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The principal objective of this study is to assess the degree
to which satellite ocean color observations can be used to improve
our understanding of the patterns of biclogical production in the
eastern equatorial Pacific Ocean. Spetifically, observations from
the Nimbus-7 Coastal Zone Color Scanner (CZICS) are used to
quantify the variability of phytoplankton abundance over a wide
range of time and space scales.

Mesoscale variability of phytoplankton biomass around the
Galapagos Islands as well as the spatial extent of the region of
enhanced phytoplankton production associated with the islands, is
shown to be associated with large~scale oceanic and atmospheric
circulation patterns. Satellite ncean color observations are used
to document the effect of the 1982-83 E1 Nino on the distributions
and abundances of phytoplankion throughout the eastern equatorial

Pacific.
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The structure and variability of coastal upwelling regions
along the Peruvian coast are described through the use of CICS
imagery. A comparison between the patterns of phytoplankton
distributions observed in the satellite images and those derived
from shiphoard observations; reveals that the offshore extent of
the region of enhanced phytoplankion concentrations is
significantly greater than previously described. In addition, the
sharp transition from enhanced to oceanic conditions that is seen
in the CZICS images suggests that physical rather than biolagical
factors may contirol the shape and offshore extent of the region of
enhanced phytoplankton abundances. Satellite data are also used
to describe the short—-term variability of the coastal upwelling
system to changes in atmospheric foreing.

This study documents that significant interannual variability
in the areal extent of the region of enhanced biclogical
production, referred to as the productive habitat, exists even
under non-perturbed {i.e. non-El Nino) conditions. Using some
basic assumptions and the guantitative information contained in
the CZCS data, it is shown haw the increased spatial coverage
offered by satellites may significantly reduce the errors

associated with regional primary production estimates.
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mg/m3) and the percentage of total cloud-free surface area

where pigment concentrations were greater than 1.0 mg/m3
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the northern Peruvian coastal region (coastal sampling grid)
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Table 4§.2. Surface area and the estimated primary

production to a depth of { optical attenuation length

(approximately the top 22% of the euphotic zone) for the

Productive and Open Ocean habitats of the Rastern Equatorial
Pacific. The numbers in parentheses give the percentage of

total surface area and total production represented by each

value. 150
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CHAPTER {

INTRODUCTION

'Technology often plays a vital role in the emergence of new
sciences by allowing access to facts not available to the casual
observer or present techniques’ (Kuhn, 1970). Recent advances in
remote sensing technologies; notably satellite-borne sansing
systems, have provided means never before possible with which we
can study the oceans. Satellite derived measurements of sea
surface temperatures, ocean currents, low-level wind fislds and
ocean color can now be made over vast areas of the ocean on a
regular, and most importantly, repetitive basis. The synoptic
perspective available through the use of these new observational
techniques, when complemented with the appropriate surface
measurements, allow us to address more effectively questions
concerning the interrelations between climate, the oceans, and
their biology. ‘

For the highly productive regions of the world’s oceans, it
is the pattern of physical processes that to a large extent
determines the character and richness of the ecosystem. While
much progress has been made in elucidating the mechanisms relating
thanges in winds, ocean circulation, and the vertical distribution
of density and nutrients to the patterns of enhanced biolpgical

production, our understanding of the temporal and spatial scales



of these processes and of the resulting variability in the
distribution and abundances of biological production, specifically
primary production, remains limited. This is particularly
significant when cne considers that marine primary production is
estimated to be about equal to that occurring en land (Global
Ocean Flux Study, 1924). The changes in ocean calor that can be
measured from space are related to the concentration of
near-surface phytoplankton pigments (Esaias, {980}, In addition
ta providing information about the distribution and abundances of
phytoplankton, one of the most important features of these
measurements lies in their role as a link between the ma.jor
physical and chemical processes that take place in the ocean with
the first step in the system of biological production.

It is the principal goal of this investigation toc asse=s the
degree to which sateliite ocean color observations can be used to
improve our understanding of the patterns of biological preduction
in the eastern equatorial Pacific Ocean. Specifically,
observations from the Nimbus-7 Coastal Zone Color Scanner (CICS)
are used to quantify the variability of phytoplankton abundance
over a wide range of time and space scales,

The eastern equatorial Pacific, specifically the region from
SJ¢N to 1595 and from 950W to the coast of South
America, is of interest for several reasons. One of the most
productive regions of the world’s ocean is the coastal upwelling

zane off Peru. At its peak,; the fishery for the Peruvian



anchoveta (Engravlis ringens) :ai.nght nearly i1 million

metric tons in a single year (Paulik, 1971). The islands along

the Peru coast from which sea bird deposits of guano provided much
of the werld’s supply af natural fertilizer is another indicator

of the high biclogical productivity of this region. A=side from

its biological importance, this region is of special interest
because it is whare coastal and vrquatorial processes overlap
(LuKas, 1981). Located at the eastern end of the equatorial
‘waveguide’, it is not only subject to perturbations in local
physical forcing, but also to disturbances generated in the

central and western Pacific. The large scale, low frequency,
int=rannual event Known as E1 Ninc is the most powerful example
of such an oceanic and atmospheric disturbance. There is

evidence, however, that significant interannual variability exists
even under supposedly non-perturbed conditions. This variability
is one aspect of a ten year international research program
{Tropical Oceans and Global Atmosphere, TOGA) which is designed to
improve the understanding of events in the tropical oceans and
global atmosphere that significantly influence the predictablility
of seasonal to interannual variations.

The investigation presented here has components which relate
directly to the objectives of the TOGA program, notably the
description of the biolpgical variability associated with large
scale processes of the annual cycle, interannual variability, and

the effects of the El Nino-Scuthern Oscillation phenomenon,



1.i. OBJECTIVES OF THIS INVESTIGATION

As stated above, the primary goal of this investigation is to
assess the degree to which satellite ocean color abservations can
be used to improve cur understanding of the patterns of primary
production in the eastern equatorial Pacific. To accomplish this
goal, several specific objectives are addressed. The brimary
objective is to use the satellite data to quantify the variability
of phytoplankton biomass at different time and space scales. The
temporal coverage provided by the CZCS allows for the short-term
variability on the daily to weekly scale to be assessed as well as
providing the capability for monitoring the changes occurring over
the longer-term {monthly to seasonal to interannual) periods.

The spatial resolution of the C2CS permits a variety of
spatial scales to be addressed as well. Phytoplankton variability
at different spatial scales can often be related to a variety of
physical and biological processes (Campbell & Esaias, {985).
Significant meso-scale variability (10-100Km) often associated
with water~mass boundaries, frontal regions, upwelling plumes, or
island wakes can be identified in the CZCS imagery. On the larger
scale (100-500Kkm), the variability of the Galapagos Archipelago as
a whole and of the upwelling region along the Peruvian coast are
assessed. The largest spatial scale addressed in this study was

set by the scan width of the CZC8 (i500Kkm) and the limitations



which were imposed by the processing and display capabilities
available at the time. This large-scale regian, which for the
purpose of nomenclature is referred to as the basin-wide scale,
includes the region from 5%N to 1595 and 959W to the

coast of South America (“750W). The general distribution of
phytoplankton at this scale is probably related to large-scale
energy exchange and circulation patterns. The large-scale,
interannual variability of phytoplankton on the basin-wide scale
is addressed through the use of seasonal composites. The methods
used and the utility of this technique are described later. In
addition, the satellite images are used to identify the major
features of phytoplankton distributions in the region. The
persistance of these features and their relationships to the
physical environment are assessed.

The second objective of this investigation is to determine
the extent to which coastal and island induced processes (e.g.
tidal mixin_g, topographically and wind-induced upwelling, etc.)
enhance the biological productivity of the surrounding waters.
The concept of the productive habitat is discussed and the
variability in its areal extent assessed. In addition, the
CIC8~derived chlorophyll concentrations are used to estimate the
total primary production of the region, which is then compared
with that estimated from shipboard measurements.

The productivity of the upwelling regions along the coast of

South America and of the highly productive waters around the



Galapagos Islands are not only subject to variability in local
forcing, but to a combination of local and remote effects. The
most powerful source of oceanic ard atmospheric disturbances that
affect these regions are those associated the the E1 Nino-8outhern
Oscillation (ENSO) phenomenon {Rasmusson & Wallace, 1983). These
disturbances are often generated in the central or western Pacific
and propagate eastward along the equatorial waveguide and then
poleward along the coastal boundaries of North and South America.
The El Nino event of 1982-83 has been the most extensively
documented event of its Kind to date, particularly its effects on
the climate (e.g. Rasmusson & Wallace, 1983), the oceanography
(e.g. Halpern et al., 1983) and the biology (¢.g. Barber & Chavez,
1983) of the equatorial Pacific.

In this investigation, I utilize for the first time the
synoptic coverage provided by satellite ocean color observations
to document the effect of the 1982-83 E1 Nino on the
distributions and abundances of phytoplankton biomass throughout
this region. To assess the impact of E1 Nino, several specific
questions are addressed. Was there an overall decrease in
phytoplankton biomass associated with E1 Nino or merely a
geocgraphic redistribution? Were some regions within the study
area affected differently than others (ie. a reduction along the
coast vs. a redistribution around the Galapagos Islands) ? How
did EI Nino affect phytoplankton abundance at the three spatial

scales under consideration in this study 7 How does the



variability observed during El Nino compare with that observed
in the historical CZICS data ? And finally, what are the

ecological consequences of the resulis ?

1.2. LIMITATIONS IMPOSED UPON THIS STUDY

It is not the intention of this investigation to advance
remote sensing technology or science per se in terms of
algorithm development or refinement. The methodologies that have
been developed and refined by others to relate the
satellite-derived ocean color measurements to the abundance of
phytoplankton in the ocean are taken as a starting point for this
study. The approach of this study is to utilize remotely sensed
data as a tonl in furthering our understanding of how oceanic
processes affect the distribution and abundances of life in the
oceans. Specific examples of how the satellite ocean color data
are used include the production of basin-wide, seasonal composites
which enable the interannual variability of phytoplankton
abundances to be assessed over a very large region that is
generally poorly sampled by ships. In addition, a rather simple
theoretical approach is used to estimate regional primary
production from the satellite data. Measurements from satellites
do not take the place of shipboard observations. Instead, they
offer a complementary data set which permits the highly detailed

surface measurements to be placed into a broader perspective.



The original intention was to document the temporal and
spatial variability of phytoplanikion biomass for one intensively
sampled period in time for which concurrent C2CS coverage had been
acheduled. This period began in early September 1982 and
coincided with the major oceanographic sampling program that was
part of NOAA's EPOCS (Equatorial Pacific Ocean Climate Study)
program in the equatorial Pacific. It was hoped that by
establishing the patterns of phytoplankton variability under what
were believed at that time to be non-perturbed conditions and by
correlating those patterns with the physical n:e'ancgr-aphi:
description of the region pravided by the extensive surface
observations; we would be in a better position to assess the
biclogical impact of changes in the physical system the next time
a major perturbation (E1 Nino) occurred. The 1982-83 El1 Nino,
which soon proved ta be the major evant to date of the century,
struck the South American coast the weeK the CICS data began to be
collected.

While a data set was now available which showed what
conditions were like under the most perturbed conditions, wirat was
missing was a data set documenting the patterns of phytoplankion
distribution and abundances during which conditions were ‘normal’
or at least less perturbed. Although intensive CICS coverage of
this regien was not scheduled for the period prior to E1 Nino,
sufficient historical data (since November 1978) had been acquired

with which it was passible to piece together a picture of this



region under non-El Nino conditions. One of the problems that
was faced, however, with this historical data was the lack of
extensive or coincident surface observations. Although a number
of oceanographic and meteorological observations were made during
the November 1978 through November 1981 period, from which the
historical data set was derived, there are large gaps which were
not adequately covered either by the CZICS or by surface
measurements. Because of this, I exercised caution in trying to
infer causal mechanisms for the patterns observed in the satellite
images. In addition, the temperal patchiness of the available
CZCS data often limited what could be said about the
representativeness of a particular image.

