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INTRODUCTION 

For many years  investigators  have  been  searching  for  an  algorithm  which u s e s  
remote  data of ocean   co lo r   t o  map areas o f   p r imary   p roduc t iv i ty   e f f i c i en t ly .  Most  of 
this research  was r e s t r i c t e d   t o   p r o c e d u r e s   t h a t   c o n s i s t e d  of f i r s t   d e t e r m i n i n g   t h e  
absolute  radiance  impinging on the  remote  sensor,  and then ,   th rough  theore t ica l  con- 
s i d e r a t i o n s ,   s e p a r a t i n g   t h e  component  of  backscattered  l ight from  phytoplankton  from 
a l l   e x t r a n e o u s   f a c t o r s ,   s u c h  as s o l a r   e l e v a t i o n ,  sea state,  ae roso l s ,  a i r  and  water 
molecules,   sediments,   and  the  ocean  f loor.  The t a sk   o f   s t r i pp ing  away these  extra- 
neous   fac tors  is the  most  formidable  challenge  of  remotely  sensing  chlorophyll  - a. 

In 1973 a remote   sens ing   program  to   co l lec t   v i s ib le   ocean   spec t ra   wi th  a very  
s t a b l e  multispectral scanner known as the  Multichannel Ocean Color  Sensor (MOCS) w a s  
begun. MOCS w a s  developed by TRW, Inc. ,  under. t he  Advanced Appl ica t ions   F l igh t  
Experiments (AAFE) program  conducted a t  NASA Langley  Research  Center ( L a R C ) .  Af te r  
ana lyz ing   s eve ra l   da t a   s e t s   co l l ec t ed  on a i r c r a f t   f l i g h t   t e s t s  of the new scanner ,  
the  search  began  for  a new type of algorithm;  perhaps one ex is ted   for   moni tor ing  
pr imary  product ivi ty  which was independent  of  absolute  radiance  measurements  and 
which   d id   no t   requi re   cons tan t   reca l ibra t ion .  (MOCS does  not   have  an  internal  
c a l i b r a t i o n  system.) Confidence i n  t h i s   p o s s i b i l i t y  grew  from analyses  of unique 
c l u s t e r   p a t t e r n s   t h a t  seemed t o   r e a p p e a r   f o r   d i f f e r e n t   d a t a   s e t s  when blue-band  data 
were plot ted  versus   green-band  data   ( ref .  1 ) .  La te r   ana lys i s ,  however,  demonstrated 
tha t   these   un ique   pa t te rns   occur red   on ly   under   spec ia l   condi t ions ,   spec i f ica l ly  when 
the   on ly   va r i ab le   a long   t he   f l i gh t   pa th  w a s  phytoplankton  concentration.  Normaliza- 
t i o n  of the  blue-  and  green-band  data  provided  sporadic  improvement  in  the  cluster 
p a t t e r n s .  The conclusion was reached  that   single-band  data and  simple  ratios  of 
spec t ra l   bands   were   too   sens i t ive   to   ex t raneous   fac tors   to   be   usefu l   for   moni tor ing  
phytoplankton  remotely,   except  under  ideal  conditions.  

A s igna tu re   ex t r ac t ion   t echn ique  which uses  r eg res s ion   ana lys i s  w a s  worked ou t  
t o   s tudy   t he   va r i a t ions  i n  b a c k s c a t t e r e d   l i g h t  from  phytoplankton  (ref.  2 ) .  This l e d  
t o  a more general   extract ion  technique  which u s e s  c h a r a c t e r i s t i c   v e c t o r   a n a l y s i s  
(pr incipal   components)   ( refs .  3 and 4 ) .  It became c l e a r  from s tudying   the  
eigenvectors   der ived  f rom  these  techniques  that  a n  a lgori thm was needed  which 
mon i to red   on ly   t he   va r i a t ions   i n   s eve ra l   spec t r a l   f ea tu re s   t ha t   cou ld  be a s soc ia t ed  
with  phytoplankton  concentration.  Algorithms  involving f i r s t  and  second  der ivat ives  
which  could  serve  this  purpose were inves t iga ted ,   bu t   they   too   var ied   wi th   the  
environment. This l ed   t o   t he   d i scove ry  of   an  a lgori thm  which,   a l though  s imilar   to  a 
second  der ivat ive,  is much less sens i t i ve   t o   env i ronmen ta l   va r i a t ions .  

The algori thm was tes ted   wi th  MOCS da ta   co l l ec t ed   du r ing  a 6-year   per iod  in  
nearshore  regions  over plumes c o n s i s t i n g  of  complex mixtures of suspended  sol ids .  
Although  these  data sets were good  enough to  demonstrate   the  consis tency  of   this  
a lgori thm  over  a long t i m e  per iod  compared with a l l   o t h e r s   i n v e s t i g a t e d ,   t h e  com- 
p l ex i ty   o f   t he  plumes  and t h e   d i f f i c u l t y   i n   o b t a i n i n g   c o i n c i d e n t  sea t r u t h   h a s  
prevented  the  establishment  of a clear relat ionship  between  the  a lgori thm  and  the 
ch lorophyl l  a concent ra t ion .  !lb ver i fy   the   po ten t ia l   o f   the   a lgor i thm,   da ta  w e r e  
needed  from f f s h o r e   r e g i o n s  away from the   h igh - tu rb id i ty  waters i n   t h e   c o a s t a l  
zone. In  p a r t i c u l a r ,   d a t a  were needed  over  ocean water where ch lorophyl l  a con- 
centrat ions  vary  between 0.1 to 10.0 pg/L. In   pas t   yea r s ,   concen t r a t ions  i n   t h i s  
range  have  been  measured  during  the  spring  and summer months by oceanographic  ships 



both on Nantucket  Shoals  and i n   d e e p  water o f f   t he   shoa l s .  Thus, the  Nantucket 
Shoals  experiment  proposed  in  1980  presented  an  excellent  opportunity  for  obtaining 
t h e   v i t a l l y  needed   da ta   to   ver i fy   the  new algori thm. 

