along the direction indicated by the straight line in Figure 4, The data points
in this figure fall into two main groups corresponding to sand and turtle grass .
which together constitute about 70 percent of the total scene area. A projec-
tion of the data points onto a line perpendicular to the d i r ec t i on  ind ica ted  on
Figure 4 y ields the depth-invariant  index P

~‘
i 

— 0.740 - 0.673 X2 (31

which has an average value of 0.07 over san d , -0.47 over silt , -0 .54 over shoal
grass , and -0.70 over shoal grass. Since there is only one depth-invariant
index of bottom type for this case , the fourth step in the processing sequence
reduces to a simple threshold criterion on the value of this index . The resul ts
of this processing are displayed in Figure 5.

Nex t , a detailed pixel-by-pixel comparison was made between the  subsu r face
observations of the bottom type (Fipure 2 ) ,  and the two-band bottom recognition
map (Figure 5). In order to simpLify the presentation , the two shoal grass
categories were combined into a single category , as were the two turtle grass
categories. The mixed bottom types were ignored for this comparison . The num-
ber of pixels classified into each recognition category were then calculated
separately for each observed bottom type . The results of this calculation are
shown in Table 2. The probabilities of correct classification are 81.8 percent• for sand , 61,7 percent for turtle grass , 52.3 percent for silt, and 35.4 percent
for shoal grass. The average classification accuracy for the four bottom types
is 57.8 percent , as compared with a value of 25 percent for a purely random
guess. The low classification accuracy of silt and shoal grass is due to the
small difference in the Yl values for these materials which is in turn due to
the similarity in the reflectances of these materials. Shoal grass has a thin
blade structure which has a relatively small projected area when viewed verti-
call y, and is also frequently covered with small bubbles and organic detritus
which makes its color similar to the silt observed in the channel. If a less
ambitious classification of the bottom types into two categories (“vegetated”
versu8 “non-vegetated”) is attempted , the classification accuracies are higher ,
as shown in Table 3. The average c lass i f i ca t ion  accuracy f or th i s  case is 75.8
percent, as compared with 50 percent for a random guess.  These results are in
fa i r  agre~~nent with the theoretically predicted classification accuracies 1 6 1
for an average depth of about 1.5 meters.

4
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3. 2 THREE-BAND RESULTS

In order to eva luate the effect of increasing the number of o p e r a t i n g  wav e
length bands , the bottom recognit ion processing was repeated using t hree hands ,
i nclud ing  band 2 ( . 48- .52 urn) in addition to the two bands used earl ier. In t h i s
case , two depth-invarian t indices , Yl and Y2 are generated f rom the  th ree in o u t
data values for each pixel. A p l o t  of the frequency of occurrence of each
(11 , \‘2) pair in the test site is shown in I’igure 6. In t h i s c a se  a se t  c i
decision boundaries in two-space must be used for the bottom classil ic at ion .
These decision boundaries are al so  indicated In Figure 6.

The bot torn— type map generated from the three channe l a l go r  i t  hint i s  shown in —

Figure 7.  This map shows a much clearer differentiation between t h e  silt cate-
gory in the channel and the shoal grass outside of the channel. This improved
differentiation is also reflected in the statistics shown in Table 4. The —

classification accuracy for silt has increased to 64.6 percent , and that for
shoal grass has increased to 52.2 percent . while the figures for  sand and
turtle grass have remained virtually unchanged. The theoretical evaluation It ’ !
predicted a somewhat larger increase In the classification accuracies cC silt
and shoal grass , along with a small decline in the classificati on accuracy  of
turtle grass which did not occur in the experimental dat a ,  a l t h o u g h  such a
phenomenon m i g ht  have occurred if the decision boundaries had been s h i f t- e d  F

slightly toward the turtle grass si gnature .

The average classification accuracy for t he  four bet toni c a t ego r i e s  u s i ng
the th ree-band a lgor i thm is 65.1 percent , as compared with 57.8 percen t for
the two-band case.  The frequency of classification of each ~f t h e  observed
bot tom types in to  t h e  combined “vegeta ted”  and “non-vegetated” categories ar e
shown in Table S. The average p r ob a b i l i ty  of correct classification into these
two categories is 82.7 percent for the three-hand case , as compared with 75.8
percent for the two-hand case.

4 . CONCLU SI(N S

The two —hand bet torn recogni t ion al go r i t h m  ~Iescri bed in t h i s  report gives
s a t i s f a c t o ry c l a s s i f i c a t i o n  accuracies ~or distinct bottom types such as sand
and t u r t l e  grass in wa t er  depths rang ing from z e r o  to about one at tenuat  ion
length . The probabilities of correct classification are in excess of QO p e r c en t
when only these two categories are considered . lihen the  c lass  i f  i cat  ion scheme
is extended to  include bottom t y p e s  wh i ch are less distinct , such as shoal
grass and dark organic silt, the average classification accuracy falls t o
percent for four categories and 75 .8 percent for two categot’ies . The i n c l u s i o n
of a third wavelength hand Increases t h e  classification accuracies ~ I’ s i l t  and
shoal grass considerably , resulting in an averap.e p r o b a b i l i ty  of correct clas-
sification of 65 .1 percent for four  categor ies and 82.7 percent for two ~~ t t ~~~~
gories . These observed cl a ss i  f i  cat ion accurac ies  are comparab le  t o  t h o s e  pvc -
di~ ted using a theoretical water reflectance model.
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TABLE 1. MULTISPECTRAL SCANNER WAVELENGTH BANDS

Band WaveJ. eng,th S~~~~
i)

1 .46- 49
2 .48— .52
3 .50- 54
4 .52 - . 57
5 . SS- .6O
6 .58- .64
7 .62- . 70
8 1.5-1.8

TABLE 2.  FOUR-CATEGORY CLASSIFICATION STATISTICS
FOR BOTTOM RE COGNITION ALGORITHM WITH TWO INPUT BANDS

Obse rved 7~ Recognized asBottom Type Sand Silt Shoal Crass Turtle grass

Sand 81.8 10.1 7.7 0.4
Silt 0.1 52.3 47.4 0 . 2
Shoal Grass 5.2 28.9 35.4 30.5
Turtle Crass 0,2 6.9 31.2 61.7

TABLE 3. TWO-CATEGORY ClASSIFICATION STATISTICS
FOR BOTTOM REC OGNITION ALGORITH M WITH TWO INPUT BAN DS

Observed 7. Recognized as
Bottom Type Non-vegetated Vegetated

Sand 91.9 8.1
Silt 52.4 47,6
Shoal Grass 34.1 65.9
Turtle Grass 7,1 92,9

TABLE 4. FOUR-CATEGORY CLASSIFICATION STATISTICS
FOR BOTTOM RECOGNITION ALGORITHM WITH THREE INPUT BANDS

Observed 7, Recognized as
Bottom Type Sand S i l t  Shoal Crass T u r t l e  (‘,rass

Sand 81.8 6,4 10.8 1.0
Silt 0.1 64.6 34.1 1.2
Shoal Grass 5 .3 13. 5 52 .2 29 ,0
Turtle Grass 0.2 3.0 34.9 61 .9

TABLE 5. TWQ-CATEGORY CLASSIFICATION STATISTICS
FOR BOTTOM RECOGNITION ALGORITHM WITH THRE E INP UT BAN DS

Observed 7. Recognized as
Bottom Type Non-vegetated V~geta ted

Sand 88.2 11.8
Si l t 64 .7 35 .3
Shoal Crass 18.8 81.2
Turtle Crass 3.2 96.8

7
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