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SUMMARY 

This  paper is  i n t e n d e d   t o  review laser f luo rosens ing   t echn iques   u sed   fo r  
the  a i rborne  measurement   of   chlorophyl l  a and o t h e r   n a t u r a l l y   o c c u r r i n g  water- 
borne   p igments .   Prev ious   exper iments   demonst ra t ing   the   u t i l i ty   o f   the   Ai rborne  
Oceanographic  Lidar (AOL) for   assessment  of var ious   mar ine   parameters  are 
b r i e f l y   d i s c u s s e d .  The conf igura t ion   of   the  AOL du r ing   t he  NOAA/NASA Superf lux 
Experiments is  descr ibed .  The p a r t i c i p a t i o n   o f   t h e  AOL in   t hese   expe r imen t s  is 
p resen ted   and   t he   p re l imina ry   r e su l t s  are d iscussed .   This   d i scuss ion   cen ters  on 
the  importance of  m u l t i s p e c t r a l   r e c e i v i n g   c a p a b i l i t y   i n  a laser f luorosens ing  
system  for  providing  reproducible  measurements  over  wide areas h a v i n g   s p a t i a l  
v a r i a t i o n s   i n  w a t e r  column t r ansmi t t ance   p rope r t i e s .   Th i s   capab i l i t y   min imizes  
t h e  number o f   t r u t h i n g   p o i n t s   r e q u i r e d  and is  u s a b l e   e v e n   i n   s h a l l o w   e s t a u r i n e  
areas where  resuspension  of  bottom  sediment is common. Final ly ,   problems en- 
countered on t h e   S u p e r f l u x   m i s s i o n s   a n d   t h e   r e s u l t i n g   l i m i t a t i o n s  on t h e  AOL 
d a t a  sets are addressed   and   feas ib le   so lu t ions   to   these   p roblems are provided. 

INTRODUCTION 

The NASA Wallops  Fl ight   Center  (WFC) Airborne  Oceanographic  Lidar (AOL) 
p a r t i c i p a t e d   i n  two series of  f i e ld   expe r imen t s   conduc ted   w i th in   t he   j o in t  
NOAA/NASA Superflux  Study.  During  these  experiments  the AOL w a s  flown  onboard 
t h e  WFC P-3A a i r c ra f t   t oge the r   w i th   t he   Lang ley   Resea rch   Cen te r  (LaRC) Multi-  
channel Ocean Color  Scanner (MOCS), L-band microwave  radiometer, T e s t  Bed 
Airborne  Mult ispectral   Scanner  (TBAMS), and  Airborne  Lidar  Oceanographic  Probing 
Experiment  (LOPE)  systems. The f i r s t  series of  Superflux  missions w a s  flown 
between  March 1 7  and  19,  1980,  while  the  second series w a s  flown  between  June 20 
and  27,  1980.  Although a l l  d a t a  sets have  been  reduced  and  have  received  pre- 
l imina ry   ana lys i s   on ly   t hose   r e su l t s   f rom  the   June   expe r imen t s  are r epor t ed   he re  
and are h e r e a f t e r   l a b e l e d  as WFC AOL Mission  numbers  30, 31, 32  and  33. 
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These  sensor  systems  formed  a  reasonably  complementary  group.  The MOCS and 
TBAMS  are  passive  multispectral  scanners  which  can be directly  analyzed  with  the 
active  AOL  multispectral  system  and  can  possibly  be  used  to  extend  the  utility 
.of  the  lidar  results  which  were  acquired in  a  profiling  mode.  However,  both  of 
the  passive  sensors are ideally  operated at a  much  higher  altitude  than  150 m 
and  most  of  the  passive  data  were  obtained  on  separate  missions. The L-band 
radiometer  is  a  passive  microwave  sensor  capable  of  determining  the  salinity  of 
the  surface  water  layer.  The  salinity  information  from  the  L-band  radiometer 
together  with  thermal  data  from  a  Precision  Radiometric  Thermometer  Hodel 
PRT-5  infrared  sensor  (recorded  independently  by  the  AOL  and  ALOPE  systems)  can 
be  utilized  to  establish  the  physical  framework  necessary  for  ultimately  inter- 
preting  the  results  of  the  optical  sensors.  The ALOPE, like the  AOL,  is  a  laser 
fluorosensing  system  but  differs in that  it  utilizes  two  (and  potentially  four) 
laser  wavelengths  for  excitation  and  has  only a single  channel  receiver  capa- 
bility.  The  dual  wavelength  stimulation  of  the  ALOPE  system  makes  the  recovery 
of  relative  concentrations  of  various  phytoplankton  color  groups  possible  while 
the  multispectral  receiver  capability  of  the  AOL  allows  correction  for  spatial 
variatlons in water  transmissivity  properties  through  normalization  with  the 
3400  cm-l  water  Raman  backscatter  signal. 

One  of  the  most  important  objectives  of  the  Superflux  missions  was  to 
present an opportunity  for  testing  various  NASA  remote  sensing  systems  to  meet 
NOAA/NMFS data  acquisition  requirements  related  to  providing an initial  baseline 
data  set  and  future  monitoring  of  Atlantic  coastal  waters.  Further,  these 
missions  afforded  NASA  an  opportunity to test  its  remote  sensors  in  experi- 
ments  where  a  number  of  surface  truthing  vessels  were  available  and  coordinated. 
Key  to  the  j.oint  program is the  recognition  by  all  that  oceanic  data  acquisition 
requirements  cannot  be  achieved  using  conventional  techniques  alone.  Assessment 
goals  can  only  be  reached  through  extensive  use  of  remote  sensors  (both  airborne 
and  spaceborne)  and  the  prudent  application  of  expensive  conventional  techniques 
to  extend  the  reliable  coverage  of  these  remote  sensors.  The  Superflux  program 
seeks  not  only to determine  the  feasibility  of  remote  sensing  parameters  of 
interest  that  can be  directly  measured  by  the  sensors  themselves,  but  also to 
evaluate  the  degree  to  which  associated  parameters  (that  are  not  directly 
measured  by  these  sensors)  can  be  reliably  determined or inferred.  Since  the 
AOL  has  numerous  potential  applications  beyond  those  demonstrated  on  the  Super- 
flux  missions  but  which  are  likewise  pertinent  to  the  future  NMFS  assessment 
program,  we  have  included  a  brief  review o f  these  capabilities  as  part  of  this 
paper. 

The  use  of  laser-induced  water  Raman  backscatter  for oil film  detection  and 
thickness  measurement was demonstrated  with  the  AOL  over  EPA-approved  oil 
slicks  in  a  series  of  experimen s conducted  in  1978.  A  337.1-nm  nitrogen  laser 
was  used  to  excite  the 3400-cm OH stretch  band of  natural  ocean  water  beneath 
the  oil  slicks  from an altitude of 150 m.’ The  signal  strength of the 381-nm 
water  Raman  backscatter  was  always  observed  to  decrease  when  the  oil  was 
encountered  and  then  return to its  original  value  after  complete  aircraft 
traversal  of  the  floating  slick.  After  removal  of  background  and  oil 
fluorescence  contributions  the  ratio  of  the depressed-to-undepressed airborne 
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F' water  Raman  signal  intensities,  together  with  laboratory-measured  oil  extinction 
coefficients,  was  used  to  calculate  the  oil  film  thickness.  In  addition, 
analytical  work  currently  ongoing  at WFC indicates  that  thickness  may  also  be 
recovered  from  airborne  laser-induced  fluorescence  from  the  oil.  Oil  spill  type 
classification  or  fingerprinting  data  analytical  efforts  are  in  progress  using 
absolute  oil  fluorescence  conversion  efficiency  techniques. 

