ton blooms due to excessive nutrient in-
fluxes; if unchecked, such conditions can
deplete the oxygen content of the water
and result in massive fish kills. The link
between ocean color and phytoplankton
concentration afforded by the Nimbus-7
CZCS offers an important and exciting
new observational tool.
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Phytoplankton Pigments from the Nimbus-7 Coastal Zone
Color Scanner: Comparisons with Surface Measurements

Abstract. The removal of atmospheric effects from Nimbus-7 Coastal Zone Color
Scanner (CZCS) images reveals eddy-like ocean turbidity patterns not apparent in
the original calibrated images. Comparisons of the phytoplankton pigment concen-
trations derived from the corrected CZCS radiances with surface measurements
agree to within less than 0.5 log C, where C is the sum of the concentrations of
chlorophyll a plus phaeopigments a (in milligrams per cubic meter).

The Nimbus-7 Coastal Zone Color
Scanner (CZCS) was designed to mea-
sure the concentrations of phytoplank-
ton pigments in the ocean (I). We report
here initial comparisons between CZCS
and surface determinations of pigment
concentrations in the Gulf of Mexico.
The data were collected during our first
postlaunch experiment in November
1979.

The signal measured by the CZCS is
related to the pigment concentration in
the water through the scattering and ab-
sorption properties of the phytoplankton
(2). Phytoplankton contain the photosyn-
thetically active pigment chlorophyll a
(Chl a), which is strongly absorbing near
443 nm. This absorption causes the solar
radiation backscattered out of the ocean
at 443 nm to decrease rapidly with in-
creasing Chl a concentration. The Chl a
absorption is much weaker at 520 and
550 nm. Therefore, an increase in Chl a
causes the backscattered radiance to in-
crease at these wavelengths as a result of
the scattering associated with the phyto-
plankton [see figure 1 of (1)]. Thus, water
that is poor in Chl a will appear a deep
blue in sunlight, whereas water rich in
Chl a will appear green.

A detrital pigment of Chl a, phaeopig-
ments a (Phaeo a), possesses almost the
same absorption spectrum as Chl a, and
hence it cannot be separated from Chl a
with the bands available on the CZCS.
Because of this, only the sum of Chl a

plus Phaeo a (henceforth indicated by C)
can be estimated with this sensor (3).
Usually, the Phaeo a concentration is
lower by a factor of 5 to 10 than the Chla
concentration (¢).

Following earlier investigators (5, 6),
we relate the pigment concentration to
ratios of radiances at various wave-
lengths A rather than to absolute radi-
ances. This procedure has the advantage
of partially compensating for the influ-
ence of other material in the water, such
as nonorganic suspensoids, as well as the
masking effects of the atmosphere dis-
cussed below. The algorithm relating ra-
tios of radiances to C has been devel-
oped from measurements of upwelled
subsurface spectral radiance L,» and the
associated pigment profiles from three
areas: Southern California, Chesapeake
Bay, and the Gulf of Mexico (including
the Mississippi discharge region). Up-
welled radiance measurements were
made with a submersible scanning spec-
tral radiometer with a 2° field of view and
a 5-nm spectral resolution.. Values of C,
which ranged from 0.07 to 77 mg m3,
were measured by means of the fluoro-
metric technique (7). A regression analy-
sis of these data (¢) related C to the radi-
ance ratios R; = L,*%/L,5° and R, =
L %%°/L % through

logC; = loga + blogR;,i = 1or2 (1)

where the coefficients log a and b, along
with the coefficient of determination r2
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and the standard error of estimate S in
log C, are as follows. For R;, the values
ofloga,b, S, and r? are —0.297, —1.269,
0.173, and 0.978; for R,, the correspond-
ing values are —0.074, —3.975, 0.234,
and 0.941. These data suggest that, even
in the worst case, C can be estimated
from radiance ratios to within a factor
of 2.

The CZCS measured radiances cannot
be directly used in Eq. 1 because scatter-
ing by the atmosphere between the sen-
sor and the ocean contributes significant-
ly to these values. Hovis and Leung (5)
demonstrated this effect by noting the
difference in the radiance spectrum ob-
served from an aircraft when the altitude
was increased from 0.91 to 14.9 km; in
the blue region (near 400 nm) the radi-
ance increased fivefold, whereas in the
red (near 700 nm) the radiance increased
by a factor of 2.5. It can be anticipated
then that as much as 80 percent of the
radiance detected at satellite altitudes
could be due to atmospheric scattering.
This atmospheric radiance is difficult to
remove from CZCS imagery because of
i the component arising from aerosol scat-
T 3 iz & ORBIT 296, 14 NOV. 1978 g ). tering. The aerosols are highly variable
Fig. 1. Comparisons of calibrated CZCS channel 1 radiances L#® (a) with radiances L3 (b) ~ (Spatially and temporally) in concentra-
corrected for atmospheric effects by means of Eq. 3 for Gulf of Mexico subscenes from Nimbus-  tion, composition, and size distribution.