In Chapter 2, the satellite data and surface observations
used in this study are describad. Chapter 3 deals with
considerations regarding the use and interpretation of satellite
ocean color data and the validity of the algorithms used to
process the images presented. The remaining chapters contain the
actual data analysis and discussion. Chapter 4 describes the
patterns of phytoplankton production around the Galapagos Islands
and deals primarily with the mesoscale variability of
phytoplankton biomass around the islands and with the influence of
changing oceanographic conditions on the patterns of phytoplankton
distribution. Chapter ¥ examines the structure and variability of
one of the major coastal upwelling regions along the Peruvian

coazst. The patterns of pigment distributions revealed in the
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satellite images are compared with the idealized version of a
classical upwelling center as derived from shipboard observations.
Also, the short-term variability of this system and its relation

to changes in atmospheric forcing is described. In Chapter &, the
discussion focuses on the concept of the productive habitat as it
relates to the coastal upwelling zone off Peru and Ecuador. The
spatial and temporal variability of phytoplankton dis‘trihutinns
along the coast is examined through a series of individual CIC§
images. Regional composites are used to quantify the large-scale,
interannual variability of both the spatial extent of productive
habitat and of the estimated total primary production. The final
chapter summarizes the major findings of this study, points to
some as yet unanswered questions discusses some possibilities for

future research.
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CHAPTER 2
DATA DESCRIPTION

Of the nearly 125 Nimbus-7 Coastal Zone Color Scanner orbits
of the eastern equatorial Pacific that were examined, a much
smaller number (Y44} were actually processed to produce the
guantitative pigment distribution maps that are presented. This
chapter briefly describes the sources of data and the criteria

used to select scenes for inclusion in this study.
2.1. DATA SELECTION AND QUALITY CONTROL

The digital data that are acquired by the CZICS are
transmitted to earth in real time or recorded onboard the
spacecraft for later transmissicn. A sample of the daily coverage
provided by the CICS is given in Figure 2.{ where the orbital
tracks for one day are shown {light lines) along with the specfic
regions for which data were collected (shaded boxes). These raw
data are used to produce a quick look Laserfax image fram which
scenes are selected for further processing. Repgions which are
heavily contaminated with clouds or contain only land are normally
not sslected for further processing. Those scenes which pass the
initial screening criteria are then processed into Level-1

Calibrated Radiance Tapes (CRT’s) and black and white film
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products. A complete description of the CZCS, its history,
characteristics, data collection and processing is given by Hovis
(1981),

The first step in selecting the satellite scenes to be used
required the examination of the Nimbus-7 CZICS5 Data Catalegs and
scheduling records. From these it was possible to identify the
orbits and times for which data of the eastern equatorial Pacific
had been acquired and to determine which had passed the
preliminary selection criteria for processing. What was
immediately apparent was that the eastern equatorial Pacific is
generally a very cloudy place and that much of the useful data
that had been collected by the CZCS had not been processed to
Level-i because of excessive cloudiness. In addition, the
Galapagos Islands are very difficult to pick out in the quick look
Laserfax images and accordingly, several scenes in which they
appeared were not processed hecause of the cloud cover aleng the
coast. It was necessary, therefore, to reexamine all the Laserfax
images of the eastern equatorial Pacific and select scenes which
had been passed over in the initial screening for processing to
Level-i. The digital data as well as the film products of all the
scenes thus identified were then examined once again tp select
those images that would be used in this investigation.

The scenes that were selected for detailed discussion and
inclusion as color plates in this study had to meet a number of

specific criteria. The overall quality of the image was of prime



concern as wae it= significance in being able toc demonstrate the
usefulness of satellite ocean color observations. To do this the
region of interest contained in each scene had to be relatively
cloud-free. Scenes that covered the entire study region from the
Galapagos to the coast and in which both regions were generally
clear were particularly difficult to find. It was rare when a
single scene could be used in the statistical analysis for all

three spatial scales. However, scenes which may have been
questionable with regard to clouds ohscuring a pertion of the
image but which contained specific features of interest {e.g.
sharp fronts, island wakes,; upwelling plumes) were selected.
Images taken at times for which concurrent surface observations
were available were given special attention, particulary if the
region in which the surface measurements were taken was not
obscured by clouds. Alsp, the representativeness of a particular
scene in which recurrent patterns appear was takken into account as
a basis for.selection. Finally, there were 2 few scenes which
were included because they were clearly unusual in.:nmparisnn with
the majority of images examined. While not every =cene processed
met all of the above mentioned criteria, most were of sufficient
quality to be included in the statistical analyses. Table 2.1

lists the orbits, dates; processing parameters and geographic
coverage of the CZCS data used in this study. The orbits for
which no processing information is given were those for which the

images, although of interest, were of such questiocnable quality



Table 2.1. Orbit numbers, dates, processing parameters and
gecgraphic coverage of the Coastal Zone Color Scanner data used in
this =tudy. Those orbits for which no processing parameters are
given were thase for which the images, although of interest, were
of such questionable quality that they were not used in the

analysss.
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that they were not used in the analyses.

There were a number of images that were inspected but which
for several reasans were not included in the discussion or in the
statistical analysis of this study. These included scenes in
which there were difficulties in the processing procedures and
consequently the accuracy of the resulting pigment concentrations
and distributions were questionable. Sun glint was one problem
that reduced the number of useful images. The CICS has a mirror
which can be tilted +/- 20° from nadir to look either in front
of, or behind, the spacecraft’s line of flight to avoid sun glint.

In ocean color work; sun glint obscures any scattering from below
the surface and thus makes derivation of in~water constituents
impoassible for the affected regions. Because of the time required
to change the tilt angle of the mirror, the mirror was often set

to a position that would reduce glint in the northern hemisphere
while passing over the study area of this investigation. As a
result, sun glint significantly affected some otherwise impartant
images.

Clocuds posed problems in both a direct and indirect way. If
the region of interest was cbscured by clouds; then that scene was
excluded from the analysis. The problem of cloud ringing, in
which clearly errpneous values are observed to the east of clouds
or land, needed to be addressed as well. Cloud ringing is a
result of the finite period of time required for the CICS sensor

to regain sensitivity after passing over a relatively ‘bright’
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object such as a cloud, during which time the sensor was
saturated. The chief difficulty with cloud ringing was its
intermittent nature. In some scenes, although clouds were
present, there was no indication of the ringing effect. In other
scenes, however, the effect could be seean to extend across the
entire scan line. Where possible, regions that were obviously
affected bv cloud ringing were excluded from the statistical
analyses, The final reason for exclusion of a scene had to do
with the ‘limb effect’. When the region of interest was on the
edge of the scene, the algorithms currently in use often gave
results that were highly questionabie. This effect was generally
indicated by a bhand of exceptionally high pigment concentrations
along the western edge of the scene. However; regions within these
scenes, particulaly those near the center of the image, produced

valid results and were used in the analysis.

2.2. SURFACE OBSERVATIONSE

Although satellite ocean color data provide the material for
most of the discuseion in this study, a large number of surface
observations (i.e. ship and buoy-derived measurements) were used
as well, The surface measurements of various physical (sea
surface temperature, ocean currents, sea level, winds), chemical
{(nutrient concentrations) and biological (chlorophyll) variables

were useful in the interpretation of the patterns observed in the
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satellite images. The discussion of these data along with their

sources is given in the text.
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CHAFTER 3

PROCESSING PROCEDURES AND CONSIDERATIONS

This chapter addresses the question of what the Coastal Zone
Color Scanner measures, how it measures it, and what those
measurements mean. Also, some of the basic assumptions that need
to be made for the interpretation of satellite ocean color images

are discussed.

3.4. SATELLITE OCEAN COLOR MEASUREMENTS: ALGORITHMS

The Coastal Zone Color Scanner (CZCS) on NASA’s Nimbus-7
satellite, launched in October 1978, was designed to provide
quantitative estimates of near-surface phytoplankton pigment
concentrations by measuring the spectral radiances backscattered
from the ocean {Hovis et al.; 1980). These radiances are not
merely reflected from the sea surface, but are derived from
sunlight that has entered the ocean, been selectively abzorbed,
scattered and reflected by phytoplanktion and other suspended
material in the upper layers, and then backscattered through the
surface. Phytoplankton, through scattering and by the presence of
their photosynthetically active pigments (primarily chlorophyll

@) are a major determinant of ccean color for most of the
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world’‘s oceant. The four visihle spectral bands on the CZCS have
been optimized =o as to quantif¥y these changes in occean color,
The narrow (20 nm) bands centered about 443 and 470 nm are in
regions of the spectrum where chlorophyll & absorption is
strong. The two bands at 320 and 5350 nm are located at
wavelengths where upwelled radiance variations due to changes in
chloraphyll concentation are small. The band at 670 nm is
strongly affected by absorption by water. Because of this, it is
assumed that most of the radiance detected by the CZICS in this
band; particularly in regions of very low phytoplankton
concentrations, can be attributed to the atmosphere. This
assumption forms the basis of the ‘clear water’ {(‘black ocean’)
radiance concept for atmospheric correction of the CZCS imagery
{Gordon & Clark, 1981). This correction is by no means a trivial
consideration since roughly 80-99 pér:en‘t of the total radiance
received by the CZCS is due to backscattering from the atmosphere.
The goal of the atmospheric correction procedures as
summarized by Gordon & Morel (1983) and more recently by Smith
{1934} are to accurately determine the water-leaving radiances on
a pixel by pixel basis throughout the image. To do this, the
atmospheric contribution to the total radiance must be removed.
The component due to scattering from the air (Rayleigh scattering)
can be estimated quite accurately from theory (Viollier et al.,
1980). Determining the scattering caused by the microscopic

particles in the air (aerosol scattering) is somewhat more complex
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and two approaches are generally used. The first is the
‘clear-water’ radiance concept where the aerosol path radiance is
determined for portion of the spectrum where the water ieaving
radiance is assumed to be zero. Gordon & Clark {1981) showed that
for oceanic, Case 1 waters (those waters in which phyteplankton
and their covarying degredation products are the main determinants
of ocean color) with pigment concentrations < 0.25mg/m3, this
assumption is true for the CICS band at 470 nm. However, if the
region under investigation does not contain waters for which the
‘clear-water’ method can be applied (e.g. pigment concentrations
>0.25mg/m3, or with significant amounts of suspended sediment or
dissolved organic matter), then the approach developed by Smith &
Wilson (19€1) in which an iterative procedure utilizing a
bio-optical model linking pigment concentration and water-leaving
radiance is used.

A number of algorithms (again summarized by Gordon & Morel,
1983; and Smith, 1984) have been developed to relate the retrieved
spectral radiances to the concentration of near-surface
phytoplankton pigments. Most of these are empirical models based
upon regressions between ‘optically weighted’ pigment
concentrations (Smith & Baker, 1978) as determined from shipboard
observations and upwelled radiance ratios using the 443, 520, and
390 nm CZIC8 bands. There is general agreement that these
algorithms can be used to estimate near-surface pigment

concentrations to within 30-40 percent for ‘Casse I’ waters, For
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regione in which inorganic and/or resuspendsd material play a
major role in determining the optical properties of the ccean;
referred to as ‘Case 2/ waters by Morel & Prieur (1977), estimates

to within a factor of two can be expected.

