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Abstract 

Examination of satellite CZCS (Coastal Zone Color Scanner) imagery of the western Gulf of Mexico and the coast of Florida 
confirms that the major features of phytoplankton chlorophyll distribution are associated with boundary regions of major ocean 
currents such as the Gulf Loop Current and the Florida Current. Variation in surface distribution of chlorophyll is believed to be related 
to the baroclinicity of the density field associated with the movement of the water masses. The mechanism for augmenting 
phytoplankton growth in these systems is due to the vertical flux of nutrients. The major source of energy for vertical mixing is believed 

to be supplied by bottom friction. The satellite observations confirm that patterns of phytoplankton distribution obtained from 
conventional shipboard observations have provided a reasonably accurate representation of global patterns of primary production. 

Introduction 

Are shipboard observations truly synoptic? What 
often inhibits understanding of phytoplankton distri
bution are so-called problems concerning time and 
space. One problem is recognized as the inability of a 
stationary observer to separate changes due to local 
events such as movements of water masses from those 
brought about by growth of microorganisms. Recogni
tion of this problem by early oceanographers was the 
source of ideas as to how patches of phytoplankton are 
formed and sustained in water masses. This is gener
ally explained as local or individual change. Indeed, 
there is great difficulty in obtaining synoptic samples. 
Satellite imagery now offers a means of obtaining syn
optic data on phytoplankton distribution. 

Gower et al. (1980), using LANDSAT satellite 
imagery, demonstrated that phytoplankton is distrib
uted in patches formed by eddies 10-100 km in diame
ter. These high energy featu res are associated with 
marked differences in density formed between ocean 
currents and adjacent gyres. This important observa
tion suggests that the pattern of large-scale plankton 
patchiness is more complex than would be anticipated 
from general features of ocean circulation. 

The identification of patchiness at the 10-100 km 
scale raises questions about distribution of phyto
plankton at larger scales. The pattern of primary pro
ductivity is known to be associated with large-scale 
changes in the density field of the oceans (Yentsch, 
1974), which in turn is a reflection of oceanic circula
tion. Thus, Gower et al. (1980) have set the stage for 

comparison of different size scales of phytoplankton 
distribution patterns. If mesoscale patterns are domi

. nated by high energy gyres, can the situation at much 
larger scales qe expected to be more synoptic? Can 
these patterns be resolved by CZCS colorimetry? 

Results and Discussion 

Synoptic features in phytoplankton production 

In the broadest sense, the crux of the discussion in 
this paper concerns the question of the degree to 
which the pattern of distribution of phytoplankton is 
determined by vertical mixing. Within the oceans, the 
extremes in vertical mixing are outlined by intense 
gradients of scalar properties which are termed fronts. 
Germane to this discussion are the causes of fronts 
and how long fronts persist. Bowman (1978) has pro
posed a general classification for ocean fronts com
posed of six categories (Table 1). These categories 
suggest that a basis for size classification might be 
frontal dimensions; for example, frontal categories 1-3 
are generally larger than the others. Another basis is 
the source of energy required for destratification and 
maintenance of the front. Because of the glqbal nature 
of forces involved, a high degree of synopticity and 
permanence might be assigned to these fronts. The 
potential energy for destratification can come from 
density differences and from wi nd stress on the surface 
and tidal bottom friction in coastal areas. 

The inadequacy of such an energy partitioning 
scheme is recognized. Practically every type of front 
must contain input from all known energy sources. The 
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TABLE 1. Classification of ocean fronts according to Bowman (1978). 

Type Energy of destratification Persistence 

1. Planetary scale, open ocean Geostrophy. Ekman transport Quasi-synoptic 
2. Fronts on edges of western Geostrophy Quasi-synoptic 

boundary currents 
3. Shelf-break fronts Geostrophy, density differ- ? 

ences, tides 
4. Upwelling Ekman transport Periodic 
5. Plume fronts Density differences, tides Periodic 
6. Tidal fronts Tides 

reason for making the assignment given in Table 1 is 
that, for specific fronts, the energy spectra will be doc
umented by a particular source. Because of the "global 
consistencies" of such features as global heat and 
wind fields, the combination of geostrophic and 
Ekman mechanisms tends to promote frontal patterns 
approaching synopticity. This is in contrast to such 
factors as local winds, tides and freshwater input, 
which are more variable. Before examination of satel
lite images, two questions must be asked: Why do 
these types of frontal situations enhance phytoplank
ton growth which could impart color change? How 
does this change relate to the conservative features of 
large water masses in motion? 