The Nantucket  Shoals  experiment was des igned   i n  May 1981 a t  LaRC t o  i n v e s t i g a t e  
t h e   d i s t r i b u t i o n  of  phytoplankton  biomass on t h e   s h o a l s   i n   r e l a t i o n   t o  rates of 
nu t r ien t   supply ,   g rowth ,   ver t ica l   mix ing ,   and   advec t ive   p rocesses .  One objec t ive   o f  
the  experiment w a s  t o   u s e  real-time remote   sens ing   techniques   to   de te rmine   spa t ia l  
d i s t r i b u t i o n s  of   temperature ,   chlorophyl l ,   phytoplankton  divers i ty ,   suspended  sol ids ,  
a n d   s a l i n i t y   a t   s u b t i d a l   f r e q u e n c i e s   o v e r   t h e   e n t i r e   r e g i o n .   I n v e s t i g a t o r s   i n c l u d e d  
s c i e n t i s t s  from the  Northeast   Fisheries  Center,   Brookhaven  National  Laboratory,  Woods 
Hole  Oceanographic  Insti tution, Marine Sciences  Research  Center (State University  of 
New York),  and  Bigelow  Laboratory  for Ocean Science.  The experiment  involved two 
NASA a i r c r a f t  and s ix   oceanographic   research  vessels .  

This   paper   presents  MOCS d a t a  from the  Nantucket  Shoals  as a demonstration  of 
the   va lue  of t he  new a lgor i thm  ra ther   than  as a d i scuss ion  o f   t h e   d e t a i l s  of the 
Nantucket  Shoals  experiment.  Reports on the  ship  data   have  been  publ ished i n  r e f e r -  
ences 5 and 6. Th i s   r epor t   con ta ins   b r i e f   desc r ip t ions  of  the MOCS system,  the  algo- 
r i t hm,   and   t he   f l i gh t   da t a ,   ca l ib ra t ion  of the   a lgor i thm,   and   ver i f ica t ion   of   the  
algori thm  using MOCS da t a   co l l ec t ed   ove r   t he  8-day  experiment. 

INSTRUMENT DESCRIPTION 

The MOCS system  flown on the  NASA P-3 during  the  experiment   consis ted  of  two 
b a s i c   p a r t s ,   t h e  MOCS i t s e l f  and  the  data  processing  subsystem. MOCS is  a v i s i b l e -  
imaging  spectroradiometer which  performs  mult ispectral   scanning  e lectronical ly  by 
means of  an  image d i s s e c t o r   ( r e f .  7 ) .  It covers   the   v i s ib le   reg ion  of the  spectrum 
(from  about 400 t o  700 nm) i n  20  ad jacent   bands   ( tab les  1 and 2 ) .  As shown i n  f i g -  
ure  I ,  the   ou tput  from MOCS i s  f ed   i n to   an   ana log - to -d ig i t a l  ( A / D )  conver te r ;  a l l  the  
d a t a   a r e   s t o r e d   s e r i a l l y  on an  analog  tape  recorder.  

By means of t he   da t a   s e l ec to r  i n  the  real-t ime  subsystem,  samples  of  the  data 
(usua l ly   cen ter -of - t rack   da ta )   a re   p rocessed   and   s tored   in  a microprocessor;   these 
data  can be s to red  i n  and r e c a l l e d  from a d i g i t a l   t a p e   r e c o r d e r .   D u r i n g   f l i g h t   o r  
i n   t h e   l a b o r a t o r y ,  a  thumb-wheel a lgo r i thm  se l ec to r  is used t o   d i s p l a y  on a n  
x-y osc i l loscope   the   a lgor i thm i n  var ious   formats   dur ing   f l igh t .  

In  a much improved  version  of  the  real-t ime system flown i n  a more r e c e n t  
experiment,   loran C d a t a   a r e   f e d   i n t o  a minicomputer  along  with MOCS da t a .  With t h i s  
system, l a t i t u d e  and  longi tude  posi t ions of spec ia l   oceanic   fea tures   a re   de te rmined  
r ap id ly  and accu ra t e ly .  

ALGORITHM 

The genera l  form of the  new algori thm is  given  by 

2 
s, 

2 



where S i s  the  MOCS 
r i thm, wAich ampl i f i e s  

s i g n a l   f o r  band j and m and n are cons tan ts .  
and   moni tors   changes   in   the   spec t ra l   fea tures ,   has  

This  algo- 
been  labe  led - 

t h e   " i n f l e c t i o n   r a t i o   a l g o r i t h m . "  

A s  a f i r s t   s t e p  toward  s implifying  the  analyses ,  a l l  forms  of  the 
a l g o r i t h m   i n  which m equals  n,   or Gj  ,m,n 

2 
s; 

2 
s; 

were invest igated  because  the  smaller   the   value of m t he   l e s s   t he   i n f luence  of t he  
environment   on. the  a lgori thm  and  the  spectral   features   are   about  60 nm wide ( f o u r  
MOCS channels a t  15 nm bandwidth  per  channel).  