3.2. SATELLITE OCEAN COLOR MEASUREMENTS: MEANING

Once these various algorithms have been applied and the
resulting quantitative estimate of near-surface phytoplankton
pigment concentration has been produced, the question still
remains as to exactly what do these values mean and how well do
they represent both the horizontal and vertical distribution of
phytoplankion in the ocean. The satellite-derived concentrations
represant the sum of the photosynthetically active phytoplanikton
pigment chlorophyll & and phaecpigment a, its primary
degredation product, which because of the limitations in spectral
resolution available with the bands available on the CICS5, cannot
be separated. Although the phaeopigments comprise a variable and
sometimes significant proportion of the estimated total pigment
cancentration, they are typically less than 10 percent of the
chlorophyll a concentration (Smith & Baker, 1978),

The depth to which these measurements apply is inversely
related to the concentration of phytoplankion and suspended
material in the water column. Studies have shown that

approgimately 90 percent of the water-leaving signal detected by
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the CZCS originates from within the first optical attenuation
length (Clark, 1981) the depth of which varies from approximately
f.6 to 17 m over the pigment concentration range of 0.4 to
10.0mg/m3, respectively (Smith & Baker; 1978). The CZCS-derived
values, therefore, represent the average pigment concentration in
the upper 22 percent of the ruphotic zone and are derived from the
layer in which 63 percent of the surface irradiance has been
attenuated (Smith & Baker, 1978).

It has been shown that there may be significant correlation
between surface chlorophvll (e.g. from ships}) or near-surface
cencentrations (e.g. from satellite) and chlorophyll integrated
through the water column (Lorenzen, 1970; Smith & Baker, 1978;
Hayward & Venrick, 1922; Platt & Herman, 1983). In addition;
near-surface chlorophyll is also strongly correlated with total
euphotic zone primary production (Hayward & Venrick,; 1982; Eppley
et al., 1985), particularly in regions such as the California
Current where strong gradients and a wide range of chlorophyll
concentrations are found. However, such correlations do not
appaear to exist for regions in which surface values do not
adequately reflect the subsurface chlerophyll distribution. Such
a sitvation was observed in the central North Pacific gyre
{Hayward & Venrick, 1962) where the presence of a deep chlorophyll
maximum significantly affected the integrated values but was not
reflected in the surface measurements. Hayward & Venrick do point

out, however, that on the global scale in which a large range of
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ecosystems are considered, a positive relation between the surface
and water-column values will exist. This is particularly
eignificant in that it supports the validity of ocean-wide, or
global assessmente of oceanic production using satellite ocean
color observations.

1t is bevyond the scope of this investigation to address in
detail the complex relationships among chlerophyll, phytoplankton
biomass and primary production. A review of the subject by Cullen
{1922) discussed the variability in these relationships as well as
the various physical processes that determine the vertical
distribution of these properties. He showed that although the
concentration of chlorophyll is still the best, and most readily
measurable, indicator of phytoplankton biomass in natural
populatiens, the carbon to chlorophyll ratios can vary by more
tr;aﬁ an order of magnitude. One saurce of this variability is due
to the diel variation in the chlorophyll content per cell which
varies by about a factor of 2 depending upon time of day. The
consequences of this variability are reduced in the CZC8S
observations since the orbital configuration provides for coverage
of the same geographic area at roughly the same time each day.
The variability in the chlorophyll:productivity ratio iz also very

large and is discussed in Chapter é where the CICS data is used to

estimate regional primary production.
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3.3. BATELLITE/SHIP INTERCOMPARISON

Quantitative comparisons between ship measured and satellite
derived chlorophyll concentrations were carried out to determine
the accuracy of the satellite values and the reliability of the
algorithms and processing procedures used in this study. While
moet other studies have relied upon surface pigments measured
continuously along a ship track, no such data were available for
this region during the period of this study. However, coincident
shipboard measurements of near-surface chiorophyll concentrations
from individual sampling stations and C2CS-derived pigment values
were available for six days during the study period. To be
included in the comparison, the surface observations had to have
been taken within 12 hours of the satellite overpass. In
addition, the location from which the satellite value was obtained
had to have been sufficiently cloud-free to minimize any possible
cloud-ringing effects.

The CICS values used in this comparison were 7 x 7 pixel
averages centered around the geographical location of the ship
measurement (pixel stands for picture element, the smallest
geographic area-resolved by the sensor which for the CICS is
0.825km?! at nadir). This was done for several reasons. The
first was because tima differences betwean the satellite and ship

observation, and the strength of the currents in this region made
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a one to one correspondence between pixel Iocation and ship
position somewhat difficult and questionable. The second reason
invalved the accuracy with which any given point in the CICS
images could be geographi:_ally located. The procedure wsed to
navigate the CZCS images involved superimposing a geometrically
correct coastal outline on the remapped satellite image. Then, by
applying time and spacecraft attitude correction factors, those
areas of the coastline sgen in the satellite image could be made
to coincide with the coastal outline. The accuracy of this
technique decreases as you get further away from clearly
identifiable coastal features. Berause many of the ship/satellite
values came from open cocean stations, it did not seem that it was
possible to navigate the satellite images to anything better than
a 8 pixel accuracy.

The comparison between the shipboard station measurements and
satellite estimates presented in Figure 3.1 suggests that for this
region and for the time periods from which the data were
available, the procedures and algorithms used to process the CICS
data were at least as accurate as those applied elsewhere (Emith
et al., 1982; Gordon et al., 1983; Brown et al., 1983). Satellite
estimates were generally within 30 percent of the ship
measurements in this study. This also included the nearshore
station when pigment concentrations of 5 mg/m3 were recorded
during El1 Nino. In addition to the nearly cocincident

ship/satellite values presented in Figure 3.1, a less rigorous
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Figure 3.1. A comparison between shipboard station measurements
of surface chlorophyll and satellite-derived estimates of
near-surface pigment concentrations {(mg/m3) from the same location
taken within six hours of each other on:

O6/11/64; B 11/3/82; % 11/8/82 (NOAA Ship Researcher);

O 11/8/82 (Academy Bay); Y 1/31/83; @ 2/9/83; + 3/28/83.



comparison between ship measured and satellite derived chloraphyll
concentrations throughout the region showed a general agreement
between the two data sets. -The absance of any systematic bias,
particularly in the El Nino data, supporte the accuracy of the
correction factors used to compensate for the reduction in

radiometric sensitvity of the CICS with time (Gordon et al.,

1983a).
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CHAPTER 4

PATTERNS OF PRODUCTION AROUND THE GALAPAGOS ISLANDS

4.1. INTRODUCTION

"The currents about these islands are very remarkable..."
Fitz-Roy (1839}

It has long been recognized that the ocean waters around
islands are inherently more productive than waters far removed
from land (Gilmartin & Revelante, 1974; Barber & Chavez, 19583).
This increased productivity, which is often referred to in the
literature as the Island Mass Effect (Doty & Oguri, 1954), depends
primarily on the supply of nutrients to the euphotic zane brought
about by enhanced vertical mixing around ielands. Localized
upwelling on the dewnstream sides of islands {LaFond & LaFond,
1971), topographically induced upwelling (Houvenaghel, 1978), the
formation of island wakes (White, {973}, wind driven coastal or
equatorial upwelling and tidal mixing (Kogelschatz et al., 1985)
are some of the mechanisms that can produce vertical mixing around
islands. Although the mechanisms may differ, the end result is
often the same; an increase in tha vertical transport of nutrients

to the surface waters supporting enhanced levels of primary



32

production and phytoplankton biomass.

Siraddling the squator approximately 900 Km to the west of
the South American mainland, the Galapagos Islands (Figures 4.1 &
4.2) lie within the heart of the equatorial current system.

Rising from the sea floor, the volcanic islands of the Galapagos
are set on top of a distinctive platform. The main portion of the
Galapagos Platform is relatively flat and less than 1000m in
depth. The steepest slopes ars found along the western and
southern flanks of the platform with a gradual slope toward the
east.

Numerous submarine banks and topographic features interrupt
the flow of two of the major ocean currents of this region. The
surface circulation around the Galapagos Islands is dominated by
the generally westward flows of the South Equatorial Current
{8EC). The strength and direction of flows associated with the
8EC normally have a strong annual cycle which is related to the
intensity of the Southeast Trade Winds (Halpern, 1988); westward
surface flows associated with maximum westward winds {(July through
December) and #astward near-surface currents correlated with
minimum westward wind or wealk easterlies (March and April). The
thickness of the SEC is minimal at the equator (20 to S0m}
deepening to the narth and south (Houvenaghel, 1984), Below this
shallow westward-flowing surface layer are the waters of the
Equatoriazl Undercurrent (EUC), also called the Cromwell Current,

which is a subsurface, eastward flowing current approximately 200m
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thick with its high velpcity core normally found at ~“75m. The
influence of these two opposing flow regimes makes the circulation
patterns around these islands remarkably complex. The logs
written by captains of 187 and 197 century sailing

vessels are filled with references to the bewildering currents and
winds they encountered as they explored, provisioned their
vessels, or hunted the whales that were abundant in the waters
around the Galapagos Islands.

There has bean much recent work dealing with the influence of
tides and tidal mixing arcund islands (Simpson & Tett, 1985).
Unfortunately, little is known and even less is written about tha
tides of the Galapagos Islands. What is Kknown, however; is that
the tides are predominantly semidiurnal, having two nearly squal
high and low waters each day. The tidal range (“1.3 to 2.5m)
varies from one location to another throughout the archipelgo, and
since tidal currents in a particular area are often proportional
to the range of the tide, it can be assumed that tidal currents
also vary throughout the islands. Beebe (1925) wrate that

"The captain discovered the fact that at the

surface at least there is a tidal current. On

the lowering tide the current sets strongly

north,; and on the rising tide it turns and

sets as sirongly southward along the coast, at

least ten miles out"
Houveraghel (1978) found that tidal mixing played a role in
reducing water column stratification, while Kogelschatz et al.

(1925) believed that the strongly pericdic surface enrichment of

nutrients they observed at their Academy Bay time-series site may
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have been caused by tidal destratification. Clearly, more work
needs to be done in order to fully assess the role of tidal mixing
arcund the Galapagos Islands,

What all the descriptive and scientific evidence points to is
that this region is exceptionally dynamic and that many mixing
processes are at work, any one of which could provide the vertical
transport of nutrients necessary to support enhanced phytoplankton
production. Not only do phytoplankton represent the first link
in the oceanic feod chain, but their patterns of distribution in
time and space may indicate changes in the physical environment
(Steele, {978) and provide clues as to how oceancgraphic processes
regulate primary production (Yantsch, 1983). Until recently, the
limitations imposed by traditional sampling techniques and
strategies have made it difficult to assess the variability of the
biological response to changes in the physical snvironment. The
development of satellite sensing systems has provided the synoptic
perspective, the quantitative areal data and the temporal coverage
required for ap accurate description of this region.

It is not the purpose of this chapter to describe the mixing
processes associated with these islands, but rather to show how
mixing processes affect the distribution and abundance of
phytoplankton in the surrounding waters. Satellite ocean color
observations are used to describe the patterns of distribution and
the degree of temporal and spatial variability of phytoplankton

biomass around the Galapagos Islands. The relationship betwean



temperature (where colder temperatures at the surface often
indicate the injection of newly upwelled, ar recently miced waters
rich in nutrients) and the distributions and abundances of
phytoplankton are described using sea surface temperature and
ocean color imagery.

In addition, it is shown that changes in the speed and
direction of flows (winds and currents) past the islands produce
significant variations in the patterns of phytoplankton
distribution in the region and that these patterns are correlated
with the seasonal cycle evident in the metrornlogical and
oceanographic data. Finally, the satellite data are used to
determine the spatial extent of the area of enhanced biological
production, referred to here as the productive habitat, assaociated

with the Galapagos Islands.