The  measurement  of  the  concentration  of  a  fluorescent  dye  deployed  in  open 
ocean  water  was  demonstrated  with  the  AOL  using  similar  techniques.  Since  the 
amplitude  of  the  Raman  signal  is  directly  proportional  to  the  volume  of  water 
being  accessed  by  the  laser  pulse,  the  amplitude  of  the  fluorescence  return 
varies  directly  as  the  number  of  dye  molecules  in  that  volume.  In  turbid  waters 
only  the  very  surface  may  be  sampled  and  hence  only  high  concentrations  can  be 
detected;  whereas  lower  concentrations  can  be  observed  in  clear  water  with 
significantly  deeper  beam  penetration.  Concentrations  of  Rhodamine WT dye 
(frequently  used  as  a  tag  during  circulation  experiments)  were  measured  to 2 ppb 
during  field  tests  conducted  in  1978. 

The  simultaneous  measurement of Raman  backscatter,  chlorophyll  a,and  other 
naturally  occurring  pigments  was  demonstrated  using  the  AOL  in  1979  during 
experiments  conducted  in  the  German  Bight  and  in  estuarine  waters  in  the  vicinity 
of  WFC. ' These  field  experiments  utilized  essentially  the  same  instrument 
configuration  and  technology  reviewed  in  this  paper,  however  the  operation of 
the  fluorosensor  was  improved  and  available  surface  truthing  support  was  much 
better  during  the  Superflux  experiments,  potentially  allowing  the  Superflux 
results to be  of  greater  analytical  utility to marine  scientists. 

The  feasibility  of  performing  bathymetric  measurements to depths of up to 
10 m  with  an  airborne  lidar  system  was  demonstrated  using  the  AOL  in  a  joint 
NASA/NOAA/NORDA  program  conducted  in  1977.4  The  potential  importance of this 
work to the  future  NMFS  program  would  be  the  application of this  previously 
developed  depth  resolution  capability to resolving  the  vertical  distribution of 
various  fluorescent  parameters  such  as  chlorophyll - a. 2 '  ' 

INSTRUMENT  DESCRIPTION 

The  Airborne  Oceanographic  Lidar  (AOL)  is  a  state-of-the-art  scanning  laser 
radar  system  having  a  multispectral  time-gated  receiving  capability.  The  system 
is  designed  to  allow  adjustment  in  most  transmitter  and  receiver  settings.  This 
built-in  flexibility  gives  the  AOL  system  potential  application  in  many  oceano- 
graphic  areas.  Portions  of  the  hardware  and  software  capabilities of the  AOL 
have  been  briefly  discussed el~ewherel-~ but  will  be  summarized  and  expanded  as 
needed  to  illustrate  the  important  aspects of the  fluorosensing  mode  of  the 
instrument  as  utilized  during  the  Superflux  experiments.  Figures 1 and 2 should 
be  consulted  during  this  hardware  description.  Figure 2 is  a  detailed  portion 
of the  AOL  spectrometer  whose  location  in  the  system  is  given  within  Figure 1. 
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The AOL was  o p e r a t e d   i n   t h e   f l u o r o s e n s i n g  mode du r ing  a l l  of the Super- 
f l ux   mi s s ions .  The AOL system laser (Avco Model C-5000) w a s  e n t i r e l y   r e p l a c e d  
wi th  a frequency-doubled Nd:YAG laser having a 532.1-nm output  wavelength.  A 
h igh   speed   s i l i con   pho tod iode   v i ewed   r ad ia t ion   ex t r aneous ly   s ca t t e r ed   f rom  the  
f i r s t   f o l d i n g   m i r r o r   t o   p r o v i d e   t h e  start pulse   t iming   and   moni tor ing   of   the  
ana log   ou tput   pu lse  power s i g n a l .   D i g i t i z a t i o n   a n d   r e c o r d i n g   o f   t h i s   s i g n a l  
a l l o w   t h e   d a t a   t o   b e   c o r r e c t e d   f o r  laser ou tpu t  power v a r i a t i o n s .  The pulsed 
laser output  i s  fo lded  twice through 90" i n   t h e   h o r i z o n t a l   p l a n e   o f   t h e   u p p e r  
t ier  i n t o   t h e   a d j u s t a b l e  beam divergence /co l l imat ing  lens. The laser output  
beam divergence  of   the  f requency-doubled YAG laser i s  c o n t r o l l a b l e   o n l y  be- 
tween 0.3 and 5 mrad. Minimum divergence w a s  used  during a l l  o f   t h e s e   f i e l d  
experiments.  The beam i s  t h e n   f o l d e d   d i r e c t l y  downward through  the  main 
receiver f o l d i n g   f l a t , f i n a l l y   s t r i k i n g   t h e   a n g l e - a d j u s t a b l e   n u t a t i n g   s c a n  
mi r ro r .  The scan   mi r ro r  i s  56 c m  in   d i ame te r   and  is  connected a t  i t s  c e n t e r  
i n  a wheel-and-axle   type  configurat ion.   This   mirror  is in t eg ra l ly   connec ted  
wi th   an   ad jus t ab le   concen t r i c   coun te rba lance   whee l  so t h a t   t h e   e n t i r e  mechanism 
d o e s   n o t   v i b r a t e  when t h e   m i r r o r  i s  r o t a t e d   i n   n o n p e r p e n d i c u l a r   p o s i t i o n s   o f  
5 ,  1 0 ,  o r  15". A s e t t i ng   o f   15"   o f f   nad i r  w a s  u sed   fo r  a l l  Superf lux  missions 
and t h e   d a t a  were o b t a i n e d   i n  a nonscanning mode. T h i s   s c a n   m i r r o r   f i n a l l y  
d i r e c t s   t h e  beam t o   t h e   o c e a n   s u r f a c e .  The t o t a l   s u r f a c e ,  volume,  and/or 
ocean   bo t tom  backsca t t e red   s igna l s   r e tu rn   t h rough   t he  same path  but   because  of  
t h e i r   u n c o l l i m a t e d   s p a t i a l   e x t e n t  are p r i n c i p a l l y   d i r e c t e d   i n t o   t h e  30.5-cm 
Casseg ra in i an   r ece iv ing   t e l e scope .  The ho r i zon ta l   and  ver t ical  f i e l d s   o f   v i e w  
o f   t he   r ece iv ing   t e l e scope  are each   s epa ra t e ly   con t ro l l ed  by a p a i r  of opera- 
t o r - ad jus t ab le   foca l   p l ane   kn i f e -edges .  The r a d i a t i o n  is  then   co l l ima ted   t o  
e l iminate   undesirable   skewing of  the  bandpass  by  subsequent  narrowband  inter-  
f e r e n c e   f i l t e r s .  The r a d i a t i o n  i s  then  focused 3 cm behind   the   face   o f   the  
EM1 D-279 PMT t o   a v o i d  weak photocathode areas. The combination  45"  folding 
f l a t   a n d  beam s p l i t t e r   l o c a t e d  between the   co l l imat ing   lenses   and   the   nar row-  
band i n t e r f e r e n c e   f i l t e r  i s  used   on ly   i n   t he   f l uo rosens ing  mode. 