I n  f i g u r e  2 an  example of the  consis tency of the  a lgori thm shows the  ranges of 
v a l u e s   f o r   t h e   i n f l e c t i o n   r a t i o   s p e c t r a  from equat ion ( 3 )  f o r  MOCS d a t a   c o l l e c t e d  
o v e r   r e l a t i v e l y   c l e a r   w a t e r  on various  missions  during a 6-year  period. The atmo- 
sphe r i c   cond i t ions ,   s ea   s t a t e ,  and s o l a r   e l e v a t i o n ,   a s   i n d i c a t e d  i n  t h e   f i g u r e ,  
var ied from mission  to   mission.   Further   discussion of the  algorithm  can  be  found i n  
re ferences  8 and 9. In  the  remainder of th i s   paper ,   the   d i scuss ion  is confined  to  
the   a lgor i thm  for  j = 7 ,   t ha t  i s ,  

Analyses   of   data   col lected  pr ior   to   the  Nantucket   shoals   experiment   indicated 
t h a t  G w a s  ve ry   s ens i t i ve   t o   phy top lank ton   concen t r a t ion   ( ch lo rophy l l   a ) .  

7 1 2  - 

MOCS F L I G H T  DATA 

Seven f l i g h t s  were made between May 7 and May 13, 1981 , over   the   shoa ls .  
A t y p i c a l   f l i g h t   p a t h  of the  NASA P-3 a i r c r a f t  is shown i n   f i g u r e  3. The missions 
were conducted  during  var ious  phases   of   the   t idal   cycle .   Points  on the  map occurred 
a t  9-sec i n t e r v a l s   a s   r e c o r d e d  from a lo ran  C system aboa rd   t he   a i r c ra f t .   I soba th  
values are i n d i c a t e d   i n  meters (M) . The b a s i c   f l i g h t   p a t t e r n   c o n s i s t e d   o f  10 east- 
w e s t  (E-W) l i n e s  (numbered  from  north (N) t o   s o u t h  (SI) 5' apart between l a t i t u d e s  
41O35' N and 40°50' N and  longitudes 69O12' W and 70°05' W. Deviat ions  f rom  this  
p a t t e r n  were made occas iona l ly   fo r   spec ia l   pu rposes .  An e ighth   miss ion ,   the  Warm 
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Core  Ring f l i g h t  flown  from  Nantucket  but  not as par t  of the Nantucket  Shoals 
experiment, is d i s c u s s e d   i n  a separate paragraph. 

Most of t h e   l i n e s   d u r i n g  the seven  missions were flown a t  a n   a l t i t u d e  of 150 m 
t o  accommodate t h e  prime remote  sensor  on  the P-3, the  Airborne  Oceanographic  Lidar 
( A O L ) .  The AOL is an  act ive  system  which  senses   f luorescence  induced by laser p u l s e s  
( r e f .  IO). The l i m i t e d  power  of t h e  laser restricts i ts  o p e r a t i o n   t o  low a l t i t u d e .  

To a v o i d   i n s t r u m e n t   s a t u r a t i o n   r e s u l t i n g  from s p e c u l a r   r e f l e c t i o n   o f   s u n l i g h t ,  
MOCS is usual ly   f lown a t  a n   a l t i t u d e  a t  which the   ins tan taneous   f ie ld   o f   v iew  covers  
an   ocean   sur face  area with  dimensions  several  times grea te r   than   the   wavelengths  of 
the  ocean waves. A t  an   a l t i tude   o f   150  m MOCS, wi th  a spa t i a l  r e so lu t ion   o f  less 
than 0.2 m 2 ,  could  view a port ion  of   an  ocean wave where s u n l i g h t  is r e f l e c t e d  
v e r t i c a l l y  upward. (Sea foam is another   p roblem.)   These   da ta   sp ikes   resu l t   in  
i n s t rumen t   s a tu ra t ion   and  loss of  usable data. Good MOCS data a t  a 150-m a l t i t u d e  
depend on both sea s t a t e  and s o l a r   e l e v a t i o n .  A t  t h i s   a l t i t u d e ,  data c o l l e c t e d   w i t h  
so l a r   e l eva t ions   above  50° are genera l ly   no t   usable .   Dur ing  the experiment a t o t a l  
of e i g h t   l i n e s  were flown a t  a 2300-m a l t i t u d e   s p e c i f i c a l l y   f o r  MOCS; a l l  y i e lded  
good data. 

Table 3 shows d a t e s ,  times, and  environmental   conditions when MOCS d a t a  were 
col lec ted   dur ing   the   seven   f l igh ts .  The wind speeds  and wave h e i g h t s  are based  on 
the  hourly  log  of   the R/V Alba t ross ,  a National  Oceanic  and  Atmospheric  Adminis- 
t r a t i o n  ( N O A A )  sh ip ;   the   measurements   do   no t   necessar i ly   represent   condi t ions  a t  
a l l  p o i n t s  on the   shoa l s   bu t   s e rve  as a guide. The l as t  three columns i n   t h e   t a b l e  
l ist  the   l i nes   a long  which good data were c o l l e c t e d   a n d   t h e   s o l a r   e l e v a t i o n s   d u r i n g  
those   over f l igh ts .   This   da ta  set ,  which cons i s t s   o f  24 l i n e s  a t  150-m a l t i t u d e  and 
8 l i n e s  a t  2300 m r ep resen t ing   abou t  40 p e r c e n t   o f   t h e   t o t a l   c o l l e c t e d ,  is d iscussed  
in   t he   fo l lowing   pa rag raphs .  