4.2. MAJOR FEATURES OF PHYTOPLANKTON DISTRIBUTION
AROUND THE GALAPAGOS ISLANDS

Twenty Coastal Zone Color Scanner (CZCB) images of the

Galapagos Islands covering the period from December 1978 through

March 1983 were processed according to the procedures described by

Gordon et al. (1983). The :nlnr-encndec! maps of pigment
concentrations preasented in this section are representative of the
patterns and variability in phytoplankton distribution observed in

most of the analyzed data. The colors represent the
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satellite~derived pigment concentrations {Plate 4.1) and in each
casge the islands are black and the clouds are white.

CZCS data of the Galapagos Islands from Nimbus-7 orbit 739
taken on 16 December {973 were processed to produce simultaneous,
co-registered images of sea surface temperature (Plate 4.2) and
derived pigment concentrations (Plate 4.3). These images are
discussed in detail to describe the relationship between upwelling
and enhanced phytoplankion production. Two additional ocean color
images of the Galapagos Islands acquired during December 1978 are
presented to show the degree of variability in phyteplankton
distributions during this periad. Although direct observations of
the oceanographic conditions around the islands are not available
for December 1978, data gathered during the November 1978 cruise
in the vicinity of the Galapagos by the research vessel Orion of
the Oceanographic Institute of Ecuador (Arcos, 1981; Jimenez,
1981) provide surface information useful in the interpretation o+
the satellite images. The time difference between the ship survey
and the satellite overpass makes direct comparisons difficult,
however, a general agreement of the large-scale features does
exist.

- The satellite-derived sea surface temperature distributions
(Plate 4.2) show that warm waters (yellow) were found
predominantly in the northern and southern regions of the
archipelago. The warm, tropical surface waters to the north are

separated from the generially cooler waters (blue) of the south by
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the Equatorial Front which extends zonally, and generally crosses
the equator in the vicinity of the Galapagos Islands (Haves,
1985). The Equatorial Front, sometimes referred to as the
Galapagos Front in the vicinity of the islands, was very strong on
the western side of the archipelago in November 1978 and was
located just off the northwestern tip of Isabela.

One striking feature evident in the temperature image is the
patch of relatively cold water (*{99C) located to the west of
Isabela Island between the equator and 1.595. Jimenez (1981)
reported that during November 1978 the axis of the eastward
flowing subsurface Equatorial Undercurrent (EUC) was displaced
glightly to the south of the equator; other studies (Bubnov and
Egorikhin, 19841; Lukas, 1981) have given some indication of the
behavior and the extent and period of the meandering of the axis
of the EUC., Measurements have shown that subsurface waters
belanging to the EUC (Houvenaghel, 1972) upwell in the Galapagos
area and influence the hydrology and productivity of the antire
archipelago. Both Houvenaghel and Jimenez report the existence of
a large patch of cold (199 water to the west of Isabela
Island. This patch, representing the topographically induced
surfacing of the EUC, is clearly sean in Plate 4.2. The
satellite-derived temperature distributions seem to indicate that
at the time of the satellite overpass, the EUC flowed primarily
through the southern portion of the archipelago although its

signature is not nearly as distinct as it is to the west. These
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data support the observations reported by others (Stevenson &
Taft, 1971; Lukas, 1981; Hayes, 1284) that the EUC flows southward
through the islands. -

The CICS-derived pigment concentrations for this pericd
(Plate 4.3) show that phytoplankton biomass was by no means
uniformly distributed around the archipelago. Pigment
concentrations were highest on the western side of Isabela,
particularly in Elizabeth Bay, while & small (“25Km) patch of
relatively phytoplankton-rich water was found just to the north of
Fernandina. Jimenez (1981) reported that diatoms were the most
abundant phytoplankton group encountered during November 1978.
The lowest concentrations are associated with the warm waters to
the south of the islands and with the regions to the north of the
reported position of the Equatorial Front. The region of
relatively low pigment water located to tha west of Isabela
corresponds with the center of the EUC upwelling water as seen in
the sea surface temperature image. It has long been recognized
that newly upwelled water, although generally high in nutrients is
usually low in phytoplankton biomass {Barber & Ryther, 1949),
Jimenez’'s (1981) findings and the satellite data support this
idea. Both show a sharp decrease in pigment concentrations where
the EUC core upwells; however, the waters surrounding the
upwelling center have some of the highest pigment concentrations
in the region,

A particularly sharp and nearly coincident temperature and
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color front can be seen on the sastern edge of the EUC upwelling
center. The bathymetry of the region (Figure 4.1) indicates that
this front is located in waters with depths greater than 1000m.
Sea surface temperatures and pigment concentrations across this
front {Figure 4.3) extracted from the CICS imagery along the
trackline shown in Plate 4.3 show the sharpest gradient across the
color frant (0.4 - 4.1 mg/m3) occurs between pixels 22 to 24 (a
distance of approximately 3 Km). Mean pigment concentrations on
the east side of the front {(0.93 mg/m3) extending into Elizabeth
Bay are significantly higher than those to the west (0.28 mg/m3),
which are generally within the newly upwelled EUC waters. The
temperature data shows a marked, although less dramatic difference
across the front. Temperatures are cooler (~18.80C) in the
western region, increasing across the front and averaging

19.49C on the pastern side. A closer analysis of the data

along the portion of the transect to the east of the front (pixels
30-50) reveals four, approximately equally spaced, peaks in both
pigment concentrations and sea surface temperatures. The peaks
are approximately 5 pixels (4km) apart with the temperature maxima
displaced nearly {km to the west of the maximum pigment
concentration. Phytoplankton variability at this scale could
result from & number of physical or biological processes (Haury et
al., 19723), but the apparent correspondence between the
temperature and pigment fields and the relatively uniform spacing

between peaks suggests that physical processes may be the dominant



Total Pigment (mg/m3)

10—

Pigment

—-22°
—~21
=20

—19°

~18°

Distance (pixelas)
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the trackline depicted in Plate 4.3. extracted from the Coastal
Zone Color Bcanner data acquired on 16 December 1978 (Nimbus=-7
orbit 739),
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factor.

An example of subsurface temperature distributions along the
approximate position of the trackline in Plate 4.3 is given in
Figure 4.4. This data is from Houvenaghel (1978) in which the the
results of a number of bathythermograph sections throughout the
Galapagos Archipelago were used to describe the oceanographic
setting of the islands and to investigate the role of upwelling
and vertical mixing. The location of the sharp color front
observed in the satellite images corresponds roughly to the
position where the 20°C isotherm breaks the surface. The
isotherm spreading that is evident as one progresses along the
transect into Elizabeth Bay is an indication of enhanced vertical
mixing, caused either by the EUC impinging on the islands or by
tidal mixing in the nearshore zone.

The short-term variability in phytoplankton distributions can
be seen by comparing the three CZCS imagas of this period. Mean
‘pigment concentrations for the entire archipelago were 0.36mg/m3
(SD = 0.23mg/m3) on ? December (Plate 4.4), 0.2émg/m3 (SD =
0.img/m2) on 16 December (Plate 4.3), and 0.44mg/m3 (8D =
0.29mg/m3} on 21 December 197& (Plate 4.5). The major change
occurrad in the wastern half of the archipelago where two major
phytoplankion blooms were observed at the beginning and end of
this period. The southernmost edge of the zonally oriented ocean
color front seen in the 9 December image migrated approximately

100Km to the north by 21 December. The significance of the
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Figure 4.4. Subsurface temperature (°C) distributions

along the approximate location of the trackline depicted in Plate
4.3.) derived from a number of bathythermograph sections around
the Galapagos Islands (after Houvenaghel, 1778).
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variability in frontal location will be discussed later in this
chapter.

Pigment distributions on 1{ June 1981 {Orbit 13288, Plate
4.8) show that although different in some respects to the patterns
cbserved during December 1978, several features are clearly
similar. Once again,; the highest pigment concentrations are found
on the western side of Isabela in Elizabeth Bay. The sharp color
front seen in December 1972 also appears in the June 1981 image,
although its position is displaced approximately 20km to the easti.
A small patch of pigment-rich water is again found off the
northern tip of Fernandina Island. The most notable differences
between the December 1978 and June 19381 images are (1) the
appearance of phytoplankten-rich plumes sxtending to the northwest
from most of the islands in June {931 and (2) an overall increase
in pigment concentrations in the waters around the archipelago.
The overall mean pigment concentration for the entire region
covered by the CIC8 image increased from 0.26 mg/m3 16 December
1978 to 0.42 mg/m3 in June 1981. This increase is particularly
evident in the offshore waters, indicating the possibility of
either a large-scale seasonal or interannual effect. The seascnal
influence will be addressed later in this chapter, whereae the
interannual variability in phytoplankton biomass and production
experienced by this region will be discussed in Chapter &,

Oceanographic measurements of the large~scale circulation

patterns which are available for the June 1981 period, proved
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useful in interpreting the patterns seen in the satellite image.

The trajectories of four satellite-tracked driting buoys deployed
to the east of the Galapagos Islands (Pazos & Paul, 1984) during
the latter half of June 1981 are presented in Figure 4.5; the
tic-marks along the trajectories represent successive ten day
intervals. The horizontal displacements of the buoys have been
interpreted as providing a2 measure of the velocity and direction

of water movement in the upper layer (*50m) of the ocean (Hansen &
Paul, 1984). The trajectories show that the surface waters to the
‘north of the equator around the Galapagos Islands were moving in a
generally west-northwest direction, and in a waat-southwest
direction for the waters to the south. The plumes of pigment-rich
water seen in the satellite image are, therefaors, foarming on the
downstream sides of the islands.

Simpson et al.'(i992)' and Simpson & Tett (1985) described the
mixing processes associazted with flows around islands. It was
noted that at times when significant non-tidal residual flows were
present (4-20cm/sec was reported by Si"mf:nsun &t al. for the waters
around the Scilly Isles), mixed water would be swept away from the
island and produce a plume downstream. Houvenaghel (1978)
reported that around the Galapagos, newly upwelled waters of the
EUC were mixed with and carried along by the flows of the South
Equatorial Current. The appearance of distinctive island wakes in
most of the ocean color images of the Galapagos clearly indicates

the presence and significance of the mean surface flows in
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Figure 4.5. The trajectories of four satellite-tracked

drifting buoys deployed to the sast of the Galapagos Islands
during the third week of June 198f{. The deployment locations are
indicated (closed circles) and the tic-marks along the .
trajectories represent subsequent ten-day intervals (after Pazos
and Paul, 1934),
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determining the patterns of phytoplankton distribution around the
islands.

The trajectories given in Figure 4.5 indicate that the buoy
to the north of the islands travelad further during the same
period of time than did the buoy to the south. For the second
ten-day interval, the period when the buoys were closest to the
islands, the northern buoy covered approximately S4Kkm/day
{“&43cm/sec) while the southern buoy averaged only 35km/day
(“4icm/sec). The slower westward movement of this southern buoy
may possibly be due to the influence of the eastward flows of the
EUC, particularly if, as is indicated in Plate 4.2, the major
portion of the EUC flows were through the southern part of the
archipelago.