Baroclinicity and phytoplankton chlorophyll 

The vertical motions associated with large-scale 
ocean currents are believed to be due to instabilities in 
horizontal transport. In the sense with which the term 
"geostrophic" is assigned to these currents, instability 
in velocity is due to imbalance between the pressure 
gradient (differences in specific volume) and the force 
due to the earth's rotation. These forces in combina
tion cause cold water of high density to be inclined and 
therefore near the surface to the left of the axis of 
horizontal flow of currents in the northern hemisphere. 
The imbalance between forces causes vertical mixing. 
The presence of cold nutrient-rich water nearer the 
surface in the euphotic zone stimulates phytoplankton 
growth in these regions, and hence the chlorophyll 
content is high (Yentsch, 1974). The degree of depar
ture of the density surfaces from the horizontal is 
termed baroclinicity. In terms of vertical transport, 
mixing does not erase the density surfaces. Mixing 
occurs along the lines of equal density, which in turn 
transports the scalar substances. 

Historically, this mechanism has been referred to 
as isopycnal mixing. Although empirical evidence 
abounds which relates changes in the slope of isopyc
nals (baroclinicity) to plankton production, the diffi
culty in applying it in models is due to unclear 
understanding of the fluid dynamics associated with 
the mixing. Woods (1977) suggested that isopycnal 
mixing lies somewhere between the turbulent pro
cesses associated with vertical and horizontal mixing. 

Periodic 

The implication of this approach is that the inclination 
of isopycnals markedly increases the vertical flux from 
a normal horizontal mode. As the isopycnals steepen, 
transport approaches that associated with vertical mix
ing in a non-stratified water column. 

The importance of the degree of baroclinicity can 
be seen in Fig. 1 by comparing the slope of the isopyc
nals with those for nitrate and chlorophyll. High veloc
ity water flowing past the Yucatan coast is associated 
with inclined water masses containing high nitrate and 
chlorophyll. The inclination of isopycnals along the 
Florida coast is due to the return flow of the Loop 
Current. 

The reason for the high chlorophyll concentra
tions being associated with regions of high current 
velocity is that the scalar transport of nitrate (the limit
ing nutrient) in these areas is greater than that in 
regions where currents are slow. This may be modeled 
as follows: 

Ct = Soze {Cz (f1 Ez • f2 N2 . k - Rz)} . dz 

where the total quantity of chlorophyll (Ct ) within the 
euphotic zone (Ze) is primarily a function of light 
energy (f1 Ez) and nutrient availability (f2 N2), and k is a 
constant for converting Nand E into chlorophyll. The 
term (f1 Ez) refers to the interaction of downwelling 
light energy (E) and photosynthetic production pro
cesses. If it is assumed that this term varies only 
slightly over the region of interest, i.e. the attenuation 
coefficient and incoming light energy change only 
slightly and the rate of chlorophyll removal (Rz) by 
zooplankton herbivores and/or sinking is small, the 
nutrient availability term (h N2) largely determines the 

total quantity of chlorophyll. Therefore, the total quan
tity of chlorophyll is proportional to the nitrate content 
within the euphotic zone. This quantity of nitrate is 
regulated by the amount used by photosynthetic 
growth plus that which is mixed upward from below the 
euphotic zone. 

Baroclinic features of ocean currents from CZCS 

In the previous section, it was emphasized that the 
pattern of productivity should be regulated by the 
degree to which water masses are mixed vertically. 
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Fig. 1. Distribution of chlorophyll (top), nitrate (middle) and density 
(bottom) by depth between Yucatan, Mexico, and Dry 
Tortugas off Florida. 

Furthermore, the processes which control the horizon
tal advection influence the amount of vertical mixing 
and hence phytoplankton growth. It can be asked 
whether or not the major aegeostrophic features asso
ciated with large ocean currents can be identified by 
satellite colorimetry. 