The beam-sp l i t t i ng   mi r ro r   d i r ec t s  a m a j o r   p o r t i o n   o f   t h e   e x c i t a t i o n  wave- 
l e n g t h   a n d   t h e   f l u o r e s c e n t   r e t u r n   s i g n a l   i n t o   t h e   f l u o r o s e n s i n g   d e t e c t o r  
assembly. The YAG laser exci ta t ion  wavelength  (532 nm) component of t h e  
r e t u r n   s i g n a l  w a s  re jec ted   f rom  the   spec t rometer  by a Kodak 21  high-pass 
( w a v e l e n g t h )   f i l t e r .   T h i s   f i l t e r  rejects rad ia t ion   be low  540  nm. A small 
amount of  t h e   s u r f a c e   r e t u r n   s i g n a l  i s  al lowed  to   pass   through a small l-cm 
opening i n   t h e  beam s p l i t t e r  where i t  is  sensed  by  the  bathymetry  photomulti-  
p l i e r   t ube   and   subsequen t ly   u sed   t o   measu re   s l an t   r ange   and   t o   gene ra t e   t he  
g a t e   p u l s e s   f o r   t h e   a n a l o g - t o - d i g i t a l   c h a r g e   d i g i t i z e r s  (CD). A 0.3-nm 
narrowband i n t e r f e r e n c e   f i l t e r  was p l a c e d   i n t o   t h e  ll-cm diameter   co l l imated  
r e t u r n  beam j u s t   b e h i n d   t h e  beam s p l i t t e r .  The ba thymetry   photomul t ip l ie r  
tube   por t ion   o f   the   sys tem  must   therefore   func t ion   dur ing  a l l  modes of  opera- 
t i on   and   s l an t   r ange   i n fo rma t ion  i s  a v a i l a b l e  a t  a l l  times. 

The f luorosens ing   de tec t ion   assembly   conta ins   an  ll-cm diameter   t rans-  
m i s s i o n   d i f f r a c t i o n   g r a t i n g   b l a z e d   f o r  480.0 nm having 600 grooves/mm. An 11- 
cm d i ame te r   s imp le   l ens   b r ings   t he   d i spe r sed   r ad ia t ion   t o   t he   en t r ance   su r f ace  
of t h i r t y - s i x   q u a r t z   l i g h t   g u i d e s .   T h e s e   g u i d e s  are o p t i c a l l y   c o u p l e d   t o  two 
separa te   banks   o f  20 RCA C71042 phototubes  of  which a t o t a l   o f   o n l y   t h i r t y - s i x  
were used   i n   t hese   expe r imen t s .  The f r o n t   f a c e s   o f   t h e   l i g h t   g u i d e s  are 
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j! . 
I p hys i ca l ly   l oca t ed  i n  t h e   f o c a l   p l a n e   t o  receive t h e   d i s p e r s e d   s p e c t r a l  com- 

ponents  nominally  from 390 t o  800 nm. T h i s  c o n f i g u r a t i o n   y i e l d s  a s p e c t r a l  
bandwidth  of  11.25 nm fo r   each   channe l .  The tubes  are n o t   s h u t t e r e d   o r   g a t e d  
bu t  remain active a t  a l l  times. Ambient  background r a d i a t i o n   r e j e c t i o n  is 
provided  by  the 0-20 mrad ad jus tab le   f ie ld-of -v iew (FOV) kn i fe -edge   pa i r s  
l oca t ed  a t  t h e   f o c a l   p o i n t   o f   t h e   r e c e i v i n g   t e l e s c o p e .  The  optimum o p e r a t i o n a l  
FOV f o r   o u r   f i e l d  tests was  exper imenta l ly   de te rmined   to   be  4 mrad  by observing 
t h e  water Raman SNR. The pu l sed   ana log   ou tpu t s   o f   t he  entire bank of   phototubes 
are rou ted   t o   ac -coup led   bu f fe r   ampl i f i e r s   t ha t   d r ive   each   o f   t he   t h i r ty - s ix  
c h a r g e   d i g i t i z e r  (CD) input   channels .  The ampl i f ie rs   respond  on ly   to   wide  
bandwidth   f luorescent   pu lses ,   and   thus   response   to   background  no ise  is very  
minimal p e r m i t t i n g   f u l l   d a y l i g h t   o p e r a t i o n .  . 

The f luorosensor  PMT ana log   ou tpu t s  are routed  through 1 O X  buffer   ampli-  
f i e r s  and   d ig i t i zed .  All t h i r t y - s i x   c h a r g e   d i g i t i z e r s  are s imultaneously  gated 
ON t o   o b t a i n   t h e  en t i r e  s p e c t r a l  waveform a t  a temporal   posi t ion  determined  by 
the   su r f ace   r e tu rn   s igna l   f rom  the   ba thymet ry   pho tomul t ip l i e r   t ube .   Add i t iona l ly ,  
the C D s  can   be   he ld  ON f o r   s e l e c t a b l e   i n t e g r a t i o n  times of 15 to   150   n sec   u s ing  
a LeCroy  model 161   d i sc r imina to r .  An i n t e g r a t i o n   p e r i o d  of  approximately 
30 nsec w a s  used  during a l l  of   the   Super f lux   miss ions .  The CDs are fundamen- 
t a l l y   t h e   a n a l o g - t o - d i g i t a l   c o n v e r t e r s   f o r   t h e  AOL s p e c t r a l  waveform d i g i t i z i n g  
system. The c h a r g e   d i g i t i z e r s  are 10 b i t   y i e l d i n g  a maximum of 1024 counts .  
Thei r   ou tput  is  d i r ec t ed   t h rough  CAMAC s t anda rd   i n s t rumen ta t ion   t o  a H e w l e t t -  
Packard 2lMX computer f o r   r e c o r d i n g .  Wi th   p roper   de lay   ad jus tments   re la t ive   to  
the  bathymetry PMT-derived s u r f a c e   r e t u r n ,   t h e   s p e c t r a l  waveforms may be  taken 
a t  any   pos i t ion   above   or   be low  the   ocean   sur face .   In   th i s   exper iment   the   spec-  
t r a l  waveform d a t a   a c q u i s i t i o n  w a s  s t a r t e d  3 nsec   p r io r   t o   encoun te r ing   t he  
su r face  and  terminated 30 nsec  la ter .  Summary informat ion   and   addi t iona l  
i n s t r u m e n t a t i o n   d e t a i l s  may be  found i n  Refs. 1 through 4 .  

DESCRIPTION OF THE FIELD WORK 

During  the  June 1980 Super f lux   f ie ld   exper iments   the  AOL w a s  f lown  on  f ive 
sepa ra t e   mi s s ions ,   however   t he   f i r s t   mi s s ion   o f   t h i s  series w a s  f lown  near   the 
mouth of   the Delaware Bay and i s  n o t   i n c l u d e d   i n   t h i s   p a p e r .   F i g u r e s  3 and 4 
are computer p l o t s   o f   t h e   f l i g h t l i n e s   o c c u p i e d  on the remaining  four   missions.  
The purposes  of  the AOL p a r t i c i p a t i o n   i n   t h e s e   m i s s i o n s  w e r e  ( 1 )   t o  assess t h e  
p r e c i s i o n   a n d   a c c u r a c y   o f   t h e   s y s t e m   i n   p r o v i d i n g   t o t a l   c h l o r o p h y l l  a concentra- 
t i o n   i n   t h e   s u r f a c e   l a y e r   ( u p p e r  5 m) of water column,  and (2)  t o   p rov ide   w ide  
area, nea r ly   synop t i c  maps of  t h e   d i s t r i b u t i o n   o f  water t ransmiss iv i ty   and  
ch lorophyl l  a concen t r a t ion   ( a s  wel: as t h e  re la t ive d i s t r i b u t i o n   o f   o t h e r  
organic   p igments )   in   the   v ic in i ty   o f   the   Chesapeake  Bay mouth  and  adjacent 
A t l a n t i c   s h e l f .   F u r t h e r ,   t h e  AOL w a s  u s e d   t o   d i g i t a l l y   r e c o r d   t h e   a n a l o g   o u t p u t  
of t h e  PRT-5 i n f r a red   t he rma l   s enso r .  
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The f l i g h t l i n e s  were ar ranged   pr imar i ly   to   p rovide   wide  areal coverage  of 
t h e   s t u d y  area with  convergence and c lose r   spac ing   a round   t he   v i c in i ty  of 
Cape Henry  where s p a t i a l   g r a d i e n t s   o f   t h e   v a r i o u s   p a r a m e t e r s  were expected  to  
b e   t h e  most  pronounced. On some o f   t he   mi s s ions  however c e r t a i n   o f   t h e  
f l i g h t l i n e s  were r e p e a t e d   o r ' a r r a n g e d   i n  a c ross ing   pa t te rn .   Al though  the  
r e p e a t i n g   l i n e s  do no t   appea r   t o   p rov ide   op t ima l   u se   o f   p r ime   f l i gh t  time they 
do provide   an   e f fec t ive   measure   o f   p rec is ion   and   repea tab i l i ty   for   an   unproven  
sensor  as w i l l  be   seen   in   the   succeeding   sec t ion   of   th i s   paper .   L ikewise ,  
c ros s ing  o r  h igh ly   conve rg ing   l i nes   can   be   u sed   t o  assess t h e   i n t e r n a l  con- 
s i s t e n c y   o f  a sensor   p rovided   the   t empora l   separa t ion   be tween  the   l ines  is 
s h o r t  re la t ive t o   t h e   t e m p o r a l   f l u x   i n  parameter concent ra t ions .  Once t h e  
p rec i s ion   o f   t he   s enso r  i s  documented,however,   the  crossing  l ines  having 
l a r g e r   t e m p o r a l   s e p a r a t i o n   c a n   b e   u s e d   t o   i n f e r  dynamic  changes in   parameters .  
U n f o r t u n a t e l y   a v a i l a b l e   f l i g h t  t i m e  d id   no t   pe rmi t   t he   i nc lus ion  of many 
r e p e a t i n g   o r   c r o s s i n g   l i n e s .  