CALIBRATION 

The Nantucket  Shoals  experiment was t h e   f i r s t   i n  which  extensive MOCS d a t a  were 
c o l l e c t e d  a t  a 150-m a l t i tude .   Prev ious   da ta   ana lyses   have  shown tha t ,   a l though  the  
conversion  of  the MOCS d a t a   t o   c h l o r o p h y l l  a concen t r a t ion   r ema ins   r e l a t ive ly  
c o n s t a n t   f o r  a g i v e n   a l t i t u d e ,  small correcTions are r e q u i r e d   f o r   d i f f e r e n t  a l t i -  
tudes.   Light  backscattered  from  the  atmosphere  changes  the  shape of t h e   i n f l e c t i o n  
ra t io   spec t rum.  The change   wi th   a l t i tude  is g r e a t e s t  a t  low a l t i t u d e ,  where the  
atmosphere i s  denser.  Thus, t h e  150-m da ta   needed   to   be   ca l ibra ted .  

During  the  experiment  the P-3 a i r c r a f t   f l e w   d i r e c t l y   o v e r   o r   n e a r  a number of 
sea t r u t h   s t a t i o n s .  Of 21 such  events   analyzed,  a l l  excep t  3 d i d   n o t   y i e l d  precise 
enough ca l ib ra t ion   po in t s   because  of a t  least  1 of   the   fol lowing  reasons:  ( 1 )  s o l a r  
e l e v a t i o n  w a s  too  high;  ( 2 )  time lapse between  the  overf l ight   and sea t r u t h  
c o l l e c t i o n  was too  long;   and  (3)   dis tance  between  s ta t ion  and a i r c ra f t  w a s  t oo  
great.  The t h r e e  acceptable events   occurred on d i f f e r e n t   d a y s .  Thus, another  means 
of   conver t ing   the  a l g o r i t h m   t o   c h l o r o p h y l l   u n i t s  w a s  needed. G 7 r  2 

Even before   the   above   ana lys i s  w a s  completed, it w a s  no t i ced   t ha t   con tour  maps 
of  the MOCS G7 algori thm  and  the AOL c h l o r o p h y l l   d a t a   f o r   f l i g h t  5 on May 9,  
1981, were simliar. For t h i s   p a r t i c u l a r   f l i g h t   t h e  AOL da ta   cor re la ted   h ighly   (0 .98)  
wi th  sea t r u t h .  It w a s  dec ided   to   use   these  AOL d a t a   t o   c o n v e r t   t h e  G7 algo- 
r i t hm  to   ch lo rophy l l   un i t s .   F igu re  4 is a p l o t  of   co inc ident  AOL and MO&S d a t a   f o r  
l i n e  9 of f l i g h t  5. The s o l a r   e l e v a t i o n   d u r i n g   t h i s  pass w a s  37O. Regression 
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a n a l y s i s  of t h e   d a t a  set r e s u l t e d   i n  a c o r r e l a t i o n   c o e f f i c i e n t  of  0.985  and the  
l i n e a r   r e g r e s s i o n   e q u a t i o n   ( f o r   a n   a l t i t u d e  of  150 m )  

I n  C = 10.19 - 7.33G (h=150 m )  
7r2 

where c is the   ch lorophyl l  a c o n c e n t r a t i o n   i n  pg/L and h is t h e   a l t i t u d e .  - 

For the   e igh t   l i nes   f l own  a t  the  2300-m a l t i t ude ,   ano the r   equa t ion  w a s  needed t o  
conver t  t o  ch lo rophy l l  a concent ra t ion ;   the  component  of a tmosphere  scat ter ing  added 
t o   t h e   u p w e l l i n g   l i g h t ,  as viewed by MOCS, changes  s l ight ly   the  conversion  of  G7 ,2  
t o   c h l o r o p h y l l  a concent ra t ion .  On May 13, l i n e  9 w a s  flown a t  2300 m and  almost 
immediately  afterward a t  150 m i n   t h e   o p p o s i t e   d i r e c t i o n .  The s o l a r   e l e v a t i o n   d u r i n g  
these  passes  varied  between 30° and 36O. The f l i g h t   l i n e s  were near ly   co inc ident ,  
e s p e c i a l l y  on the   wes te rn   ha l f .  Comparison  of c o i n c i d e n t   p o i n t s   f o r   b o t h   a l t i t u d e s  

- 

i s  shown i n   f i g u r e  5. 
t he   l i nea r   r eg res s ion  

Subs t i t u t ing   equa t ion  

?h is   da ta  set  y ie lded  a c o r r e l a t i o n   c o e f f i c i e n t  of  0.949 and 
equat ion 

m )  = 0.799 + 0.369G (h=150 m) 
7,2 

( 6 )   i n t o   e q u a t i o n  ( 5 )  we have 

In C = 26.06 - 19.86G (h=2300 m )  
7,2 

f o r  a n  a l t i t u d e  of 2300 m. 