From NIMBUS-6 on orbit 130, 2 November 1978, 
the CZCS (Hovis et al., 1980) imaged most of the west
ern Gulf of Mexico. This was the first image processed 
by NASA (National Aeronautics Space Administra
tion), using methods and algorithms (Gordon et aI., 
1980) which correct for atmospheric effects and result 
in estimates of the chlorophyll content of the waters. 
The chlorophyll computations yield values in the cen
tral region of the Gulf between 0.05 to 0.10 mg/m3. 
Nearer shore, the values approach 5.0 mg/m3. Off the 
Mississippi Delta, values exceed 10 mg/m3. In light of 
sea truth measurements made in this region at this time 
(see Gordon et al., 1980) and what is known from pre
vious studies, these values are considered realistic. 

The image (Fig. 2) shows a wide variety of mesos
cale features. However, the reader is asked to concen
trate on the shape of the general pattern of chlorophyll 
for the entire region. The chlorophyll pattern on the 
western side of Florida is much broader than the front 
on the Atlantic side. The physical dimensions of these 
fronts correspond to the physical dimensions of the 
continental shelves on both sides of the Florida penin
sula. In the case of the west coast shelf, the distance 
from shore to the 200 m isobath is over 300 km at 
latitude 26° N. On the east coast, at the same latitude, 
the shelf width is only a few kilometers but it broadens 
moving northward towards Cape Hatteras. 

The three major frontal boundaries for chlorophyll 
which outline the general sequence of decreasing 
chlorophyll moving seaward from land are outlined in 
Fig. 3. The frontal positions have been redrawn to cor
rect for distortion caused by orbital configuration. The 
fronts, excluding small-scale perturbations, can be 
seen to parallel the isobaths along both coasts of Flor
ida. The more seaward part of the front appears as a 
boundary which distinguishes oligotrophic water from 
slope water. 

Except for the northern area of the Gulf of Mexico, 
all of the fronts outlined lie within the 200 m isobath 
and probably between the 50 and 100 m isobaths. 
Lacking other geophysical information pertinent to 
this image, the general position of the fronts can be 
interpreted to be due to the flow of the Loop Current in 
the Gulf and the Florida Current on the eastern side of 
Florida. The dynamiC topography in this region shows 
that channel-shelf constraints markedly influence 
horizontal velocities and thus the pattern of mass 
transport (Nowlin and McLellan, 1967; Molinari and 
Yager, 1977; Brooks and Niiler, 1977). For example, in 
the western Gulf of Mexico, the effect of the Loop 
Current is seen as forming a high level ridge (Fig. 4) 
which parallels the Florida escarpment along the west 
coast shelf. In this case, the sea-level surface slopes 
about 50 cm from the ridge to the edge of the escarp
ment at the 1,000 m isobath Niiler's (1976) data, a 
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Fig. 2. NIMBUS-7 CZCS image (A), from orbit 30 on 2 November 1980, of the Florida region showing chlorophyll concentration (dark) on the coastal 
shelf, and (6) the major bathymetric features of the region. 
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Fig. 3. Locations of fronts A, B, C and D derived from the chlorophyll 
distribution shown in Fig. 2A. 

trans-shelf section at latitude 26° N, shows isopycnal 
surfaces inclining at a constant slope onto the shelf 
until the 200 m isobath, where the isopycnals are 
markedly inclined vertically. This inclination extends 
beyond the 100 m isobath. From the image and bathy
metric charts, the positions of the most seaward chlo
rophyll fronts on either coast begi n in the vici n ity of the 
100-200 m isobath and increase in density of color to 
the 50 m isobath. Proceeding toward the shore, chloro
phyll color increases but at a reduced rate. 

Surface temperature and water color 

From the previous discussion on baroclinicity, a 
close spatial relationship between water color and sur
face temperature is anticipated, as the inclination of 
isopycnals represents vertical transport of tempera
ture as well as nutrients. 

From orbit 1965 on 15 March 1979, both water 
color and temperature were imaged over the western 
Gulf of Mexico (Fig. 5). At the time, the atmosphere was 
very clear. The upper image is uncorrected for atmos
pheric effects in the total upwelled radiance seen by 
CZCS Channel 1 (443 nm). The lower image is the 
thermal presentation by CZCS Channel 6. 