The s u r f a c e   t r u t h i n g   l o g i s t i c s  were coord ina ted  by t h e  LaRC experiment 
team. On each   mi s s ion   va r ious   r e sea rch  vessels were deployed a t  p o i n t s  
des igned   to   be   co inc ident   wi th   the   p ro jec ted   g round  t rack   of   the  P-3 a i r c r a f t .  
The r e s u l t s   o f   s u r f a c e  measurements  taken a t  t h e s e   p o i n t s  would then   se rve  as 
s t anda rds   aga ins t   wh ich   t o  test the  accuracy  of   the  onboard  sensors   and  these 
measurements  would  subsequently  allow  the  relative  values  obtained 
by the   s enso r s   t o   be   conve r t ed   i n to   abso lu t e   concen t r a t ions .  Once 
c o n v e r t e d ,   t h e   a i r b o r n e   s e n s o r s   a l l o w   e x t e n s i o n   o f   t h e   r e l i a b l e   s u r f a c e  mea- 
surements  over  wide areas i n  a reasonably  synoptic  manner.  The u t i l i t y  of 
t h i s   t e c h n i q u e  i s  of   course   dependent   on   the   sh ip ' s   sampl ing   the  same watermass 
t h a t  w a s  observed by the   s enso r .  Temporal  and s p a t i a l   s e p a r a t i o n  between 
airborne  and  surface  sampling  degrades  the  confidence  that   can  be  a t tached  to  
the   s enso r   da t a .   In   p rac t i ce ,   pe r f ec t   s ampl ing   co inc idence  is  n e a r l y  impos- 
s i b l e ,   t h e r e f o r e   t h e   r e l a t i v e   v a r i a t i o n   i n   t h e   g r a d i e n t s   o f   t h e   c o n s t i t u e n t s  
under   cons idera t ion   bo th   in  time and   space   mus t   be   t aken   in to   account   in  
a s ses s ing   t he   deg ree  of r e l i a b i l i t y   t o   b e   a t t a c h e d   t o   t h e   s e n s o r   t e s t i n g .  
This   top ic  w i l l  be  expanded i n   t h e   c o n c l u d i n g   p o r t i o n   o f   t h e   n e x t   s e c t i o n   o f  
t h i s   p a p e r .  

DISCUSSION OF RESULTS 

T h i s   s e c t i o n   h a s   b e e n   d i v i d e d   i n t o   s u b s e c t i o n s   i n   o r d e r   t o   p u r s u e   d i s -  
cussion  of several s e p a r a t e   b u t   r e l a t e d   a s p e c t s   o f   t h e  AOL p a r t i c i p a t i o n   i n  
the  Superf lux  experiments .  The i n i t i a l   s u b s e c t i o n   d e s c r i b e s   t h e   m u l t i s p e c t r a l  
da ta   ob ta ined   by   the  AOL, the   second  por t ion   o f   th i s   sec t ion   examines   the  
n e c e s s i t y   f o r   a p p l y i n g   c o r r e c t i o n s   t o   t h e   s p e c t r a   f o r   s p a t i a l   v a r i a t i o n s   i n  
t h e   t r a n s m i s s i v i t y   p r o p e r t i e s   o f   t h e  water column,  and t h e   f i n a l   s e c t i o n  
examines  the  degree  of   confidence  that   can  be  placed  on  the AOL da ta   ob ta ined  
during  the  Superf lux  experiments .  The r e s u l t s   p r e s e n t e d   h e r e i n  must be con- 
s i d e r e d   p r e l i m i n a r y   i n   t h a t  more a n a l y s i s  w i l l  b e   r e q u i r e d   b e f o r e  i t  w i l l  be a 
f u l l y   f u n c t i o n a l   d a t a  set. A s  w i l l  b e   p o i n t e d   o u t   i n   t h e   s u c c e e d i n g   d i s -  
cuss ion ,   t he re  are a d d i t i o n a l   c o r r e c t i o n s   t o   b e  made t o   t h e   d a t a   w i t h   r e g a r d  
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t o   a d j u s t i n g  the s p e c t r a l  waveform. Beyond t h i s  there are some i n h e r e n t   e r r o r s  
f o r  which w e  w i l l  n o t  be a b l e   t o  compensate.  These e r r o r s  do n o t   a p p e a r   t o  
s e r i o u s l y   d e g r a d e   t h e   u t i l i t y   o f   t h e  AOL r e s u l t s .   F e a s i b l e   s o l u t i o n s   t o   t h e s e  
remaining  problems w i l l  be   p re sen ted   and   mos t   o f   t hese   so lu t ions  are e i t h e r   i n  
the   p rocess   o f   be ing   implemented   or   can   be   e f fec ted   by   the  t i m e  t he   nex t   mi s s ion  
of t h i s   t y p e  i s  undertaken. The l o g i s t i c a l   d i f f i c u l t i e s   d e s c r i b e d   i n   t h e   f i n a l  
po r t ion   o f   t h i s   s ec t ion   shou ld   no t   be   cons t rued  as criticism of  the  experiment 
team b u t   r a t h e r  as s u g g e s t i o n s   f o r   i m p r o v i n g   f u t u r e   e f f o r t s .  