With  equat ions  (5)   and  (7)  a comparison  can  be made i n   f i g u r e  6 between  the 
ch lorophyl l  a concen t r a t ions   fo r   t he   pas ses   ove r   l i ne  9 a t  d i f f e r e n t   a l t i t u d e s .  As 
expec ted   f rom  the   da ta  i n  f i g u r e  5, t he  same fea tu res   appea r   i n   t he  two passes .  
Depending on f l i g h t   a l t i t u d e ,  a l l  MOCS da t a   d i scussed   i n   t he   fo l lowing   pa rag raphs  
have  been  converted t o   c h l o r o p h y l l  a concent ra t ions   th rough  e i ther   equa t ion   (5)  or 
equa t ion   (7 ) .  

- 

VERIFICATION 

Contour maps of   chlorophyl l  a concentrat ion  based on MOCS da t a  are shown i n  
figures 7 t o  9 f o r  May 8, 9 ,   and   73 .   F l igh ts  4 and 5 on May 9 have  been  plotted 
on  one map ( f i g .  8) .  Data from a l l  f o u r   f l i g h t s   p r e s e n t  a c o n s i s t e n t ,   g e n e r a l  
d i s t r i b u t i o n  - s t rong   ch lo rophy l l  a concentrations  (2.0 to  3.0 Pgg/L) i n   t h e   n o r t h e r n  
and  southern  regions of the   s tudy  area and  lower  concentrat ions  in   the  central  
region. 

The same t r end  is  a p p a r e n t   i n   f i g u r e   1 0   f o r   l i n e   d a t a   f o r   f l i g h t  3 on May 8. 
The l i n e s  were t o o   f a r   a p a r t  on t h i s   f l i g h t   f o r   c o n t o u r i n g .  The g e n e r a l   d i s t r i b u t i o n  
is  i n d i c a t e d   q u i t e   n i c e l y  by the  south- to-north (S-N) t rack   a long   longi tude  69.23O W, 
where the   concent ra t ions  are h ighe r  a t  each  end  of  the  track  than  in  the  middle.  
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The p e r s i s t e n c e  of a pa tch   o f   h igher   ch lorophyl l  a c o n c e n t r a t i o n   i n   t h e   s o u t h e r n  
region of the s t u d y  area is demons t r a t ed   i n   f i gu re  11 .  Data for l i ne   10   a long  l a t i -  
tude 40.83O N are p l o t t e d   f o r   f i v e  of the s e v e n   f l i g h t s .  A l l  show ch lo rophy l l  a 
concen t r a t ions  of 1 .O pg/L o r  less on the  western  end  of  the  track  and a pa tch  f 
h ighe r   ch lo rophy l l  a c o n c e n t r a t i o n s   t o   t h e  east. The shape of the  patch  changed  from 
f l i g h t   t o   f l i g h t ,   p e r h a p s  a t i d a l   e f f e c t .  

- 

An i n t e r e s t i n g   f e a t u r e   i n   f i g u r e  10 is the   ch lo rophy l l  a depress ion  a t  longi- 
tude 69.04O W on l i n e  6. Its boundar ies   cor respond  c lose ly   F i th   the  100-m i s o b a t h  
as shown i n   f i g u r e  12.  ?his reg ion  is of special i n t e r e s t   t o  mar ine   b io logis t s ;  
l a r g e  numbers  of  whales  and  other sea mammals congregate   there   during  the  spr ing  and 
summer months ( r e f .  11 ) . Many were s p o t t e d   i n   t h e  area d u r i n g   t h e   o v e r f l i g h t s .  

In  a l l  cases where co inc iden t   da t a  were a v a i l a b l e ,  sea t r u t h  and MOCS d a t a  
agreed.  Measurements made by t h e  R/V Albat ross   ( re f .   6 ) ,   which   z igzagged   over   the  
Nantucket   shoals   during  the  per iod May 6 t o  15,  1981 , confirm  the  pers is tence  of   the 
same gene ra l   ch lo rophy l l  a d i s t r i b u t i o n .   C o n c e n t r a t i o n s   i n   t h e  2.8 t o  6.8-pg/L range 
were measured by the   A lba t ros s  on May 6 on and t o   t h e   n o r t h  of l i n e  1 .  Concentra- 
t i o n s   i n   t h e   c e n t r a l   r e g i o n  on May 8 and 9 were less than 2.0 pg/L . Passes  through 
the   pa tch   in   the   south   be tween May 7 and  14   cons is ten t ly  showed h igh   ch lorophyl l  a 
concen t r a t ions ,  as i n d i c a t e d   i n   t a b l e  4 f o r   c r o s s i n g s   o f   l i n e   1 0 .  On May 12   the  
Albatross   surveyed  the  southwestern  region of t he   s tudy  area, where concen t r a t ions  
ranged  between 0.6 and  1.3 pg/L. 