it

7 orbits 130 and 296. Coefficients a(A;,\;) were derived from L,* measurements made aboard The method we use here to remove the
the R.V. Athena II at a station just south of Mobile Bay in the extremely hazy orbit 130 scene 40050l effects is based on a correction
and at a station just west of the cloud over Tampa Bay in the orbit 296 scene. algorithm devised by Gordon @). The
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basic idea has two parts. First, to an ex-
cellent approximation, the total radiance
L* observed by the sensor at wavelength
A can be partitioned into that due to
Rayleigh-scattering Lg*, that due to aero-
sol-scattering L,*, and the radiance
backscattered out of the ocean Ly as
transmitted through the atmosphere; that
is,

L)\ = LRA + LAA + t)\Lw)\ (2)

where ¢* is the diffuse transmittance of
the atmosphere (9). Skylight reflected
from the surface toward the sensor is im-
plicitly included in Lg* and L,*.
Second, if the aerosol-scattering phase
function is independent of A, then L,* at
one wavelength will be approximately
proportional to that at another wave-
length. Thus, if we apply Eq. 2 at two
wavelengths A, and \,, we obtain

t}\szAZ = L'\z - LRAz —_
a()\l,)\g) [L)\l - LRAI - t'\le)‘l] (3)

where a(\,\,) is a constant which can be
related to the optical properties of the
aerosol through the single scattering ap-
proximation (/0). If A\, is chosen such
that Ly~ 0, then Ly": can be deter-
mined for any \,, provided a(A{,\,) is
known. Of the CZCS bands, 670 nm is
the most suitable except in regions of
very high turbidity. In this report
a(Aq,\y) is determined from Eq. 3 by di-
rect in situ measurement of Ly* at one
location in the image, and then these val-
ues are used throughout the entire im-
age.

We now present the results of applying
these algorithms to imagery of the Gulf
of Mexico from Nimbus-7 orbits 130 and
296. The availability of surface measure-
ments was the only criterion used to se-
lect the imagery. The image from orbit
130 provides a very demanding test of
the atmospheric correction algorithm be-
cause of the strong horizontal structure
in the rather intense haze. The image
from orbit 296 represents a more normal
atmospheric condition.

Figure 1 compares the corrected radi-
ance (b) with the calibrated radiance (a)
at 443 nm for Gulf of Mexico subscenes
from orbit 130 (Mississippi Gulf coast)
and orbit 296 (Florida Gulf coast). We
obtained corrected images by applying
Eq. 3 to the calibrated radiance after de-
termining a(A;,\;) from simultaneous
shipboard measurements of Ly* at sta-
tions just south of Mobile Bay and just
west of Tampa Bay for orbits 130 and
296, respectively. The corrected images
reveal an impressive series of eddy-like
structures which could not be distin-
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Fig. 3. Values of C = (Chla + Phaeo a) (in milligrams per cubic meter) from Fig. 2 (14 Novem-
ber 1978) compared with a track line of concentrations measured aboard the R.V. Athena II on
13 and 14 November 1978. The track line is superimposed on Fig. 2, and distance (above) runs
from south to north. The estimated CZCS data have been subsampled to coincide with the ship

samples for comparison.

guished from atmospheric variations in
the original images. Note in particular
that the corrected image from orbit 130
shows little trace of the haze structure
which dominated the original image [see
figure 2 of (1)]; this result indicates that
a(A,\) is nearly constant over large
portions of the image.

We now turn to the determination of
pigment concentrations from the cor-
rected radiances. Figure 2 gives the dis-
tribution of pigment concentrations for
the orbit 296 subscene determined from
Eq. 1. At low pigment concentrations,
Ly*3 varies strongly with C, and hence
R, is very sensitive to small changes in C
at low concentration. Conversely, at
high concentrations Ly**3 becomes very
small, necessitating an unrealistically ac-
curate atmospheric correction for its re-
trieval from L*3. Because of this, R, is
useful only for pigment concentrations
lower than 0.6 mg m— ).

Superimposed on Figure 2 is the track
of the R.V. Athena II from 1500 hours on
13 November to 2000 hours on 14 No-
vember 1978 (29 hours). At the time of
the CZCS overpass, the ship was occu-
pying a station due west of Tampa Bay
(station 10). We determined pigment
concentration along the ship track from
the CZCS using R,, and it is compared
with the shipboard measurements of C in
Fig. 3. The general features of the ship-
board measurements are well repro-
duced in the CZCS estimations (note, in
particular, the high pigment feature be-
tween 100 and 200 km). However, the

high-frequency variability of the CZCS
data is much larger in amplitude than the
corresponding ship measurements.
Moreover, were the CZCS data repre-
sented at full resolution (1 km), the
CZCS chlorophyll estimates would be
substantially noisier in appearance.
High-frequency fluctuations are particu-
larly characteristic of the radiance ratio
R, as a direct result of the relatively
coarse digitization increment of the Nim-
bus-7 CZCS.