AOL Data Descr ip t ion  

The  532.1-nm exci ta t ion   wavelength   p rovided  by the  frequency-doubled YAG 
laser y i e l d s   s p e c t r a  similar to  those  obtained  from  Chesapeake Bay water i n  work 
performed a t  the  Langley  Research  Center (LaRC) l a b o r a t o r i e s . 6  S i m i l a r  s p e c t r a  
were obta ined   by   the   a i rborne   l idar   sys tem (AOL) on  the  Superf lux  experiments .  
Compare the   l aser - induced   spec t ra   ob ta ined   wi th in   the   bay  plume (Figure  5a)   with 
one   ob ta ined   of fshore   (F igure   5b) .  The loca t ions   o f   these   sampl ing   po in ts  are 
noted  on  Figure  4.  Each a i rborne   spec t rum is  a s imple   average   o f   f ive   seconds  
of   da ta   ga thered  a t  6 .25  pps  or  31 waveforms. The t h r e e   s p e c t r a l   l i n e s  of  most 
i n t e r e s t  are l a b e l e d   i n   b o t h   F i g u r e s   5 a  and  5b.  These spectral   peaks  correspond 
t o   t h e  Raman b a c k s c a t t e r ,   c h l o r o p h y l l  a, and  organic  pigment  l ines a t  645 nm, 
685 nm, and  580 nm r e s p e c t i v e l y .  The o rgan ic   p igmen t   l i ne   has   no t   been   fu l ly  
understood  and i s  c u r r e n t l y   b e i n g   i n v e s t i g a t e d   i n   j o i n t  WFC/LaRC experiments.  
Openings were p r o v i d e d   t h r o u g h   t h e   l o n g p a s s   f i l t e r   t o   a l l o w  a small smount  of 
on-wavelength  backscat ter   into  the  spectrometer  a t  532 nm. These spectra have 
no t   been   co r rec t ed   fo r  a s l i g h t   d i s t o r t i o n  from  the Kodak 2 1  l o n g p a s s   f i l t e r  
u s e d   t o   p a r t i a l l y  reject t h e  laser wavelength  from  the  spectra.   Also,   cross- 
channel   in te r fe rence   be tween  the  Raman peak r e t u r n  and t h e   c h l o r o p h y l l  a r e t u r n  
have  not  been  deconvolved.  This may produce some e r r o r   i n   b o t h   v e r y  clear, 
of f shore  waters w h e r e   o u r   r e i a t i v e   c h l o r o p h y l l   v a l u e s  may b e   s l i g h t l y   e l e v a t e d  
o r   i n   t u r b i d ,   n e a r s h o r e  waters with  s t rong  chlorophyl l   responses   where  our  
r e l a t i v e   c h l o r o p h y l l   v a l u e s  may be   too  low. 

I n   a n a l y t i c a l  work  performed  on  the  Superflux  data sets a t  WFC we have 
produced a number of  d a t a   p r o d u c t s   t h a t  w e  f e e l  w i l l  b e   u s e f u l   i n   i n t e r p r e t i n g  
t h e   r e s u l t s   o f   t h e   f i e l d   e x p e r i m e n t s   a n d   i n   p r e p a r i n g   t e c h n i c a l   p a p e r s  some of 
which are p lanned   fo r   j o in t   au tho r sh ip   w i th   o the r   Supe r f lux   i nves t iga to r s .  
These  products   include time-series c ross - sec t ions   and   spa t i a l   con tour   p lo t s   o f  
pigment, Raman,and ch lo rophy l l  a spec t r a l   peaks .  The time-series c ross - sec t iona l  
pro jec t ions   have   been   prepared   for  a l l  passes   t aken   dur ing   the   Super f lux   exper i -  
ment while   the  contoured  project ions  have  been  produced  only  for   the  missions 
flown  on  June  23,  25  and  27,  1980. The mission  f lown on June  20th  had  too  few 
f l i g h t l i n e s   t o   a l l o w   c o n t o u r i n g .   F i g u r e  6 i s  an  example  of a cross-section  from 
a pass  flown on  June  23rd  and i s  t y p i c a l  of t h e   p l o t s   o b t a i n e d  on most of t h e  
passes   f lown  wi th in   the   bay   or   across   the   bay   ou t f low plume.  Note t h e   l a r g e  
i n c r e a s e   i n   c h l o r o p h y l l  a as t h e  mouth of   the  bay i s  approached  during  the 
la t ter  p o r t i o n   o f   t h e   f l i g h t l i n e .  The a c t u a l   l o c a t i o n   o f   t h i s   f l i g h t l i n e  4 is 
g i v e n   i n   F i g u r e  3b. F igures  7-9 are ind iv idua l   con tour   p lo t s   o f  Raman, chloro-  
p h y l l  a and  pigment  produced  from  the  mission  flown  on  June 23. The do t t ed  
s e g m e n t s   i n d i c a t e   t h e   a c t u a l   a i r c r a f t   f l i g h t  ground  t racks.   Note   that   the  Raman 
va lues   va ry   i nve r se ly   w i th   a t t enua t ion ,   t hus   t he   h ighe r  Raman va lues   on   these  
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p l o t s   r e p r e s e n t  clearer water w h i l e   t h e   l o w e r   v a l u e s   i n d i c a t e  more t u r b i d i t y   i n  
t he   uppe r   l aye r  of t h e  water column. Of p a r t i c u l a r   i n t e r e s t  are t h e   d i s t r i b u t i o n  
of clear and   tu rb id  watermasses on t h e  Raman contour   p lo t   and   the   p resence   o f  
t he   ou t f low plume ev iden t  on a l l  t h r e e   c o n t o u r   p l o t s .  The c o n t o u r   p l o t   i n  
F igure  7 has   been   co r rec t ed   on ly   fo r   a l t i t ude   and  laser power v a r i a t i o n s .  
Contour p l o t s  8 and 9 h a v e   b e e n   c o r r e c t e d   f o r   a l t i t u d e ,  laser power f luc tua -  
t i o n s ,   a n d   s p a t i a l   v a r i a t i o n s   i n   t h e   o p t i c a l   p r o p e r t i e s   o f   t h e  watermass. This 
l a t te r  co r rec t ion   has   been  made to   the   o rganic   p igments   and   ch lorophyl l  a re- 
sponse  peaks  by  normalizat ion  with  the water Raman response  peak  of   Figure 7. 
This   normal iza t ion   procedure  w i l l  b e   d i s c u s s e d   i n   d e t a i l   i n   t h e   n e x t   s u b s e c t i o n .  
The c ross -sec t ions  as w e l l  as the   con toured   p ro j ec t ions  made from them are 
p r e s e n t l y  re la t ive parameter   va lues   comparable   on ly   to   o ther   parameter   va lues  
t aken   w i th in   t he  same d a t a  set. Through t h e   a p p l i c a t i o n   o f   a v a i l a b l e   t r u t h  
measurements i t  a p p e a r s   t h a t   t h e  AOL ch lo rophy l l  a f luorescence   da ta   can   be  con- 
v e r t e d   i n t o   a b s o l u t e   u n i t s   o f   c o n c e n t r a t i o n   o n  a t l e a s t  th ree   o f   t he   fou r  Super- 
f l ux   mi s s ions .   Th i s  w i l l  be   d i scussed   subsequent ly .  A s  w e  s h a l l  see, t h e   t r u t h  
d a t a  from  Figure  12b  can  be  used  to  convert   Figure 8 to   an   abso lu t e   ch lo rophy l l  a 
concent ra t ion  map. 