The distributions of phytoplankton pigments observed on 24
April 1980 (Orbit 7608, Plate 4.7) are dramatically different from
those found in the previously described scenes. Although the mean
pigment concentration for the entire region is only slightly lower
in April 1980 than during June 198% (0.37 vs. 0.42mg/m3), the
greatest difference is seen in the patterns of phytoplankton
distribution around the islands. The regions of highest
phytoplankton biomass are no longer located on the western side of
Isabela, but rather are found to the south and east. Mean pigment
concentrations for the waters around Elizabeth Bay were only
0.35mg/m3 (SD = 0.41mpg/m3) while those bstween Isabela, San

Salvador and Santa Cruz were 0.74mg/m3 (8D = i.5mgl;ﬁ3).
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A question that can be asked is what differing oceanographic
conditions existed during these periods that could passibly
explain the contrasting patterns of phytoplankton distributions
observed in the satellite images. One possiblility is the altered
circulation patterns cbserved during April 1980, Near-surface
{1¥m) current meter measurements taken at 09, 1109W for
the period February 1980 through September 1981 are presented in
Figure 4.6a (Halpern, personal communication, £984). Although
these observations were made nearly 2100km to the west of the
Galapagos Islands, they document the dominant oceanic circulation
features of the region. Coincident sea level records from thes
Galapagos Islands are presented in Figure 4.6b (Hayes, personal
communication; 19€4), A recent study (Haves & Halpern, 19284) has
shown that for the period March 1980 to July {981 sea lavel at the
Galapagos was highly correlated with the currents measured at
09, 1109W. Bpecifically, they found that eastward flaws,
expressed as vertically averaged zonal velocities, resulted in
rising sea level at the Galapagos.

Enhanced eastward surface flows and elevated sea levels are
clearly seen during the March thr?nugh May periads of each vear.
By the latter part of April 1990, sea level at the Galapagos had
been rising rapidly and strong rastward flows had been recorded
throughout the preceeding month. This is in sharp contrast to the
conditions that were cbserved during June 1981 at which time sea

level was low, and the surface flows although variable, were in a
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Figure 4.6. A) Daily vector-averaged current meter records
showing speed and direction at a depth of {5 meters measured at
09 1i0°W (Halpern, personal communication, 1984).

Eastward direction is upward. B) Low pass filtered and detided
sea level record from the Galapages Islands (recorded at the
northern tip of Isabela Island) for the same period covered by the
current meter data (Hayes,; personal communication, 1984).
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generally westward direction.

The position of clouds associated with oceanic islands may
provide useful clues as to the direction of the prevailing winds.
As one approaches many of the high islands in the trade wind
regions, one often sees clouds piled againat the windward sides of
the islands. These clouds form when the warm, moist air of the
trades are deflected upward upon striking the often very steep
flanks of these islands. The Galapagos Islands are volcanic, with
steep peaks (between 1000 to 1500 meters on Isabela) near the
centers of most of the islands in the archipelago. In the June
1981 C2CS image (Plate 4.4) clouds are clearly seen along the
eastern flanks of Fernandina, Santa Cruz, Isabela, and down the
center of 8an Crigstobal. Wind data (Halpern, personal
communication, 1984) indicates that the southeast Trades were
quite strong (~*7m/sec) during this time. The cloud patterns in
the April 1980 image (Plate 4.7), howaver; are quite different.

At this time, large clouds can be seen along the western flanks of
mast of the islands. Unfortunately, wind records are not
available for this period, but as will be discussed, a weakening
of the southeast trades often occurs at this time. While
inferring wind direction from cloud positions is somewhat
speculative, it appears to offer at least some qualitative
information about relative wind direction for places such as the
Galapagos where accurate wind records are often difficult to

obtain.
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The position of the Galapagos Islands near the eastern end of
the equatorial waveguide, subjects them not anly to perturbations
in local forcing, but also to disturbances generated in the
central and western Pacific (Kogelschatz et al., 1935). These
propagating disturbances, the most dramatic of which are
associated with E1 Nino, have been shown to have profound
effects on the biota of these islands. A recent investigation
utilizing satellite ocean color observations and complemented with
coincident oceanographic measurements demonstrated the tight
coupling that exists between the distribution of phytoplankten
biomass around the Galapagos Islands and the oceanographic and
atmospheric conditions observed during the 1982-83 EI Nino
(Feldman et al., 1934),

The CICS data presented in Plate 4.8 were acquired on 8
November 1982 (Orbit 20408) dui‘ing the onset phase of El Nino.
When the overall mean pigment cancentration for the sntire
archipelago was computed in the same manner as the other CICS
scanes presented in this paper, an interesting fact emerged; the
mean pigment concentraticon calculated for the November 1982 scene
(0.23mg/m3) was not significantly lower than was calculated for
December 1978 (0.26mg/m3), which suppasedly represents non-Nino
conditions. In fact, the sharp color front and highest pigment
cancentrations were once again found outside of Elizabeth Bay,
What is particularly striking about this scene, however, is the

large region to the north of the islands where waters with
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exceptionally low pigment concentrations were observed. In the
satellite—-derived sea surface temperature distributions of the
eastern equatorial Pacific on &§ November 1982 pr'e'sente'd in
Philander et al. {1983) two features appear which are also
observable in the CICS image of that day. The equatorial Front
was in a position very close to that chserved in the CICS image as
the boundary between the low pigment waters to the north and the
richer waters to the south. The front is displaced to the south
during E1 Nino (Barber & Chavez, 1{983; Hayes, 1985) and it
appears as if the 8 November CZCS image caught t‘he front just as
it reached the Galapagos. The sea surface temperature data also
indicates a plume of relatively cool water extending to the south

of Isabela. A similar plume of pigment-rich water can be seen in

the CICS image. It is not kKnown whether the plumes were generated

locally or swept around the island from the west as a result of
the changing oceanographic and meteorological conditions at the
time. Although locally high levels of phytoplankton biomass were
observed around the Galpagos Islands during E1 Nino (Feldman et
al., 1984; Kogelschatz et al., 19685), the productivity of the

offshore waters was reduced significantly (Barber & Chavez, 1983).
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4.3. PATTERNS OF PRODUCTION AND THE SEASONAL CYCLE

The satellite ocean color images pressented in this chapter
demonstrate the degree of spatial and temporal variability of
phytoplankton biomass around the Galapagos Islands. One of the
firgt things evident from the satellite images is that some areas
around the Galapagos appear richer than others. To quantify this
observation, the archipelago was divided into nine mesoacale
sampling regions (Figure 4.7). The criteria that were used to
select the number, location and size of each sampling region were
somewhat subjective. The size of the sampling region was set at
approximately 30 x 30 Kkm so that most of the mesoscale variability
in phytoplankton distributions associated with a particular island
tould be determined. In addition, the choice of sampling region
size and location roughly coincides with the maximum feeding range
and nesting location of many of the species of seabirds that are
abundant throughout the Galapagos, and are the subject of much
e@cological investigation (R. RicKkleffs, personal communication,
1984), Since, as has been previously noted, all the images are
remapped to the same spatial co-ordinates, the geographic area
covered by each sampling region is the same in each image. The
mean pigment concentration for each sampling region along with the
variability about the mean could then be calculated.

Several additional kinds of information can be obtained

through this approach. First, by comparing the individual regions
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Figure 4,7. Chart of the Galapagos Islands showing the

location of the nine mesoscale sampling regions used to assess the
spatial and temporal variability of phytoplankton biomass around
the archipelago.



within a single scene, the spatial variability in phytoplankton
biomass around the islands can be determined. Second, a given
gampling region or group of regions can be compared from one image
to the next, giving an indication of the temporal variability.
Third, the distribution of phytoplankton within a given sampling
region can be determirned both by a visual inspection of the CZCS
images as well as through a relatively simple statistical analysis
of the data.

8ince it is well known that phytoplankton often exhibit
non-random or patchy horizantal (Cassie, 1959) and vertical
distributions (Platt & Herman, 1983), it is possible to estimate
whether the distribution over a given spatial domain (i.e. a
sampling region in this case) is patchy (over-dispersed), randomly
distributed, or uniform (under-dispersed) by comparing the mean
{M) with the variability about the mean. This technigue usually
compares the mean number of organisms with the variance, but since
the numbers in this case are concentration units, using the
variance would result in a ratio that contains the units mg/m3.
Using the standard deviation (8D) rather than the variance,
howevar, produces a dimensionless ratio commonly referred to as
the coefficient of variation. This ratio is an indicator of how
the plankton are distributed within a given sampling region, such
that as the ratic becomes larger, the distribution is considered
to be more patchy. These values will also be referred to as

dispersion coefficients for this study. A similar technique was
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applied by Wirick (1981) in which the mean squared plus the
variance was used to define a habitat’s value to a2 forager
requiring food above some minimum concentration.

The final way in which this data can be treated invelves the
compositing of images to develop an overall as well as seasonal
mean. Twelve CICS images of the Galapagos Islande spanning the
periad from December 1978 through November 1981 (orbits 642, 739,
808, 1638, 2868, 3324, 3352, 3476, 5480, 7608, 13288, 15610) were
composited to produce the data presented in Table 4.1, in which
the overall mean pigment concentration for rach sampling region,
along with the minimum and maximum values are given. .

The range of mean pigment concentrations for each of the
sampling reglons indicates that the greatest variability was found
in the maximum values. The minimum values for all nine regions
prior to E1 Nino were surprisingly hmilar (0.i2-0.21mg/m3)
whereas the maximum values ranged from 0.25-2.05mg/m3.
Individually, sampling regions 4, 8, and 9 had the lowest overall
mean concentrations and the smallest ranges. The dispersion
coefficients calculated for each sampling region from seven
individual CZCS orbits indicate a similar pattern (Table 4.2).

The regions characterized by the highest pigment concentrations
and dispersion coefficients generally greater than one (.e.
regions i1 & 2) are those in which the large plumes and sharp
frontal zones are most often found. The sampling regions in the

eastern portion aof the archipelago appear more oceanic in



SAMPLING REGION

Table 4.1. Overall mean phytoplankton pigment concentrations
{mg/m3) for each of the nine mesoscale sampling regions derived by
compositing twelve Coastal Zone Color Bcanner images of the
Galapagos Islands for the periad December 1978 through November
198{., The maximum and minimum mean pigment concentration for each
region is also given.
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character; with low, and relatively uniform pigment
concentrations. The description of the western regions of the
archipelago as being the most productive (e.g. Maxwell, 1974;
Jimenez, 1981) is confirmed by the satellite data, particularly
when seasonal influences are not considered as is the case in the
composited data just described. The seasonal influence on the
distributions and abundances of phytoplankton arocund the
Galapagos, however; appear to be significant,

Seasonal variability in the oceanic and atmospheric
parameters a-FFe:ting the Galapagos Islands has been described by
many authors; however, the transition pericds from one season to
the next are often poorly defined and to a large extent based upon
the data set being described. Palmer & Pyle {1944) noted a
distinct annual variation between a wet season from January to
April and a dry season during the rest of the year. The wet
spason is charactérized by increased air and sea temperatures and
a weakening of the southeast trade winds which, during this
s@ason, are often replaced by calms or periods of westerly winds.,
The wet season, also referred to as the warm season by some
authors, is the time when heavy rains fall on the typically arid
Galapagos. The dry seas=on is characterized by cooler air and sea
temperatures, strong southeast trade winds and less frequent
periods of rainfall. Distinct annual variations in the intensity
and duration of both seasons have also been noted. Houvenaghel

{1979) places the warm sea=on from February till April, Hayes



(1945} from February to May while octhers (Maxwell,1974;
Kagelschatz et al.,1985) extend it from January through May.

The oceanographic conditions around the Galapagos, in
particular the two main current syastems which influence this
region, also exhibit pronounced seasonality. The strength of the
Egquatorial Undercurrent varies annually {(Wyrtki,1974; Lukas,1981;
Leetma & Molinari,i1984) and is generally stronger during the early
part of the year. Halpern (1983) found that the near-surface
flows of the South Equatorial Current have a strong annual eycle
with predominant westward flows from July-December, eastward flows
during March-May {Figure 4.8), with February and June being
transition periods between the two.