- 

The c r u i s e   t r a c k s  of t h e   o t h e r   s h i p s  were f o r   t h e  most par t  i n   t h e   n o r t h e r n   h a l f  
of t he   shoa l s   s tudy  area, where concen t r a t ions  were gene ra l ly   l ower   t he   f a r the r   sou th  
they   c ru i sed .  Data c o l l e c t e d   i n   t h i s   r e g i o n  by t h e  R/V Onrus t   ( r e f .  5 )  and by MOCS 
are compared i n   f i g u r e  13. The t r a c k s   f o r   t h e   s h i p   a n d   f o r   t h e   a i r c r a f t  were a long  
l i n e  2 ( l a t  41 O 30' N) . ?he a i r c r a f t   f l e w  between Oo and  lo   nor th  of t h e   l i n e ,  
whereas   the  ship 's   posi t ion  var ied  between l o  south  and 2O n o r t h  of t he   l i ne .   Onrus t  
c o l l e c t e d   d a t a  on both  eastbound  and  westbound  legs  between 0630 and 1341 EDT, whereas 
M O C S  on t h e  P-3  made a westbound pass between  1120  and 1 1 2 8  EDT. The Onrust   consis-  
t e n t l y  measured h ighe r   ch lo rophy l l  a concen t r a t ions  on its eastbound  leg  than on i t s  
r e t u r n   l e g .  The ch lo rophy l l  a concentrations  measured  with MOCS f e l l  on or  between 
these   va lues .  The "hot   spot"   observed by the  Onrust a t  0830 EDT w a s  not  observed by 
e i t h e r  MOCS a t  1124  E!DT o r  by Onrust on i t s  r e t u r n  a t  1232 EDT. These  types  of  varia- 
t i o n s  are common, making it o f t en   d i f f i cu l t   t o   ob ta in   t ru ly   co inc iden t   r emote   and  sea 
t r u t h   d a t a .  However, it c a n  be   s ta ted   wi th   conf idence   tha t  a l l  three  curves   have  the 
same general   shape  and  concentrat ion  ranges.  

- 

Another  comparison i s  made  by examin ing   t he   da t a   i n   f i gu re  14, a blowup  of the 
c o n t o u r   l i n e s   i n   f i g u r e  8 f o r   f l i g h t  4 i n c l u d i n g   t h e   p o s i t i o n s  and  measured  chloro- 
p h y l l  a concen t r a t ions   o f   t h ree   sh ips   i n   t he   r eg ion  on t h e  same day.  Agreement is good 
d e s p i t e  lapses i n  time between  overfl ights  and sea t r u t h  of   about   0 .5   hour   for   the 
three   h igher   concent ra t ions   and   about  8 hour s   fo r   t he  two lower  concentrat ions.  

In summary, t he   ch lo rophy l l  a c o n c e n t r a t i o n s   f o r   t h e   d a t a   c o l l e c t e d  a t  an 
a l t i t u d e  of  150 m f o r   f i v e  separate f l i g h t s  between May 7 and  13,  1981, were calcu- 
l a t ed   w i th   equa t ion   (5 ) .  The same equat ion  w a s  u s e d   d e s p i t e   t h e   v a r i a t i o n s   o f   s o l a r  
e levat ion,   a tmospheric   condi t ions,   and sea state ( t a b l e   3 ) .  The contours  of  chloro- 
p h y l l  a concen t r a t ion  are smooth  and in   general   agreement   f rom  day to  day. l'he ranges 
and d i s t r i b u t i o n s  of ch lo rophy l l  a concen t r a t ion  are i n  agreement  with sea t r u t h   t o  
wi th in  1 .O w/L.  The p e r s i s t e n c e a n d  magnitude  of a h igh-concent ra t ion   pa tch   o f  
ch lo rophy l l  a i n   t h e   s o u t h e r n   r e g i o n  of t he   shoa l s  w a s  v e r i f i e d   a f t e r   e x a m i n i n g  sea 
t r u t h   d a t a  from t h e  R/v Albat ross .  It appears t h e r e  is no o ther   remote   sensor   o r  
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algori thm that can be appl ied  over  a n  ex tended   per iod   wi thout   f requent   ca l ibra t ion   for  
environmental   correct ions.  

On  May 14, a f t e r   comple t ion  of the  Nantucket   Shoals   f l ights ,  a f l i g h t  from 
Nantucket w a s  conducted   to   inves t iga te  a warm c o r e   r i n g   c e n t e r e d   a t   l a t i t u d e  38O40' N 
and  longitude 72O40' W ( r e f .  1 2 ) .  En r o u t e   t o   t h e   r i n g   t h e  P-3 a i r c r a f t   f l e w   a l o n g  a 
cruise t r ack  of t he  R/V Albatross.  MOCS and AOL d a t a   i n   f i g u r e  15 were c o l l e c t e d  
along a sou the r ly   t r ack  from la t i tude   40°8 '  N and  longitude 69O31' W t o   l a t i t u d e  
39O11' N and  longitude 69O44' W between  0725  and  0758 EDT. The Albatross  began 
c o l l e c t i n g   d a t a   a l o n g   t h e  same t r ack  a t  0930 EDT. After  2000 EDT, t h e   t r a c k s  of t he  
s h i p  and a i r c r a f t  no longer   co inc ided   suf f ic ien t ly   for   da ta   compar ison .  

The MOCS d a t a   c l e a r l y  show lower  chlorophyll  a concent ra t ions  on the  shoals  and 
the  higher   levels   of   the   southern  patch,   as   observgd on t h e   p r e v i o u s   f l i g h t s .  Again, 
cons ider ing   the  time d i f f e r e n c e s ,   t h e   t h r e e   p l o t s   i n   t h e   f i g u r e  are remarkably 
similar, p a r t i c u l a r l y   f o r   t h e   s o u t h e r n   h a l f  of t he   t r ack  from  the  high  chlorophyll  a 
concent ra t ions  on t h e   s h e l f   t o   t h e  low concent ra t ions  beyond the  shelf   break.  Thus, 
equa t ion   (5 ) ,   u sed   t o   conve r t   t he  MOCS a lgo r i thm  to   ch lo rophy l l  a concent ra t ions  
based on d a t a   c o l l e c t e d  5 days  before,  was still a p p l i c a b l e   t o   d i f f e r e n t   r e g i o n s  of 
the  ocean. The AOL d a t a   a r e   p l o t t e d  i n  r e l a t ive   un i t s   because   t he  AOL must  be 
c a l i b r a t e d   f o r   e a c h   f l i g h t .  