- 

Three  major  problems  remain i n   t h e  AOL Superf lux   da ta  sets.  These are (1) 
s p e c t r a l   d i s t o r t i o n   f r o m   t h e  Kodak 2 1   f i l t e r ;   ( 2 )   s e p a r a t i o n   o f   G e l b s t o f f  
f luorescence  from that of   t he   o the r   o rgan ic   p igmen t s ;   and   (3 )   t he   spec t r a l  
ove r l ap   o f   t he  water Raman backsca t te r   and   ch lorophyl l  a f luo rescence   s igna l s .  
C o r r e c t i o n   f o r   t h e  Kodak 2 1   f i l t e r   a p p e a r s   t o   b e   t h e  least s i g n i f i c a n t   o f   t h e s e  
d i f f i c u l t i e s .  The s p e c t r a l   p r o p e r t i e s   o f   t h i s   f i l t e r  are w e l l  known and  thus 
c o r r e c t i o n s   f o r   d i s t o r t i o n   c a n   b e   a p p l i e d   i n  a s t r a igh t fo rward  manner. The 
o t h e r  two problems are more d i f f i c u l t   t o   a d d r e s s .  The separa t ion   of   Gelbs tof f  
f luorescence   f rom  the   responses   o f   the   o ther   o rganic   p igments   cannot   be   fu l ly  
addres sed   i n   t he   Supe r f lux   da t a  sets and w i l l  l i k e l y   n o t   b e   a t t e m p t e d .  The 
problems  due   to   spec t ra l   over lap   o f   the   ch lorophyl l  a and Raman s igna l s   can   be  
c o r r e c t e d   f o r   t h e  most pa r t   t h rough   i n t e rpo la t ion   t echn iques  similar t o   t h o s e  
p re sen ted   i n   Re fe rence  1. A s  w i l l  be  shown i n   t h e   f i n a l   p o r t i o n   o f   t h i s   s e c t i o n ,  
t h i s  l a t t e r  problem  does  not   appear   to   present  a s e r i o u s   e r r o r   i n   t h e   S u p e r f l u x  
d a t a  sets where   t he   t o t a l   ch lo rophy l l  - a concentration  primarily  remained  between 
0.2  and  5.0  yg/R.  This  error,however,  would become s i g n i f i c a n t   i n   c o n d i t . i o n s  
o f   h i g h   t o t a l   c h l o r o p h y l l  - a concent ra t ion .  

The s o l u t i o n   t o   b o t h  o f  t h e s e  l a t te r  problems  appears   to   involve a s h i f t  i n  
the  laser wavelength. A f i e l d   s t u d y  aimed a t  resolving  both  the  photo-pigments 
and  chlorophyl l   might   best   be   addressed by us ing  a f luorosensing  system  equipped 
wi th  two laser wavelengths.  One laser could  be  operated a t  a wavelength   in   the  
515-520 nm reg ion .   Th i s   exc i t a t ion   wave leng th  would p l a c e   t h e  Raman backsca t t e r  
l i n e   i n   t h e   6 2 0 - t o  628-nm por t ion   of   the   spec t rum,   thus   p rovid ing  a reasonable  
sepa ra t ion  from t h e   c h l o r o p h y l l   l i n e  a t  685 nm. The o t h e r  laser could  be a 
ni t rogen  system a t  337.1-nm e x c i t a t i o n   w a v e l e n g t h   a l l o w i n g   b e t t e r   d e f i n i t i o n  of 
the  broad  Gelbstoff  response.   These lasers c o u l d   b e   a l t e r n a t e l y   p u l s e d   o r   b e  
used  one a t  a time on a l t e r n a t i n g   p a s s e s  made ove r   t he  same f l i g h t l i n e .  
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Corrections  for  Spatial  Variations in Water  Transmissivity  Properties 

The  importance in laser  fluorosensing  of  applying  corrections  to  the 
various  fluorescence  responses  for  spatial  variation in water  column  transmit- 
tance  properties  cannot  be  overstressed  for  the  precise  recovery  of  even  rela- 
tive  concentrations  of  various  parameters.  The  transmittance  of  the  water  can 
be measured  from  the  participating  surface  truth  vessels  using in situ techni- 
ques  for  recovering a and K ,  the  beam and  diffuse  attenuation  coefficients 
respectively.  Alternately,  the  "apparent"  transmissivity  of  the  water can 
directly  acquired  by  the  laser  fluorosensor  itself  by  monitoring  the 3400 cm 
water  Raman  backscatter  signal.  The  Raman  backscatter  signal  is  proportional  to 
the  number  of  water  molecules  accessed  by  the  laser  pulse  during  the  receiver 
integration  period.  If  the Raman  line is  sufficiently  close  to  the  response 
line  of  the  parameter  to  be  corrected  the  relative  concentration  of  that  param- 
eter  can  be  found  by  simply  normalizing  its  response  intensity  with  that  of  the 
water  Raman.  This  technique has  been  recently  demonstrated  with  a  dual  channel 
receiver7''  using  a 50/50  beam  splitter  and  respectively  isolating  the  Raman  and 
chlorophyll  a  lines  with  a 10-nm interference  filter  centered  at 560 nm and  a 
23-nm filtercentered  at  685 nm. A dual  channel  receiving  system  is  however 
restricted  to  monitoring  single  parameters  and  necessarily  the  resulting  data 
cannot  be  corrected  for  spectral  interference  from  other  responses  such  as 
described  in  the  preceding  section.  Further,  with  increasing  importance  poten- 
tially  attached  to  other  fluorescence  response  wavelengths6 Y 9 we feel  that  a 
multichannel  receiving  capability  is  the  appropriate  type  sensor  for  baseline 
assessment  and  monitoring in  estuarine  and  nearshore  water  bodies. 

-P" 

Figure 10 illustrates  the  importance  of  the  normalization  procedure.  The 
cross  sections  shown  in  Figure 10 are  time  history  plots  of  the  peak  channel 
amplitudes  of  the  organic  pigment,  Raman,  and  chlorophyll  a  lines  for  Pass 8 .of 
the  Superflux  mission  flown on June 27, 1981. The  location  of  Pass 8 is  shown 
in  Figure 4 .  The  chlorophyll  a  and  pigment  profiles  in  Figure  10a  have  not  been 
normalized  with  the  water  Raman  data.  In  Figure  iOb  the  chlorophyll  a  and 
pigment  peak  values  have  been  divided  (or  normalized)  by  the  corresponding 
645-nm  Raman peak  obtained  simultaneously.  The  amplitude  of  the  Raman  peak 
channel  is  of  course  not  normalized  and  remains  the  same in  both  Figure  10a and 
Figure lob. The  Raman  cross  section  is  representative  of  the  relative  water 
transmissivity  and  thus  increases  in  amplitude  in  areas  of  clearer  water  and 
correspondingly  lowers  in  amplitude  in'areas  of  more  turbid  water. A s  expected, 
the  Raman  cross  section  indicates  that  the  offshore  water  is  more  transmissive 
than  the  water  just  off  Cape  Henry  where  the  flightline was discontinued. 
Notice  that  the  raw  chlorophyll  a  and  organic  pigment  responses  appear  to  only 
increase  slightly  over  the  flightline on Figure  loa. In Figure  10b  however,  the 
corrected  responses  of  both  the  chlorophyll  and  organic  pigments  are  decreased 
from  their  previous  values  offshore  where  the  Raman  signal  indicates  a  larger 
volume  of  water was accessed  by  the  laser  pulse.  They  are  larger  nearshore  in 
the  more  turbid  watermass  where  a  smaller  volume  of  water  was  accessed  as  indi- 
cated  by  the  lower  Raman  signal. 
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Most o f   t he   f l i gh t l i nes   f l own   du r ing   t he   Supe r f lux   expe r imen t s   had  varia- 
t i o n s   i n   t h e   s p a t i a l   d i s t r i b u t i o n   o f  water t r ansmi t t ance  similar t o   t h a t  shown 
i n   F i g u r e  10. P a t c h i n e s s   i n  water c l a r i t y  and   ch lorophyl l   concent ra t ion  w a s  
e spec ia l ly   ev iden t   w i th in   t he   bay   p rope r   and  i n  the   bay   ou t f low  f lanking   the  
V i r g i n i a   s h o r e l i n e   s o u t h   o f  Cape Henry. We h a v e   f o u n d   t h e s e   v a r i a t i o n s   t y p i c a l  
of most watermasses overf lown  within  the  Chesapeake  and Delaware Bays,  on  the 
Atlantic s h e l f ,   a n d  i n  t h e  German Bight of  the  North  Sea.  