Although there are reports of the interannual variability in
phytoplankton biomass and productivity around the Galapagos
Islands (Barber & Chavez; 1983; Kogelschatz et al., 1985}, the
identification of a distinct seasonal cycle has been hampered by
the difficulty in making synoptic measurements of this highly
dynamic region using traditional ship sampling techniques.
Maxwell {(1974) reported that seasonal differences in productivity
were evident in Galapagos waters with the cold season
(June-December) being more productive than the warm season
(February-~-May). Hovenaghel (1978}, however, found that na
distinct seasonal cycle in either phytoplankion biomass or
productivity could be deduced.

The satellite data presented here provide both the synoptic
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perspective and ths temporal coverage required to address more
effectively the question of whether or not a seasanal cycle in
phytoplankton abundance does exist, and if s0, to what factors may
it be related. The mean pigment concéentrations for each of the
nine sampling regions for the twelve CICS images (December
1978-November 1981) were grouped according to season and the
seasonal mean concentration for each region was calculated. These
values are presented in Figure 4.8.

The first conclusion that can be drawn from the data is that
there appears not to be a statistically significant difference
in pigment concentrations between seasons for the archipelago as a
whole. The mean concentration for the June through December
period (0.24mg/m3) was just slightly greater than that for the
February through May period {(0.3i1mg/m3). The major difference
between the two seasons, however, is the dramatic and definitely
significant decrease in pigment concentrations in the western half
of the archipelago (regions i & 2) from the June through December
to the February through May period. The mean concentration in
region 2 decreased nearly 4-fold while the mean concentration in
region 1 during February through May was leas than half of that
recorded during June through Decembar. Also seen in Figure 4.8
along with the decrease in pigment concentrations to the west of
the archipelago during February through May, is a corresponding
-increase in concentrations for all regions to the east,

It is this seasonal redistribution or, more specifically, a
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ghift in the areas of increased production, that the sateliite
images have allowed us to identify. From the data presented, it
appears that the patterns of phytoplankton distributions revealed
in the satellite ocean color observations reflect features of, and
changes in, the large-scale oceanic and atmospheric circulation
systems. Although to draw conclusions based upon twelve C2CS
images spanning 2.3 years may be tenuous, it appears as if
interannual variability is seen predominantly by an increase or
decrease in pigment concentrations over the region as a whole,
while seasonal variability more specifically affects the
distribution of phytoplankton around the igslands. Obviously,
increasing the number of images from which these Kinds of analyses
are based will greatly improve our understanding of these
relationships. Also; the increasing amount of meteorclogical and
oceanographic data that will be gathered as part of the ten year
observational and modeling program designed to study the
interela{tinnships between the tropical oceans and the atmosphere
{TOGA) will vastly expand our knnwledge of the physical

environmant.,
4.4. THE PRODUCTIVE HABITAT OF THE GALAPAGQS ARCHIPELAGO
Investigations that have tried to assess the impact of the

Galapagos Islands on the surrounding waters have focused primarily

upon the role that the islands play in altering the ‘downstream’
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circulation patterns. White (1971, 19723) discussed the
theoretical and observational evidence for an oceanic wake in the
equatorial Undercurrent downstream (to the east) of the Galapagos.
More recently, Rowlands (1982) presented a linear thecry to
describe the flow of equatorial Kelvin waves and of the equatorial
Undercurrent around these islands. Unfortunately, very few
investigations have looKked at the arez to the west of the
Galapagos; and those that have focused primarily upon the role of
eQuatorial upwelling (Sorokin et al., 1975). This region is
downstream from the islands with regard to the predominant
westward surface flows of the South Equatorial Current. Robinson
{1972), in sailing westward fram the Galapagos to Tahiti noted
that although the islands were quite a distance away, their
influence was still felt. They attributed the large rips and
powerful eddies they observed to the disturbance to the surface
flow caused by the islands. It can be assumed that these strong
physical processes would have some biological consequences.

The question that will be addressed in this section is to
what extent do the Galapagos Islands enhance the production of
the surrounding waters? Making use of both the qualitative and
quantitative information contained in the CIC8 data, it is
possible to determine the spatial extent of the area of enhanced
biological production, referred to here as the productive habitat,
associated with the islands. The relationships among biomass,

growth, and production are complex. Yentsch (1784) has argued
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that the pigment distributions observed by the CICS reflect the
net growth processes of phytoplankton and not merely the
redistribution of abundance. He hypothasizes that it is vertical
mixing, resulting in the periodic injection of nutrients into the
surface waters, that is responsible for the growth and, therefore,
the abundance of phytoplankton evident in the satellite images.
The colder, subsurface waters around the Galapagos are generally
rich in nutrients; thus the appearance of cold water at the
surface is, in this case, an indicator of nutrient rich water.
Traganza et al. {1981) found a similar correlation between regions
of nrewly upwellad water; elevated nutrient concentrations, and
enhanced phytoplankton production. The relationship between
temperature and the distribution and abundance of phytoplankton
presented here {i.e. the newly upwelled water seen in Plate 4.2
and Figure 4.3) support Yentsch’s hypothesis. In general, it is
fair to say that the areas of increased phytoplankton biomass seen
in the satellite ocean color images reflect a period of net
increased phytoplankton production.

I the open ocean phytaplankton concentrations observed in
areas not influenced by islands represent nutrient-limited
conditions (Simpson et al., 1982}, then the increased nutrient
supply generated by mixing processes.around the Galapagos should
produce regions of enhanced phytoplanktan production. Such
regions are evident in all the C2CS images, but in particular, the

twin plumes extending nearly 400Kkm downstream from the islands in
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the 20 August 1980 scene (Plate 4.9), the single plume seen on 24
November 1979 (Plate 4.10), and the large {¥200 x S0Km) eddy~-like
feature seen to the north of the islands on {9 February (979
(Plate 4.11) are particularly impressive. To calculate the area
of enhancement associated with the Galapagos, it was aszsumed that
the regions in the CICS images where pigment concentrations were
less than 0.4 mg/m3 (blue) represented open ocean; unenhanced
conditions. The next step was to select a pigment concentration
value which delineated most clearly the boundary separating the
enhanced conditions (productive habitat) from the open ocean
region. The actual plumes appeared to be very well defined by the
yellow ( >0.7mg/m3} contour. However, aside from the plumes
themselves, thare appeared to be somewhat less distinct regions of
enhanced phytoplankton abundances ohviously associated with the
islands, perhaps representing the diffusing ocuter edges of the
plumes. These regions were best delineated by the 0.4mg/m3
contour and are colored green in the images. The area of the
productive habitat calculated from five 1arge¥scale C2CS images of
the Galapagos Islands are given in Table 4.3. What i=s
particularly striking about these findings are the size and
variability of the region influenced by the Galapagos and the
ability to assess it with the satellite ocean color data.

It is perhaps more meaningful to compare the actual areal
extent of the productive habitats, rather than their percentage of

the total because the cloud-free surface area varied considerably
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Table 4.3. Total cloud-free surface area (101Kkm?),

and the areas of ocean surface containing phytoplankton pigment

$0.29)

<0.3&)

{0.43)

10.69)

(0 .44)

concentrations greatar than 0.4 mg/m3 (wake) and 0.7 mg/m3

(plume), and the overall mean pigment concentration (mg/m3) and
Standard Deviation (§D) computed from five large-scale Coastal
Zone Color Scanner images of the Galapagos Islands. The numbers

in parentheses are the percantage of total surface area
represented by each value.
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between images. A visual inspection of the images reveals, for
instance, that the areal extent of the plume ( >0.7mg/m3) in the
August 1980 image (Plate 4.9) may have been underestimated by at
least {2,000Kkm? because of cloud cover. The largest plumes

and consequently, the largest productive habitats (November 1979,
August 1980) appear to be asspciated with times of maximum trade
wind strength and strong westward flows of the South Equatorial
Current. Buoy displacements {Pazos & Paul, 1984) indicate that
surface flows of approximately 50cm/sec were found in the vicinity
of the northern plume during the August 1980 period. This would
mean that a water parcel brought to the surface at the Galapagos,
would take beiween 10-15 days to reach the westernmost tip of the
plume. Similar buoy trajectories for November 1979 (Hansen &
Paul, personal communication, £984) indicate that horizontal
digplacements were smaller (“33cm/sec) during this time. The
northward displacement of the western tip of the November 1979
plume is mirrored in the buoy trajectories.

It is interesting to Ispecula'te as to whether or not a steady
state system exists, with nutrients being supplied by mixing
processes at the Galapagos supporting enhanced phytoplankton
production along the axis of the plume. The horizontal
{downstream) extent of the plume may be limited by several factors
including (1) rate of nutrient supply (2) advective and diffusive
losses (3) nutrient depletion resulting from phytoplankton uptake

(4) grazing by zooplankton or {3) sinking losses. There is also
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the possibility that the residence time in the plume may be longer
thamn estimated because of the complex circulation patterns and
numerous trapping mechanisms, including eddies that form on the
downstream sides of islands (Hamner & Hauri, 1984; Wolansgki et
al.; 1982). The topic of island plumes and wakes is of
considerable interest both from a physical and biological
perspective and deserves further study. An island plume model
{Okubo, personal communication, 1985) is being developed which
will make use of the satellite data to study the processss
associated with plume formation and decay and to more fully assess
the impact of islands and island group= on the productivity of the

surrounding waters.

4.5. ECOLOGICAL IMPLICATIONS

The conditions for, and the unique character of, life on the
Galapagos Islands are related to the oceanaographic setting and the
biological productivity of the surrounding waters. Variations in
ocean conditions have profound effects on the biota of these
islands, particularly during times of E1 Nino {e.g. Boersma;,

1978). The results presented here and those of a recent
investigation in which satellite ocean color observations combined
with coincident oceanographic measurements demonstrated the tight
toupling that exists between the distributions of phytoplankton

populations around the Galapagos Islands and the oceanographic
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conditions observed during the 1982-33 El Nino (Feldman et al.,
1924). The reversal of winds and ocean currents during
February-March 1983 was associated with a major redistribution of
food resources around the archipelago. The mean pigment
concentrations of the nine mesoscale sampling regions presented in
Figure 4.9 clearly document this change. The dramatic increase in
pigment concentrations in the eastern half of the archipelago
(regions 4,5,7,8) that were observed on 28 March 1983 were
accompanied by a significant decrease in pigment concentrations to
the west of Isabela (regions { & 2), This redistribution,

combined with a decrease in primary productivity of the region
{Barber & Chavez, 1983), might explain the observed reproductive
failure of seabirds and marine mammals on the Galapagos Islands
during this El1 Nino.

The evidence of the dramatic effect E1 Nino has on the
distribution of phytoplankton, and the close correlation found
between the prevailing oceanographic and meteorological conditions
and the patterns of plankton distribution observed under
non-perturbed conditions as well, raizes some interesting
ecological questions. The satellite images not only provide
information about the magnitude of biological production taking
place in the waters around the Galapagos; but also provide a means
to study the persistance and spatial variabilty of this
production. It has been shown that for the marine life in the

Galapagos, the patterns of upwelling are instrumental in
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Figure 4.9. Mean phytoplankton pigment concentrations (mg/m3)
for each of the nine mesoscale sampling regions computed from
three Coastal Zone Color Scanner images of the Galapagos Islands
acquired during the 1982-83 E1 Nino. Note the changes that
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maintaining the lower trophic levels which in turn supply the
higher carnivores {e.g. seabirds and marine mammals) with food
(Maxwell, 1974). How organisms can adapt to an environment in
which food rescurces are extremely variable in both time and space
is the subject of much ecological research. The results presented
here may provide some previously unavailable information about the
variability of those resources.

