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Outline

I was lucky enough to witness and participate in
some of the early development of Ocean Color
sensing.

In this talk I will
+ describe some of these developments,

» provide (my own) historical retrospective, and

* maybe convey some of the excitement and
frustration of those involved.



Only a few were thinking about ocean color in
the early 60's e.g., C. Yentsch , DSR, 7, 1-9
(1960).

Conference "Oceanography from Space(?)"
Woods Hole 1965: The suggested application of
satellites to biology was mostly locating
interesting areas for further study.

Jerlov's first book Optical Oceanography
(1968) makes brief reference to it in a section
near the end: "Discoloration of the Sea.”



The most significant event: publication of

"Spectra of Backscattered Light from the Sea
Obtained from Aircraft as a Measure of Chlorophyll
Concentration.” (Clarke et al. Science, 167, 1119,
1970):
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Fig. 2. Spectra of upwelling light obtained at 305 m on 27 August 1968 a
Stations A to E shown in Fig. 1 (from Clarke ef al., 1970a).

Variations in Chlorophyll a could be observed
with an aircraft-based radiometer.



They did mention an interference with such
measurements referred to as "air light": the
increased radiance with an increase in altitude

0.91 km 2318 hrs :
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Figure 2. Upwelling Radiance over Catalina Channel at Hiﬂ:\ and Low
~, Altitude. .

Hovis and Leung, Opt. Eng. (1977) -- Note work done in 1972

Still, these and other aircraft experiments led NASA to
approve the Coastal Zone Color Scanner (CZCS) in 1973.



Ball Aerospace.
Yes, they also made canning Jar's

At this point, no quantitative relationship existed between
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But it was clear that "something” of interest could be seen.

This vagueness led many to believe CZCS was a

BOONDOGGLE!



A CZCS experiment team was formed by NASA
in late 1975 to develop quantitative algorithms

for deriving the concentration of Chlorophyll a
from the CZCS imagery.

In other words, to make it work!




Note: At this time the construction of the
CZCS was nearly complete --- modifications
were out of the question.

No changes, make it work as is!



We needed data relating the spectral radiance exiting
the water, L, (1), and the chlorophyll a concentration.

Virtually none existed! Most earlier radiometry was of
E,(2) rather than L, ().

E[A) -> L (1) conversion varies by factor of 2.

Ros Austin, Ray Smith
and C. Yentsch: L,

F1G. 3. Locations at which the in situ data described in the text were obtained. Circled locations are believed to meet the criteria for Morel’s case | waters.
Sites marked by unencircled flags are case 2. (From Gordon et al., 1983a))
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This work provided the empirical, but
quantitative, algorithm linking £,(1) and

Chlorophyll a.

0.029< <C><54 (mg/m3)
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LOG [< (% >](mg/m3)

106G [R(13)]

R(13) = L, (443) / L, (550)
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"Air light" removal:
("Atmospheric Correction”)

TOA

Sea Surf.

Insingle scattering: [ =L +L +tL
L

B Fy cos 6,

Then Pt = Pr T Pa T LPw

Switch to “reflectance” p



The Rayleigh term is easy to compute in single
scattering:

T (AD)Pr Oy, @u, 00, Po; )
4 cos B, cos b,

Pr =
2, (6,,0,:605,00;4) = B.(©_,A) +[r(6)+r(6,) |P.(©,, 1)

Similar formulas hold for (p,); however, neither
7, hor P,are known!

Therefore, accounting for aerosols required some
assumptions.



Aerosol Assumptions

1. Power-law particle size distribution:

=> 7(1) ~ 1@
=> p,independent of wavelength

2. Non-absorbing aerosol.

In addition: L, = 0 in the red (670 nm)



Then the assumptions imply

pqa(1;) = (1;)™% X Constant,

y a
SO, pg(A;) = ( Ifljd) PaAred), < Canbe ’]rcis;refri with
aircraft data

where, Pa(Area)= Pt(Aged)- Pr(Area)

Finally,

tow D= e = pr@D) = (22)” [pepea) = Prhgea)]



tow D= e = r) = (22)” [pe(pea) = Pr(Rea)]

We attempted to test using a NASA “prototype” CZCS
aircraft sensor, the OCS (Ocean Color Scanner)

Expected: p,x1%0<a<2

Found: a ~ 8. Impossiblel

Problem: Very poor radiometric calibration of OCS
Stopped trying to validate the algorithm with real data.

Concentrated on simulations.

Underscores importance of calibration

Atmospheric correction was not validated
with real data prior to launchl!



Approximately four months
before launch we had

1. an empirical, but fairly accurate,
phytoplankton pigment algorithm:
(L,-> Chl).

2. a candidate atmospheric correction
algorithm that was never validated
with real data: (L;->L,).