CONCLUDING REMARKS 

The Nantucket   Shoals   experiment   provided  an  excel lent   opportuni ty   to   tes t   the  
Multichannel Ocean Color  Sensor (MOCS) algorithm. The ch lorophyl l  a concent ra t ions  
determined  from MOCS d a t a   c o l l e c t e d   a t   a n   a l t i t u d e  of 150 m f o r   f i v e s e p a r a t e   f l i g h t s  
were based on c a l i b r a t i o n   d a t a  from  only  one f l i g h t   l i n e  a t  one p a r t i c u l a r   s o l a r  
e l eva t ion .  A l imi ted  amount  of d a t a  were a l s o   c o l l e c t e d  a t  a 2300-111 a l t i t u d e .  I n  
the  cases   presented,  where  comparisons  between  the  remote  data  and  sea  truth  were 
possible ,   the   a lgori thm  determined  chlorophyl l  a concent ra t ions   to   an   accuracy   be t te r  
than 1 .O w / L .  "his accuracy w a s  ma in ta ined   desp i t e   t he   f ac t   t ha t   t he   so l a r   e l eva -  
t ion  varied  between 20° and 56O d u r i n g   t h e   f l i g h t s ,  which occurred  over  an 8-day 
per iod.  As t h e   d a t a   c o l l e c t e d  on May 14 ,  1981,  demonstrated,  there was no apparent  
change in   the  cal ibrat ion  between  the  water   over   the  Nantucket   Shoals   and  the  deep 
water regions of the  Cont inental   Shelf .  

V a l u a b l e   d a t a   p e r t i n e n t   t o   t h e   s c i e n t i f i c   o b j e c t i v e s  of  the  Nantucket  Shoals 
experiment were obtained  through  the MOCS da t a .  I n  p a r t i c u l a r ,  no o t h e r   i n v e s t i g a t o r  
demonstrated  the  pers is tence of the   ch lorophyl l  a pa tch   in   the   southeas te rn   reg ion  of 
the   s tudy   a rea .  The seve ra l   c ros s ings  of  the  patch by the  R/v A lba t ros s   suppor t   t h i s  
f ind ing .  The region  of  higher  chlorophyll  a c o n c e n t r a t i o n   i n   t h e   n o r t h ,   p a r t i c u l a r l y  
i n   t h e   n o r t h e a s t ,  and  the  lower  concentrations  over  the  middle  region are a l s o  
impor t an t   r e su l t s .  The ex i s t ence  of a ch lorophyl l  a depression where l a rge  numbers 
of sea  m a m m a l s  graze may p rove   t o   be   s ign i f i can t .  As a consequence  of  preliminary 
ana lyses  of the  total   Nantucket  Shoals  experiment,   marine scientists are ques t ion ing  
c u r r e n t   t h e o r i e s  on the  dynamics  of  the  shoals. 

- 

As for  remote  sensing  technology, it is v e r y   s i g n i f i c a n t   t h a t   t h e  same equat ion 
w a s  successful ly   used  throughout   the  experiment   to   convert   the  MOCS a l g o r i t h m   t o  
ch lorophyl l  a concentrat ion.  This is c o n s i s t e n t   w i t h   t h e   d a t a   i n   f i g u r e  2, which - 
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show t h a t   t h e   i n f l e c t i o n   r a t i o   a l g o r i t h m   r e m a i n e d   r e l a t i v e l y   c o n s t a n t   o v e r  a &year  
per iod.   Thus, , this   a lgori thm  holds   promise of becoming a valuable   remote  sensing 
t o o l   i n   a i r c r a f t  and satellites, inasmuch as it seems to  be f a i r l y   i n d e p e n d e n t  of the 
environment. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
A p r i l  6, 1983 
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TABLE 1.- MOCS SPECIFICATIONS 

Sensor................................ Image d i s s e c t o r  
scan  rate,  scans/sec............................. 3.51 
No. of s p e c t r a  per scan .......................... 150 
Spect ra l   range ,  nm ........................ 400 t o  700 
S p e c t r a l   r e s o l u t i o n ,  nm ........................... 15 
F i e l d  of view, deg .............................. 17.1 
S p a t i a l   r e s o l u t i o n ,  mrad ....................... 4 x 2 

TABLE 2.- MOCS  SPECTRAL  BANDS 

Band 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17  
18 
19 
20 

- 

Center 
wavelength, nm 

400 
41 5 
430 
445 
460 
475 
490 
506 
521 
537 
552 
568 
584 
601 
61 6 
63  1 
647 
66  3 
678 
69  4 

- - . . - - . 
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TABLE 3.- ENVIRONMENTAL CONDITIONS DURING MOCS DATA COLLECTION 

? l i g h t  

," 