It i= important to Keep in mind that satellite-derived
pigment concentrations are an indicator of phytoplankton biomass,
and not necessarily a direct indicator of the abundance of
organisms at higher trophic levels. What is evident in the
satellite images is that the regions of enhanced primary
production are often separated from the generally less productive
pceanic waters by sharp frontal zones. It has been shown that
frontal regions play a significant role in the scology of many
marine organisms. Frontal regions and eddies are areas where
zooplankton, squid; and fish often congregate (Owen, 1981). In
fact, many seabirds feed effectively only when their prey have
been concentrated, as is the case along frontal zones (Ashmole,
1271)., More recently, Schneider (1982), using concurrent bird and
oceanographic data, presented quantitative evidence of seabird
aggregations along fronts.

Perhaps it is the persistence of regions of high primary
production, rather than the absolute magnitude, that is important

to the higher trophic levels. The short-term (days-weeks) spatial



variability evident in the satellite-derived pigment distributions
is probably caused by changes in winds and tides and small
fluctuations in the strength and direction of current flows.

While a region of hig.h production may move about some central
position in response to physical processes, its mean location
remains relatively stable over lnn_gnr time scales (weeks~months).
The shert—term variability observed in the three December 1978
CICE images of the Galapagos Islands is an excellent example of
this variability. However, whan significant changes in the .
patterns of production take place over a relatively short period
(as described in Feldman et al., 1984), one could expect to see
significant effects on organisms at higher trophic levels.

The catastrophic failure of seabirds and marine mammals
during El Nino has been well documented (Schreiber & Schreiber,
1923; Limberger et al., 1983); researchers pointed toward a
dizruption in the normal food web ‘and the disappearance of the
gmall fish and squid which were the usual prey for these species
as the prime cause. Short-term growth fluctuations for several
spacies of seabirds on the Galapagos Islands have been related to
the availability of food resources (Rickleffs, personal
communication, 1983). During the breeding season the foraging
range of many species of seabirds is very limited, leaving the
birds susceptible to any major redistribution of food. Breeding
strategies, particularly the location of nesting colonies and the

season in which breeding occurs, have been optimized over many
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generations through natural selection (Boersma, {979); therefore,
the long-term environmental conditions at a particular location
will determine the suitability of that site. When environmental
canditions change dramatically, as during the 1982-83 €1 Nino,
populations that are tied to specific locations and are unable to
adjust to short-term geographic redistribution of food resources
may suffer reproductive failures.

A recent investigation (Papastavrou, personal communication,
1983) in which the distribution, abundances, and behavior of sperm
whales arocund the Galapagos Islands were studied, surprisingly
suggests that the distribution of whales in this region may in
some way be correlated with the patterns of phytoplankton
distribution observed in the satellite images. Sperm whales
appeared to be concentrated in the waters to the west of Isabela
and Ferandina and moved in a generally north and south direction.
The historical whaling records generally confirm these findings
and often reported that the largest concentrations of whales were
found off the northwest tip of Isabela. One example is given by
Melville (1858) in which he states that

"...large fleets of whalemen cruised for
spermaceti upon what some seaman call the
Enchanted Ground... off the great outer isle
of Albemarle (Isabela).."
The northwest tip of Isabela is the location of what appears

to be the sharpest and most persistant feature of this region, the



Galapagos Front (Hayes, 1985). What is particularly interesting

iz the fact that the whales very rarely went much beyond the
northern or southern flanks of the island and appeared to restrict
their movements to within a region very similar to the
plankton-rich zone west of Isabela as seen in the December 1978
and November 1979 CZCS images. This observation iz at first
somewhat surprising because sperm whales are subsurface fesders,
often diving to depths of several hundred metars to feed on squid.
It seems unlikely, at first consideration, to think that the
near-surface plankton distributions would influence the
distributions of such subsurface creatures as squid and eventually
whales, But as has been shown by Bowman et al. {1982}, dense
aggregations of euphausids (krill) often occur in regions of
enhanced phytoplankton production, particularly where sharp
frontal zones are found. These swarms of Krill and other small
fish feeding at the same trophic level are a major food source for
such creatures as tuna {(Sette, 1959) and squid. There is evidence
(Fapastavrou, personal communication, 1935) of such dense
aggregations of either ruphausids or possibly myctophids in the
regions around the Galapagos where the whales were most abundant.
It may be possible to demonstrate more clearly the relationship
between CZCS-derived phyteplankton distributions and the
distributions and abundances of sperm whales around the Galapagos
when more recent CZCS data, coinciding with the whale survey are

analyzed.
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CHAPTER 5

THE STRUCTURE AND VARIABILITY OF THE PISCO UPWELLING

In this chapter the processes and variability of coastal
upwelling are discussed using satellite-derived ocean color and
sea surface temperature images as well as wind records for the
Pisco upwelling region. The patterns of phytoplankton
distribution observed in the satellite images are compared with
past observations and the applicability of coastal upwelling
theory are discussed in light of the satellite findings. The
ability of the CZICS to quantify the short term variability of a
coastal upwelling sysytem will be demonstrated. In particular, a
major wind reversal in which upwelling favorable conditions wers
replaced by onshore flows drastically altering the near-surface

phytoplankton pigment cancentrations.

3.1. THE STUDY AREA

One of the most extensively studied regions of intensified
upwelling, and the one from which most of our knowledge about the
structure and dynamics of a coastal upwelling system was derived,
is located at approximately 1598 along the Peru coast (Figure
S.4). This region was the focus of the Coastal Upwelling

Ecosystem Analysis JOINT 11 expeditions which conducted intensive
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Figure 5.i. Map of the southern Peruvian coastal r‘eginn.' The
100-, 200-, $000~-, and 2000 fathom (183~, 344~-, 1830~, and 3440
meter) isobaths are shown. Note the change in coastal orientation

that occurs around Pisco.
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physical (Brink et al.; 1981), chamical {Codespoti, 1988), and
biolpgical (Barber et al., 1978) sampling between 1976 and 1977.
Although aircraft mapping of sea surface temperature distributions
was a part of the JOINT II sampling program, these observations as
well as those that were obtained during the intensive ship surveys
were generally restricted to within 100 Km of the coast. The
satellite images presented in this chapter are, therefore, the

first large-scale synoptic picture of this region and provide
observations with which the results and conclusions derived from
the JOINT II expeditions may be compared. -

Coastal upwelling (Barber & Smith, 1981) is the process in
which surface waters are transported offshore by oceanic and
atmaospheric forcing mechanisms and are replaced by cold, generally
nutrient-rich subsurface waters. The combination of enhanced
nutrient supply and favorable light regime for phytoplankton
growth in the stabilized surface divergent flow often results in
high levels of phytoplankton production. This enhanced primary
production supports large populations of organisms at higher
trophic levels (fish, birds) and is responsible for the legendary
biological richness of coastal upwelling regions. There is ample
evidence to support the hypothesis that the intensity and location
of coastal upwaliing is controlled prédnminantly by topography and
surface wind stress. While broad bands of meridionally oriented
upwelling may occur, it is more comman to find isolated regions of

intense upwelling, or upwelling centers. These centers of
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intensified upwelling often are associated with coastal
irregularities (Jones et al., 1983). It is well Known that
topographic features such as headlands or capes exhibit regions of
intensified upwelling on their equatorward sides. Submarine
topography also plays an important role in determining the
location of upwelling {(McClain et al., {984} and upwelling centers
as demonstrated by the results of both numerical (Preller &
O’'Brien, 1780) and experimental models (Maxworthy et al., 1983).
Alongshore variations in wind strength also are important in
producing regions of enhanced upwelling. Neot only is the strength
of the wind significant, but the direction of the wind relative to
the coastal orientation is of particular importance (Wooster &
Sievers, 1970) since the offshore EKman transport is a function of
the wind stress component parallel to the coastal boundary. The
orientation of the Scuth American coast changes significantly
between 140 to 1495, To the north of this region the
coastline runs approximately 3289 while to the south its
crientation is approximately 3000, Although several small
capes (e.g. Cabo Nazca) are found along the coast between 150
to 1808, the most prominent feature of this region occurs at
1495 where the coastline changes direction. It seems possible
that this change in coastal orientation plays a significant role
in determining the patterns of phytoplankton distribution observed

in the satellite images.



7.2. DESCRIPTION OF AN ACTIVE UPWELLING EVENT

The wind speed and direction values {presented as wind
vectors) recorded every six hours at Callaoc (120S) for the
firat weelk in April 1979 (Figure 5.2, Enfiald, persanal
cemmunication, 1985) show that upwelling favorable winds were
prevalent throughout this period. In addition, winds increased in
stréngth from approximately 3 m/sec to nearly § m/sec during the
34 hours prior toc the satellite overpass {approximately 1200hr.).
‘Using oceanographic and meteorological observations to describe
the various features of the mesoscale (weather event time scale)
response of a coastal region over the continental shelf to
variable wind forcing, Halpern (1975) found that the onset of
strong, upwelling faveorable winds off Oregon induced the vertical
advection of cold, nutrient rich water along the coast with a time
lagof i to 3 days.. Similarly; IKkeda & Emery (1984) described the
appearance of cold, newly upwelled water along the west coast of
Vancouver Island within a day after the initial wind increase.
During such an upwelling evept, the region of coldest water
propagated offshore at a2 speed of “5-10 Km/day. The increase in
wind strength observed in Figure 4.2 would therefore be expected
to intensify the offshore EKman flow, driving the system inte a
state of active upwelling.

The CICS-darived phytoplankton pigment distributions of the

Pisco to Callao region acquired on 3 April 1979 are presented in
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Figure 5.2. Wind speed and direction values recorded every six
hours (0100, 0700, 1300, 1900 hrs.) at Callao (1298) during

the first week in Aperil, 1979. North is upward and the ordinate
provides a scale against which vector length may be related to
wind speed. The arrow indicates the time of the 3 April 1979

satellite overpass.
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Plate 5.1. This image is presented at full resolution so that

each image element {pixel) in the approximately 400 km x 300 km
study area is displayed. By presenting the image in this way,
with no filtering or subsampling of the data, many of the =mall
scale features are resclved. The frequency distribution of
pigment concentration vs. percent total cloud-free area derived
from the CZC8 image is given in Figure 5.3. The mean pigment
concentration for the region coversed by this image was 1.24 mg/m3
(SD = {.64 mg/m3). The frequency distribution appears to be
bimodal with the 1.0 mg/m3 separating the two lobes. Waters with
concentrations greater than 1.0 mg/m3 covered nearly 40% (~25,000
Km?) of the total cloud-free surface area. The bimodal

appearance of the frequency distribution may be a function of the
way the data are presented (i.e. pigment concentration displayed
on a log scale). As is discussed in the next chapter, however,

the bimodality may actually represent the distinction between the
low, oceanic phytoplankton concentrations and the more productive,
plankton-rich coastal waters.

The satellite-derived sea surface temperature and
phytoplankton pigment distributions indicate that the system was
in a state of active upwelling at this time as indicated by the
presence of cold (Y14.99C), newly upwelled water along the
coast c'oim:idlng with a region of low pigment (~0.51 mg/m3)
coencentrations. This upwelling core which is seen in Plate 5.1 as

a patch of light blue water, extands approximately 30 Km from the



108

Freque‘ncy Distribution
3 April 1879
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Figure 5.3. Frequency distribution of satellite-derived
phytoplankton pigment concentrations {mg/m3) versus the percentage
of total cloud-free surface area covered by each concentration
range for the southern Peruvian coastal region seen in Plate 5.1.

as observed by the Coastal Zone Color Scanner on 3 April 1979.

Mean pigment concentration for the region is 1.24 mg/m3 (8D = 1.64

mg/m3).
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coast and is centered at 14.2588 and 74.5W.