June 1978: a meeting in Victoria B.C.
"Passive Radiometry of the Ocean”
included many interested in ocean color




We all knew the problems faced with CZCS but,
perhaps with some measure of audacity,
developed specs for a follow-on sensor.

TABLE II
Proposed CZCS follow-on sensor bands

Application

A Priority Phytoplankton Seston  Yellow Aerosol Glitter
() pigments substances

400
440

X X

2

1

520 1
560 1
610 3
640 4
1

1

1

1

1

X X X X

X X X X X X X X

685

745

880
1060
2100-2300

Note the similarity to SeaWiFS and MODIS!



At the meeting Dennis Clark and I
examined the accuracy with which
pigments could be estimated for a given

accuracy in o.

The results were favorable, assuming
the correction algorithm worked as

planned.



But how do we find a?

The "Clear-Water Radiance” concept:

Ly p 1 Tr/cos 6 f20 \
cos 6, : N
\;15 .- ¥
AN .
Pt = Pr t Pg T 1Py E =
. . 0.5 n S ¥ s PN SN
This provided g,(520) and A A
0,(550) and thus a. s .
Pigment Concentration (mg/m®)

Gordon & Clark, A.O. 20 4175 (1981)

Use this a for the whole image!



Did it work?



First image ever processed:

tow D= e = r@D) = (22)” [peCpea) = PrAgea)]

I computed p, in line# - pixel# coordinates for each band
using a Univac 1106 mainframe computer.

p, was taken to GFSC and placed on an image processing
system (AOIPS - DEC PDP 11/55). It could perform simple
arithmetic manipulation on images in line# - pixel#
coordinates, e.g., subtract one image from another, etc.

The whole algorithm was applied to a CZCS sub-image
using AOIPS, and I photographed the monitor as
atmospheric correction proceeded.



Atmospheric Correction in Progress:
Orbit 130, Gulf of Mexico @443 nm




Later, we could effect all of this in
an image processing environment.



L(443) L,(443)

Gordon et al., Appl. Opt. 22, 20 (1983)



L(550) L,(550)

Gordon et al., Appl. Opt. 22, 20 (1983)



Next came Validation of Pigments

We compared Ship- and CZCS-
measured pigments along ship
tracks.

RV Athena IT an Asheville Class Gunboat (PG-98)
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This image was reprocessed later using
improved atmospheric correction,
improved bio-optical algorithms and
vicarious calibration.

Note: Pigment scale
no longer logarithmic

R.V. Athena Il

Cumulative Distonce (km) Rhumbline
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Coastal Zone Color Scanner (CZCS) did not work well
hear the coast. It did work well in non-coastal areas
(most of the oceans), so it would have been more
accurately called the Open Ocean Plankton Sensor



I contend that this is arqguably the most
famous image of the ocean taken by any
space-borne sensor. It first appeared in
National Geographic in 1981 and later many
oceanographic textbooks.
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Computation was always a significant challenge
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We (CZCS Team) were considered the lunatic
fringe by much of the oceanographic community:

Just prior to launch (1978), in a laboratory-wide
program review a NOAA lab, where I was on a one-year
leave-of-absence from U. Miami, we were instructed by
upper management not to even mention the CZCS.

In another program review after the initial validation:
T know of no respectable biologist who thinks this
[ocean color] is important.” (1981)

In contrast, when biologists recognized its
potential -- '82-'83:

Dick Barber: "I had to rearrange everything I knew..."

He later referred to CZCS as one of the seven most
important developments in marine biology in the last
50 years! *



The Global Data Set

CZCS could only operate 2 hours per day. One of the most
important decisions the experiment team made in the early
80’'s was reserve a block of time each day to image the
global oceans, i.e., not just the costal zones. This paid of f
when computers became sufficiently fast to process the
entire CZCS data set (~180 days including manual QA).

-

. 4

Transactions, American Geophysical Union
Vol. 70 No. 23 June 6, 1989

For reference, the 2009
reprocessing of the entire
SeaWiF$S data set required 9.5
hours!




CZCS 1978 - 1986 (a=0)

Phytoplankton
Pigment
4 Concentration
6 {mg/m3)
.8

10 NASA/GSFC



Problems with CZCS
addressed with SeaWIiFS

* No spectral bands for which £, = 0. (NIR Bands)

* No way to monitor the radiometric stability of
the sensor (Imaging the Moon)

* Radiomeftric calibration poor at best: a 1% error
in L, >10% error in L,. (Calibration Buoy - MOBY)

» Variations in atmospheric pressure, winds, and Os
concentration are ighored. (Data Assimilation)

* Poor temporal coverage (Continuous Operation)
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I hope I have conveyed some of the
challenges (and excitement) of the
early days of ocean color remote
sensing.

The future is yours.
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