Date 
MOCS da ta  

time frame , 
EDT 

Solar 
e leva t ion ,  

de9 

May 7,  1981 
May 8, 1981 
May 8, 1981 
May 9,  1981 
May 9,  1981 
May 11 , 1981 
May 13, 1981 

1159-1512 
0820-1 130 
151 8-1 741 
0845-1 138 
1408-1  731 
11 08-1 432 
1312-1714 

50-66 
32-62 
20-46 
35-63 
24-60 
56-67 
24-67 

m/sec 

8-10 

0- 2 
0 1-4 

1-1.5 

0.3  4-5 
0.3 5-6 

0-0.3  4-5 
0 

8 1 i 
Good MOCS da ta  for - 

150-m 
i l t i t u d e  

9-1 0 
1-10 
6,  A a  
1-3 
7-1 2 

9 

a l t i t u d e  

2 
( a )  

9,lO 

asee f igu re  I O .  

TABLE 4.- CHLOROPHYLL a CONCENTRATIONS DURING CROSSINGS 
OF R/V ALBATROSS 

[Crossings a t  l a t  45'50' N, l i n e  101 

Date 

May 71  1981 
May 8, 1981 
May 10,  1981 
May 11,  1991 
May 14,  1981 

Time, 
EDT 

2300 
0400 
1615 
0400 
2230 

50-53 
32-56 
20-46 
35-44 
24-43 

28-38 

Chlorophyll a concentration, 

Longitude p9/LT a t  - 
Crossing Peak i n  v i c i n i t y  

69'31' W 

3.7 3 e2 69'17' W 
3.2 3.2  69O39' W 
4.1  3.1 69'15' W 
6.1 2.7 69'37' W 
5 -1 4.3 
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Figure 1.- MOCS aircraft   real-t ime ocean color  analyzer. 
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Figure 3.-  F l i g h t   p a t h  of NASA P-3 on May 8,  1981, based on l o ran  C data. 
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a l o n g   l i n e  9 a t  150-m a l t i t ude   onMay   9 ,  1981. S o l a r   e l e v a t i o n  = 37O. 
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Figure 5.- High-altitude  (2300 m) versus  low-altitude  (150 m) MOCS da t a   co l l ec t ed   a long   l i ne  9 on 
May 13, 1981. Sola r   e l eva t ion  = 30° t o  3 6 O .  
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Figure 6.- Alti tude  comparison  of   calculated  chlorophyl l  a concen t r a t ions   u s ing  
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Figure 7.- Chlorophyll  a d i s t r i b u t i o n  (pg/L) based on MOCS d a t a   c o l l e c t e d  a t  
150-m a l t i t u d e  on May 8, 1981 ( f l i g h t  2). Sola r   e l eva t ion   va r i ed  from 32O 
f o r   l i n e  1 t o  5 6 O  f o r   l i n e  10. 
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Figure 8.- Chlorophyll  a d i s t r i b u t i o n  (pg/~) based on MOCS d a t a   c o l l e c t e d  a t  
150-m a l t i t u d e  on 9,  1981 ( t h r e e   n o r t h e r n   l i n e s  of f l i g h t  4 and s i x   s o u t h e r n  
l i n e s  of f l i g h t   5 ) .   S o l a r   e l e v a t i o n s   v a r i e d  from 350 t o  44O f o r   n o r t h e r n   l i n e s  
and from 24O to 43O fo r   sou the rn   l i nes .  

19 



70 69 

42 

r'" 

7 

70 69 
Long it ude, O W  

42 

41 

Figure 9.- Chlorophyll a  distribution ( m / L )  based on MOCS data collected 
a t  2300-m altitude on May 13, 1981 ( f l i g h t  7 ) .  Solar  elevations  varied 
from 3 3 O  to 38O. 
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Figure 10.- Chlorophyll  a concentrations  from MOCS d a t a   c o l l e c t e d  a t  
2300-m a l t i t u d e  on f lTgh t  3  on May 8,  1981.  Solar  elevations are 
ind ica t ed  on each   p lo t .  
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Figure  11.- Chlorophyl l  a concen t r a t ions   a long   l i ne  10 
( l a t  40.83' N) based   on  MOCS da ta .  Solar e l eva t ions   and  
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Figure 12.- Two f l i g h t   t r a c k s  of t he  P-3 on May 8, 1981, are ind ica t ed  by d o t t e d  
l ines.   Hatched area a t  t h e  100-m i soba th  w a s  a reg ion   of   depressed   ch lorophyl l  a 
concen t r a t ion   ( f ig .   10 ,   l i ne  6) and a region where a l a r g e  number of sea m a m m a l s  
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Figure  13.-  Comparison  of ch lo rophy l l  a measurements f o r  May 9, 1981,  along  l ine 2 
( l a t  41  O30' N )  made by MOCS and by R / V  Onrust on both eastbound  and  westbound  legs. 
Numbers i n d i c a t e  times measurements were made. S o l a r   e l e v a t i o n   d u r i n g  MOCS f l i g h t  
w a s  60°. 
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and MOCS data points 
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Figure 14.- Ealargement   of   f l ight  4 d a t a   r e g i o n   . i n   f i g u r e  8 with   the   addi t ion  of 
ch lo rophy l l  a concen t r a t ions  from water samples. - 
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Figure 15.- Comparison of chlorophyll  a  concentration  measurements made  by MOCS 
and AOL aboard NASA P-3 and by R/V'Albatross  along  longitude 69O40' W .  
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