Resu l t s   o f  AOL Self-Consistency Tests and  Comparison 
with  Surface  Truth  Measurements 

The i n t e r n a l   c o n s i s t e n c y   a n d   p r e c i s i o n   o f   t h e  AOL can  be  adequately demon- 
s t r a t e d  b y   t h e   r e o c c u p a t i o n   o f   f l i g h t l i n e s   w i t h i n   s h o r t  time i n t e r v a l s   o r  by 
f l y i n g  a g r i d   p a t t e r n   o f   f l i g h t l i n e s   w i t h  many c r o s s i n g   p o i n t s .  Of t h e  two 
o p t i o n s   a v a i l a b l e  w e  p r e f e r   t h e   r e o c c u p a t i o n   o f   t h e  same l i n e   s i n c e   t h i s   p r o -  
cedure   furn ishes   cons iderably  more over lapping   po in ts ,   t empora l   separa t ion  
be tween  over lapping   po in ts   can   be   min imized ,   and   uncer ta in t ies  i n  p o s i t i o n i n g  as 
determined  by  the  onboard  Litton LTN-51 I n e r t i a l   N a v i g a t i o n  System  (INS) o r   t h e  
a u x i l i a r y  Loran-C system are reduced. The c r o s s i n g   g r i d   p a t t e r n ,  on t h e   o t h e r  
hand,  al lows maximum areal coverage  while  s t i l l  p resen t ing  enough  overlapping 
p o i n t s   t o   i n s u r e   t h a t   n o   d r i f t  i n  t h e  AOL system  has   taken  place.  

Dur ing   the   course   o f   the   Super f lux   exper iments  a number o f   l i n e s  were 
reoccupied   dur ing   the  same experiment.  Of t h e s e   d a t a  sets, hcwever, on ly  Passes 
6 and  16  of  the  mission  f lown on June  27th are u s a b l e   f o r   t e s t i n g   s e n s o r   p r e -  
c i s i o n .  The l o c a t i o n s   a n d   f l i g h t   d i r e c t i o n s   o f   P a s s e s  6 and 1 6  are l a b e l e d   i n  
Figure 4b. The remaining sets were e i t h e r  monotonous ( l o c a t e d   t o o   f a r   o f f s h o r e  
o r   t o o   f a r   s o u t h   o f  Cape Henry) ,   had  gross   temporal   separat ion,  o r  i n  one case 
the  set w a s  flown a t  the  very  beginning o f  a mission when t h e  AOL was s t i l l  
bEing  adjusted  and  optimized. 

Cross - sec t iona l   p lo t s  of Passes  6 and  16  are. shown  on F igure  11. The t h r e e  
parameters   (ch lorophyl l ,  Raman, and   p igment )   o f   in te res t  are l a b e l e d   i n   t h e  
f i g u r e .  The two passes  were flown i n   o p p o s i t e   d i r e c t i o n   w i t h   r e s p e c t   t o  one 
another .  The chlorophyl l   and  pigment   responses   have  been  normalized  with  the 
Raman backsca t t e r   s igna l .   No te   t he   ag reemen t   i n  a l l  cases, even down t o  rela- 
t i v e l y  small-scale f e a t u r e s .  A t  t h i s   p o i n t  w e  have   no t   a t tempted   to  s ta t is t i -  
ca l ly   quan t i fy   t he   ag reemen t   a l t hough  i t  i s  o u r   i n t e n t i o n   t o  do s o  as w e  con- 
t inue   our   ana lys i s   o f   Super f lux   da ta .  

Although  only  one set of  passes  can  be compared i n   t h i s  manner  from t h e  
Chesapeake Bay Super f lux   miss ions  w e  have  been  able  to  compare  three sets of 
passes   f rom  the Delaware Bay Superflux  mission  (June  1980)  and two sets from 
miss ions   f l own   i n   t he  German Bight area of  the  North  Sea (1979) .  A l l  of t hese  
compar isons   have   been   favorable   ind ica t ing   tha t   the   in te rna l   cons is tency   of   the  
AOL is dependable   f rom  mission  to   mission  and  over  a t i m e  frame of one  year.  
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Surface  truth  samples  are  not  only  useful  for  proving  the  accuracy  of  the 
AOL  but  are  also  required  to  allow  extrapolation  of  absolute  chlorophyll  concen- 
trations  from  the  relative  values  of  corrected  chlorophyll  backscatter  signal 
available  from  the  pre-processed AOL data.  The  agreement  between  the  AOL  and 
surface  truth  chlorophyll  measurements  then  affects  both  the  absolute  concentra- 
tion  values  and  the  degree  of  confidence  that  can  be  placed  on  the  AOL  results. 
During  the  Superflux  experiments  an  attempt  was  made  to  place  the  surface  truth 
vessels  at  points  that  were  coincident  with  an  intended  overpass  as  nearly  in 
both  time  and  space  as  possible.  As  will  be  subsequently  shown,  considerable 
spatial  and  temporal  differences  between  airborne  observations  and  surface  truth 
measurements  were  experienced.  Fortunately,  reasonable  agreement  between  the 
AOL  and  surface  truth  chlorophyll  determinations  was  found  during  the  analysis 
of  the  four  Superflux  missions  flown  in  June.  However,  this  sampling  disparity 
is a  limiting  factor  on  both  the  instrument  credibility  and  the  con.fidence  with 
which  oceanographers  can  apply  the  AOL  results. 

Figure 12 shows  the  comparison  between  the  AOL  and  surface  truth  chloro- 
phyll  results  for  all  four  Superflux  missions  conducted  during  June  1980.  All 
available  surface  truth  samples  occurring  within  one  nautical  mile  or  within 60 
minutes  of  an  airborne  observation  were  used  in  this  comparison.  The  positions 
of both  the  surface  vessels  and  the  aircraft  were  obtained  from  their  respective 
Loran-C  receivers. A computer  program  was  used  to  pick  the  particular  AOL 
sample  spatially  nearest  the  surface  truth  observation  within  the  arbitrarily 
chosen  one  hour  time  constraint.  For  the  sampling  points  located  well  offshore 
both  the  temporal  and  spatial  constraints  were  relaxed.  Linear  correlation 
coefficients  determined  for  each  of  the  four  missions  are  given  within  their 
respective  plots.  In  general, we consider  the  agreement  reasonably  good  over 
the  entire  range of chlorophyll  concentration  with  the  exception  of  some  minor 
disagreement  found  during  Mission  32.  The  slopes  are  somewhat  varied  from 
mission  to  mission  because  of  variations  in  the  fluorosensor  gain  caused  by 
using  a  different  PMT  high  voltage  setting.  Also,  the  placement of the  spectrum 
within  the  36  fluorosensor  light  guides  was  sometimes  varied  from  mission  to 
mission.  The  placement  of  the  spectrum  upon  the  light  guides  can  be  adjusted  by 
angular  movement of the  plane of the  beamsplitting  mirror  immediately  in  front 
of  the  bathymetry  PMT.  The  plane of this  mirror  was  changed  from  mission  to 
mission  during  these  experiments  in  an  attempt  to  optimize  the  spectral  response 
of the  AOL.  More  recent  techniques  in  pre-flight  preparation of the  instru- 
mentation  and  hardware  improvements  are  expected to result  in  better  fluoro- 
sensor  spectra  and  considerably  lower  mission-to-mission  variability  in  gain  and 
bias. 