The thermal front of the Loop Current has been 
Observed to penetrate the Gulf of Mexico following a 
seasonal cycle (Maul, 1977). In the thermal image (Fig. 
5B), equatorial water exiting from the Strait of Yucatan 
can be seen penetrating, as a warm core, into the Gulf 
of Mexico as far north as latitude 27° N, which agrees 
with Maul's "spring position" for the Loop Current. 
Close inspection of this image shows that the surface 
thermal characteristics "fan out" through the western 
Gulf in a pattern similar to the frontal boundary of the 
central warm core. Along the eastern coast of Florida, 
the pattern of temperature appears to closely follow 
the Florida-Hatteras slope, colder water not being 
Observed until the shelf widens north of Palm Beach 
(26° N). At this pOint the thermal pattern closely 
reflects shelf dimensions. 

Fig. 4. Dynamic topography of the Gulf of Mexico region, from 
Nowlin and McLellan (1967). 

Color and temperature patterns are clearly identi
cal along the east coast of Florida, with an abrupt 
transition between waters of rich and poor phytoplank
ton associated with the cold wall of the Gulf Stream 
(Yentsch, 1974). The color image for the western Gulf 
of Mexico indicates a large mass of chlorophyll-poor 
water which extends as far as latitude 30° N. However, 
in the region at the western Florida shelf escarpment, 
where the Loop Current is impinging, the water masses 
are rich in chlorophyll (reduced radiance at 443 nm, 
CZCS Channel 1). The chlorophyll-rich water covers 
the entire shelf extending southward paralleling the 
escarpment. Therefore, the higher chlorophyll along 
this escarpment is associated with the southerly high 
velocity transport of the Loop Current. 

Synopticity and the conservation nature of ocean color 

The first question posed in the Introduction con
cerns the possibility of resolving the aegeostrophic 
effects of large scale ocean currents on the spatial 
distribution of phytoplankton chlorophyll using satel
lite CZCS imagery. The colorimetry shown by the 
images presented in this paper demonstrates that 
colorimetry can easily resolve the dominant features of 
global patterns of phytoplankton. The adequacy of 
past shipboard coverage and sampling techniques was 
also questioned in the Introduction. Some caution 
should be used in answering, as only a limited number 
of CZCS images are available. For the most part, sea 
sampling has delineated the major regions and the 
general pattern of "ocean richness" has been ade
quately described. If this is indeed true, what then are 
the expected contributions of satellite imagery at large 
spatial scales? 

The study of the interaction of global primary pro
duction with global climate on seasonal time periods 
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Fig. 5. NIMBUS-7 imager; iro,n orbi11965 on 151v1arch 1979. A, CZCS Channel1 (443 nm) image where light tone denotes high attenuation of blue 
due to phylopianftoi" chioccphyll CI,annel6 images of sea-surface temperature variation in which the dark tone depicts cold water. 
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pressure gradient and Coriolis force, Therefore, 
"baroclinic chlorophyll patterns" are interpreted as 
representing the results of imbalances between the 
two forces. The source of the imbalances becomes of 
major interest in the interpretation of chlorophyll pat
terns. 

Tile position of the baroclinic color fronts in rela
tion to water depth suggests that vertical mixing is 
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increased by the frictional effects of ocean currents 
being restricted by depths at the continental margins. 
This situation is analogous to conditions where fronts 
are formed due to destratification of water masses by 
tidal currents. Although, in the case of tidal fronts, the 
density surface can be completely turned over, both 
cases derive energy for vertical mixing from bottom 
friction. 

Summary 

The sequence and magnitude of vertical mixing, 
covering spatial scales from ocean gyres and currents 
to tidal mixing, suggests that the observed spatial pat
terns of phytoplankton are the result of changes in the 
degree of vertical mixing, horizontal transport as a 
mechanism for passive distribution being of minor 
importance in the oceans as a whole. This argument is 
partially supported by the idea that phytoplankton not 
growing are quickly removed from the system by sink
ing or grazing. This idea, originally introduced many 
years ago, means that color patterns viewed by satellite 
are reflecting phytoplankton growth. Thus, it is the 
dynamics associated with the movement of water 
masses which regulate the growth of phytoplankton. 
This growth causes specific features of ocean fluids to 
be outlined by color. 
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