The pigment concentrations measured
by the CZCS seem to be consistently
lower than the ship measurements (Fig.
3), which is probably due to a combina-
tion of subpixel structure, water motion,
and navigation errors (/7). Comparison
of Figs. 2 and 3 suggests that a move-
ment of the high pigment region only 10
to 12 km westward between the times of
the ship and the CZCS measurements
(about 12 hours) would bring the ob-
served and derived concentrations into
much better agreement. Even so, Fig. 3
indicates that the CZCS Nimbus experi-
ment team’s goal of estimating pigment
concentrations to within 0.5 log C has
been met by the present system.

Since shipboard measurements of Ly*
at one position in each image were used
to determine a(\, 670), it is of interest to
know how well C could be estimated
without these measurements. In the ab-
sence of surface measurements of any
kind, one must locate an area of the im-
age where C is obviously very small and
then solve (3) for a(\, 670), using typical
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values of clear water Ly measured at
other times for approximately the same
solar elevation. When this is done for
station 10, with an area south of Key
West used as representative of clear wa-
ter, the resulting derived pigment con-
centrations from R, and R, are, respec-
tively, 0.21 and 0.33 mg m~—3. If the val-
ues of Ly* measured aboard the R.V.
Athena II at station 10 are used to esti-
mate «a(\, 670), the derived concentra-
tions are 0.33 and 0.26 mg m~3, respec-
tively. The measured pigment concentra-
tion at station 10 was 0.36 mg m3.
Clearly, this technique shows consid-
erable promise for estimating pigment
concentrations in regions where surface
measurements are not available.

The limited results presented here sug-
gest that maps of phytoplankton pigment
concentration can presently be derived
from CZCS imagery to better than 0.5
log C. Furthermore, the corrected CZCS
imagery reveals circulation patterns
heretofore unobserved in satellite image-
ry of the Gulf of Mexico. A CZCS-type
system can be of considerable value in
augmenting the study of complex coastal
circulation processes and ecology.
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Atmospheric Carbon Dioxide, the Southern Oscillation,

and the Weak 1975 El Nino

Abstract. The observed rate of change of the atmospheric carbon dioxide concen-
tration at the South Pole, Fanning Island, Hawaii, and ocean weather station P
correlates with an index of the southern oscillation and with El Nifio occurrences.
There are changes at all four stations that seem to be in response to the weak 1975 El
Nino. Thus, even poorly developed El Nifio events may affect the atmospheric car-

bon dioxide concentration.

The rate of change of the atmospheric
concentration of CO, at the South Pole
and at Mauna Loa, Hawaii, has been
shown to be significantly correlated with
a southern oscillation index (SOI) (7).
The southern oscillation is a large-scale
atmospheric and hydrospheric fluctua-
tion centered in the equatorial Pacific
Ocean and involving wind strengths,
ocean currents, and sea-surface temper-
atures (2). It has a variable period, aver-
aging approximately 4 years. El Nino oc-
currences ‘are probably the most spec-
tacular of the phenomena associated
with the southern oscillation. Changes in
atmospheric CO, have been observed

Ll o
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Atmospheric CO2 anomaly (ppm)
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Fig. 1. Atmospheric CO, anomalies at (a) the
South Pole, (b) Fanning Island (4°N), (c) Mau-
na Loa, Hawaii (20°N), and (d) Canadian
ocean weather station P (50°N). The anomaly
curves are spline fits to data from which an
average seasonal effect and a smooth trend
have been removed.
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that correspond to the El Nino’s of 1965,
1969, and 1972 3).

Correlations between SOI and the rate
of change of atmospheric CO, at Fanning
Island, near the equator (4°N), and at
ocean weather station P, off the Cana-
dian west coast (50°N), as reported here,
tend to confirm the association. There
are changes at all four stations that cor-
respond to the 1972 and 1976 El Nino
events, and, seemingly, to the weak 1975
El Nino as well.

The El Nifo of 1975 was so weak that
it probably would not have been recog-
nized as an El Nifo, were it not so well
studied ¢, 5). El Nino refers to an oce-
anic and meteorological disturbance in
the Peruvian coastal area apparently
caused by an invasion of warm, nutrient-
poor surface water into an area normally
occupied by colder, more nutrient-rich
water of upwelling origin. A fully devel-
oped El Nino is characterized by torren-
tial rains in the normally arid coastal re-
gion and disruption of the large anchovy
fishery as the fish seek colder, more nu-
trient-rich water.

The prediction of the 1975 El Nino by
Quinn (6) led to the El Nino Watch Ex-
pedition, which systematically collected
oceanographic data in the region west of
the South American coast, from 5°N to
15°S. In February and March 1975, a thin
tongue (10 to 25 m thick) of low-salinity,
warm, nutrient-poor water extended
south across the equator eastward of the
Galapagos Islands, but the Peruvian
coastal region and its fishery were essen-
tially undisturbed. The invasion of warm
surface water was short-lived; by May,
conditions had returned to near normal.
Wyrtki et al. (4) have suggested that the
term El Nino be reserved for the spec-
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