Logistical  planning  and  sampling  coordination  between  airborne  sensors  and 
surface  truthing  vessels  play  a  vital  role  in  the  ultimate  usefulness of data ' 

from  experiments  such  as  Superflux. It is  therefore  worth  examining  the  sampling 
coordination  experienced  during  these  experiments  for  utility  in  planning  future 
experiments.  Plots  of  temporal  and  spatial  differences  between  airborne  and 
surface  truth  sampling  are  given  in  Figure  13  for  the  respective  passes  discussed 
above.  Although  time  and  space  cannot  be  equated  in  such  a  straightforward 
fashion  for  gauging  the  probable  effects on the  results  of  the  intercomparisons, 
the  general  spread  of  differences  between  surface  and  airborne  sampling  on  all 
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missions  does  indicate  a  significant  possibility  that  some  of  these  samples  were 
extracted  from  different  naturally  occurring  populations. It should  be  noted 
that,  in  general,  those  points  indicating  the  largest  differences  represent 
offshore  measurements  where  coincident  sampling  is  least  important.  Also,  the 
distribution  of  sampling  differences on the  plot  for  Mission  32,  which  had  the 
poorest  agreement on the  regression  analysis, is  not  much  different  than  the 
distributions  shown  for  the  other  missions.  Perhaps  this  lack  of  agreement  is 
due  at  least in part  to  the  effect  of  the  tidal  phase  in  which  the  sampling  was 
conducted.  Mission  32  was  flown  during  the  flood  cycle  while  the  remaining 
missions  were  flown  during  the  ebb  cycle  or  near  slack  water.  The  higher 
vertical  turbulence  of  the  flood  tide  has  been  well  documented  as  has  the 
patchiness  of  various  entrained  parameters  during  that  tidal  cycle.  This 
increased  turbulence  and  attendant  patchy  distribution  of  chlorophyll  and 
particulate  matter  would  tend  to  magnify  the  effects  of  sampling  differences. 

The  other  aspect  of  coordinated  surface  and  airborne  sampling  that  appears 
to have  been  important  during  the  Superflux  experiments  is  the  local  gradient of 
various  parameters  in  the  vicinity  of  the  sampling  points.  Figures 14 and 15 
are  time  series  cross-sections of normalized  chlorophyll  for  passes  flown  during 
Mission  32  from  which  a  comparative  sample(s)  was  extracted  for  the  preceding 
intercomparison.  The  location  of  the  sampling  point&)  on  each  pass  is  indi- 
cated  by  small  arrows  placed  above  the  profile.  The  potential  difference  in 
values  that  could  result  from  rather  small  horizontal  displacement  between 
aircraft  and  surface  vessel  sampling  positions  is  especially  apparent  on  Figure 
15  while  the  lower  gradients  shown  on  Figure 14 would  result  in  much  lower 
potential  differences.  Attention  should  be  afforded to this  aspect  on  future 
missions,  however  it  is  realized  that  patchiness  is  almost  an  inherent  problem 
in  "high"  chlorophyll  areas  within  dynamic  estuarine  systems  such as the  lower 
Chesapeake  Bay. 

SUMMARY A N D  CONCLUSIONS 

The  results  of  the  AOL  flight  tests  conducted  during  the  Superflux  Experi- 
ments  indicate  that  rapid,  synoptic  assessment of surface  layer  concentrations 
of  chlorophyll  and  related  pigments  is  feasible  from  an  airborne  laser  fluoro- 
sensing  system.  Further,  these  initial  tests  show  that  the  lidar  system  pro- 
vides  repeatable  results  with  high  internal  consistency.  Several  problems  have 
been  identified  in  the  present  data  set.  As  previously  discussed  the  data 
presented  herein  has  not  been  corrected  for  the  effects  of  the  Kodak  21  filter, 
the  Gelbstoff  component  has  not  been  separated  from  other  fluorescent  returns  in 
the  580-nm  region  of  the  spectrum,  and  cross  talk  (caused  by  the  low  11.25-nm 
AOL  resolution)  between  the  Raman  and  chlorophyll  returns  has  not  been  decon- 
volved.  Nevertheless,  the  results  indicate  that  stimulation of natural  waters 
with  532-nm  wavelength  radiation  will (1) yield  good  results  for  chlorophyll 
concentrations  ranging  from  0.2 to 5 ug/R, (2) provide  satisfactory  but  not 
ideal  Raman  placement  for  correction  of  water  attenuation  properties,  and ( 3 )  
probably  yield  Gelbstoff  fluorescence  potentially  mixed  in  an  ambiguous  com- 
bination  with  fresh  biological  photo-pigments. 
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The  results  of  intercomparisons  made  between  the AOL and  surface  truth 
chlorophyll  measurements  appear  to  be  reasonably  good  with  linear  correlation 
coefficients  varying  between 0.81 and 0.97. Further,  these  comparative  plots 
appear  to  have  a  linear  fit  through  the  distribution  of  points  indicating  that 
the  spectral  overlap  of  the  Raman  and  chlorophyll  has  not  seriously  degraded  the 
AOL chlorophyll  results  for  the  concentrations  encountered  in  these  field 
studies.  Some  problems  associated  with  the  coordination  of  aircraft  and  surface 
vessel  sampling  were  discussed  in  the  preceding  section  of  this  paper,  but  with 
the  possible  exception of Mission 32 the  spatial  and  temporal  disparities  in 
coincident  sampling  do  not  appear  to  have  produced  a  serious  effect  on  the 
agreement  between AOL and  surface  truth  measurements  of  chlorophyll.  However, 
these  problems  should  be  addressed  in  planning  future  missions  of  this  type. 
Conversion  of  the AOL relative  chlorophyll  values  to  absolute  concentration 
values  using  the  slopes  calculated  in  the  linear  regression  analysis  is  practical 
in  view  of  these  results.  Contour  and  cross-sectional  projections  of  this  data 
can  be  utilized  by  the  oceanographer  with  reasonable  confidence. 

AOL hardware  and  software  changes  currently  being  implemented  should 
provide  improvements  to  the  spectral  problems  discussed  in  the  preceding  section 
and  are  expected to significantly  reduce  the  mission-to-mission  variability 
experienced  during  the  Superflux  missions.  The  addition of a  second  laser 
wavelength  (a)  should  also  allow  separation of some  phytoplankton  color  groups 
as  has  been  demonstrated  with  the  LaRC ALOPE laser  fluorosensor  and (b) may 
facilitate  the  separation of Gelbstoff  fluorescence  from  that of other  organic 
pigments. 
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Figure 3.- Computer-drawn ground tracks for  flight lines occupied on AOL 
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Figure 4 . -  Computer-drawn ground tracks for flight lines occupied  on AOL 
missions 31 and 32 (June 25 and 27, 1980, respectively). 
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o f   t h i s   f l i g h t   l i n e  is g i v e n   i n   f i g u r e  3 (a) . 
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on   June  23. 

I 



Figure 9.- Contoured plots of relative organic pigment fluorescence from the 
mission flown on June 23. The organic pigment response has been normalized 
by the  Raman  backscatter  to remove  the effects of spatial variations in 
water transmissivity. 
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on June 23. Figure 10(a) indicates the relative intensities of chlorophyll a 
and organic  pigment fluorescence signals before normalization; the traces 
in figure 10(b) have been  normalized. 
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truth chlorophyll a results for the four Superflux missions flown over the 
Chesapeake Bay mouzh in June 1981. 
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Figure 13 . -  Plots of temporal and spatial differences between AOL and surface 
truth sampling for the four Superflux missions flown over the Chesapeake 
Bay mouth in June 1981. 
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Figure 14 . -  Cross-sections of normalized chlorophyll2 for passes taken on 
June.25 where surface  truth sampling was available. The arrow(s) indicates 
the location of the  high  gradient sampling point on each pass. 
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F igure  15.- Cross-sect ions of normalized  chlorophyl l  g fo r   pas ses   t aken  on 
June 25 where   sur face   t ru th   sampl ing  w a s  a v a i l a b l e .  The a r row(s )   i nd ica t e s  
t h e   l o c a t i o n  of t h e  low gradien t   sampl ing   po in t  on each   pass .  
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