Unfortunately, the CZCS data do not extend further to the
south on this day and it is therefore not possible to determine
the latitudinal extent of this newly upwelled water. Also evident
in this image are two distinct plumes of pigment-rich water
approximately 30 Km in width which extend nearly 250 to 300 km
from the coast. There is alsc an indication of a third, less
clearly defined plume in the northern portion of the image. The
southern edges of the plumes, particularly the southernmost plume,
display sharp color fronts while the narthern flanks appear
scalloped, with numerous filaments of pigment-rich water intruding
into less productive regions. The almost flame~like structure of
these upwelling plumes is an indication that physical processes,
perhaps coupled with exponential phytoplankton growth, rather than
higher order biological factors such as grazing are responsible
far the shape and offshore extent of the plumes. The structure of
the pigment-rich streamers suggests that the middle plume may be
an extension of the upwelling center described above (the region
of low chlerophyll water to the south of Pisco). The southern
plume may be an extension of the much studied upwelling center
located at 1505, Offshore waters containing pigment
concentrations between 0.2-0.4 mg/m3 (blue) can be ssen in the
lower left portion of the image.

The variability in phytoplankton concentrations in the

onshore/offshore direction is seen in Figure 5.4 in which the mean
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Figure 5.4. Mean phytoplankton pigment concentrations _

computed for 50 Km % 50 km boxes along an east to west transect
centered about 14.2598 derived from Coastal Zone Color Scanner
data of the southern Peruvian coastal region acquired on 3 April

1979.
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pigment concentration for 50 km x 50 Km boxes were computed along
an east to west transect centered about 14.2598. The highest
concentrations seem to occur between 50 to 150 km from the coast.
The zone within 50 km of the coast in which the core of newly
upwelled water is found is relatively low in phyteplankion biomass
as are the waters offshore of the upwelling plume.

To examine the structure and variability of phytoplankton
abundances within one of the upwelling plumes in greater detail, a
transect along the major axis of the middle plume beginning at the
core (14.2398, 76.49W) and extending to its offshore edge
{1395, 78.79W) was performed on the CZICS image. This
transect, in which pigment concentrations and sea surface
temperatures {(mean sea surface temperatures were computed for each
10 pixel interval along the transect) are presented as a function
of distance from the center of the newly upwelled core (Figure
J.3) displays several major features. Specifically, the first 20
pixels (Y17 km) of the transect are thraugh the newly upwelled
core. Pigment concentrations range between 0.4 and 1.0 mg/m3 and
sea surface temperatures are generally below 179C through this
region. The second major feature is the distinct color and
temperature front on the downstream edge of the core {pixels 20 to
30). An eight-fold increase in pigment concentrations occurs
between pixels 20 an 24, a distance of “3 Km. This very distinct
ocean color front is also seen in the patterns of sea surface

temperature. The sharpest increase in sea surface temperatures
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Figure 5,5. Satellite-derived phytoplankton pigment
concentrations (mg/m3) and sea surface temperatures (°C)

versus distance (1 pixel = ,325 meters) along the major axis of
the plankton-rich plume seen in the middle of Plate 5.1. beginning
at the newly upwelled core (centered at 14.2508, 74.40W) '
and extending to the plume’s offshore edge (approximately

130§, 78.5'W) derived from Coastal Zone Color Scanner data

of the southern Peruvian coastal region acquired on 3 April 1979,
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(16.9° to 18.29C) occurrs between pixels 20 and 30. A

relatively narrow band (~20 pixels) of pigment-rich water is
cbserved just downstream of the upwelling core. Beyond this
region, pigment concentrations although variable, remained
relatively high throughout the next 120 pixels (~*100 ¥m)
increasing to a second peak (4.6 mg/m3) arcund pixel 160. Sea
surface temperatures are fairly uniform along this portion of the
transect {mean {8.4%C, standard deviation 0.249C) and do

not show the expected gradual increase in temperature with
distance offshore. Another distinct coler and temperature front
occurs between pixels 160 and {70 where a sharp decrease in
pigment concentrations roughly coincides with an increase in sea
surface temperature (18.2 to 19.30C). Seaward of this front

and throughout the remainder of the transect, pigment
concentrations are generally low and much less variable and ars

associated with waters warmer than 200C.

9.3. SATELLITE IMAGE AND IDEALIZED UPWELLING CENTER:

A COMPARISON

To test the extent to which the patterns of phytoplankten
distribution observed in the satellite ocean color image agree
with those predicted from classical upwelling theory and past
observations, it is be useful to compare these patterns with the

structure of an idealized upwelling center. This structure is



defined by a series of clearly defined zones in which specific
changes in temperature,; nutrient concentrations and phytoplankton
biomass and productivity take place. The characterization of
these zones, oriented along the axis of the upwelling plume are
based upon the CUEA observations at 1595 is described by Jones
et al. (1983) and more recently elaborated upon by MacIsaac et al.
{1983) in which the physiological response aof phytoplankton to
changing conditions and distance along an upwelling plume had been
observed. Figure 5.4 is a schematic of this idealized structure
based upon Jones et al. and is the basis for the comparison with
the satellite image. Zone i is the region of intense upwelling in
which cold, nutrient rich water that is low in phytoplankton
biomass is hrought to the surface. In this zone of newly upwelled
water, phytoplankton would be expected to be growing at below
optimal rates. As the water in th+e shallow surface layer is
carried downstream through Zone 2 away from the center of active
upwelling, solar heating both warms and stabilizes it and the
phytoplankton begin to adapt to the high nutrient concentations
and near-surface light intensities. As a result, phytoplankton
growth rates and nutrient uptake rates are increasing. As
phytoplankton biomass increases, nutrient concentrations begin to
decline. Zone 3 in this idealized structure is the region in

which nutrients are being depleted and phytoplankton hiomass is
rapidly increasing to its maximum level, Further downstream is

Zone 4 in which serious nutrient depletion has occurred and
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Figure 5.6. Schematic of the structure of an idealized

coastal upwelling center in the southern hemisphere. The
coastline is to the right and the arrows are hypothetical
streamlines of the cross—-shelf flow. Zanes {/2,3 and 4
represent the changing temperature-nutrient-phytoplankton
relationships that occur during the offshore drift of the upwelled
water (after Jones et al., 19£3),
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phytoplankton growth rates and biomass are declining relative to
the preceeding zone. The change from enhanced bioclogical
productivity supported by the injection of newly upwelled
nutrients to more oceanic conditions in which nutrients are
supplied by primarily regenerative processes takes place in Zone
4. Because of its offshore sxtent, Zone 4 is the least described
and most poorly sampled region but it is believed that the
transition to more oceanic conditions is a gradual process {Jones
et al., 1983).

How does this idealized structure of a coastal upwelling
center compare with the patterns observed in the satellite ocean
color image? Clearly, there are 2 number of features in the CICS
image which come close to those in the idealized structure. The
newly upwelled core, characteristic of Zone 1, is clearly seen in
both the temperature and pigment distributions. Its spatial
extent and location at the ‘upstream’ end of the plume are
consistent with both observation (e.g. Maclsaac et al.; 1985) and
theory {e.g. Jones et al., 1983). Zone 2, however; is less well
defined although there does appear to be some evidence of a
gradual increase in phytoplankton concentrations hetween pixels 10
to 20 (Figure 5.3). The rapid increase in phytoplankton biomass
seen in the CZICS image as & band of pigment-rich water surrounding
the newly upwelled core is representative of Zone 3 conditions.
The offshore extent of the plumes of plankton-rich water as

defined by the 1.0 mg/m3 contour, is nearly four-times that
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observed during April 1777 (Walsh et al., 1980}, In addition, the
transition from enhanced to offshore levels of phytoplankton
biomass (Zone 4) is rather sharp as opposed to the gradual
transition into more oceanic conditions that are described in the
idealized structure {Jones et al., {983).

The temperature and pigment data presented in Figure 5.5
allow us to approximate the time scale of this upwelling event and
to compare it with previous measurements. Observations presented
by Boyd & Smith (1983) from data collected during April 1977
suggest that newly upwelled water in the ~“20 m mixed layer would
increase in temperature by about 0.4 C/day through solar input.
The temperature rise {(¥1.2¢C) between the core and the region
defined as Zone 3 would suggest that the water at this distance
offshore has been at the surface approximately 3 days. This time
scale agrees well with that required to cover the distance from
the core to the zone of highest pigment cancentrations (20 Km)
based upon the 5-10 km/day offshore propagation speed of the
surface layer described by Ikeda & Emery {1984) off Vancouver
Island; and cbserved in this region by Brink et al. (1980). Mean
pigment concentrations increase by a factor of 3.8 from the core
(0.6% mg/m3) to Zone 3 (2.6 mg/m3). Phytoplankton productivity
measurements made within the Cabo Nazra upwelling plume (Barber et
al., 1978) in which & growth rate of approximately 1.3 doublings
per day was observed also support the 3 day time lag between Zone

{ (core) and Zone 3.



The plankton-rich plumes seen in the satellite image extend
200-300 km offshore. Codispoti {1981) and Boyd & Smith (1983)
discussed the influence of nutrient limitation on the offshore”
extent of enhanced primary production. A nitrate concentration of
1.0 ug-at/1 is the value often accepted as the threshold below
which the effects of severe nutrient limitation become important.
For the period discussed by Boyd & Smith, nutrient concentrations
were above this threshold level until sea surface temperatures
reached 19.50C which occurred at about 110 Km offshore. They
hypothesized that above that temperature (i.e. further offshore}
nutrients would be depleted and algdl biomass would approach the
background level of <{.0 mg/m3. Interestingly, the data presented
in Figure 5.5 show a sharp decrease in phytoplankton abundance in
the offshore region {pixel 1§0) where the sea surface
temperatures exceeded 190C for the first time. Although the
distance offshore at which this occured was nearly twice that
described by Boyd & Smith, the similarities in temperature and
pigment concentrations are striking.

A plet of individual sea surface temperatures versus pigment
concentrations as well as mean temperatures and concentrations
derived from 10 x 10 pixel boxes at nine locations in the onshore
to offshore direction (Figure 5.7) reveals a pattern very similar
to that described by Boyd & Smith (1982). Their results showed a
maximum in chlorophyll concentrations (approximately 50 mg/m3 in

their case) occurred at about 17.70C, which is quite
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Figure 5.7. Scatter diagram of satellite-derived

phytoplankton pigment concentrations (mg/m3) versus sea surface
temperature (°C) from Coastal Zone Color Scanner data of the
southern Peruvian coastal region acquired an 3 April 1979. The

open squares represent the mean temperature and pigment values for
10 x 10 pixel boxes at nine locations throughout the region

including the newly upwelled core {lowest sea surface temperature)
and the offshore waters (highest sea surface temperature.
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consistent with the results presented in Figure 5.7. They
attributed the decrease in chlorcphyll concentrations between
17.70C and {9.59C to increased grazing by zooplankton. As

stated above, once temperatures exceeded 19.59C they believed
that nutrient limitation to phytoplankton growth became
significant. What the findings described here indicate is that
although there appears to be significant interannual variability
in the magnitude of biological production, the pattern o4
phytoplankton production is remarkably constant. Maclsaac et al.
(1985) reached a similar conclusion which they attributed to the
physiological transformations that phytoplankton undergo as they

are transported downstream in the upwelling plume.

3.4. BHORT TERM VARIABILITY OF THE PISCO UPWELLING

In the preceeding section, the structure of the Pisco
upwelling region as determined from satellite ocean color data has
bean described. The remainder of this chapter focuses on the
short-term variability of this coastal upwelling system. By
comparing CZCS images of the Pisco upwelling region taken two days
apart, the effect of a major wind reversal on the phytoplankton

distributions and abundances is assessed.
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$.59. THE WIND FIELD

Winds recorded eavery six hours at Callap from 20 March to 5§
April 1981 (Enfield, personal communication, 1985; Figure 5.8),
show the weather-event (3-5 day) variability in wind strength and
direction experienced at this location. There are four distinct
periods dur'ing'whil:h winds were upwelling favorable, one of which
occurred during the 34 hours preceeding the satellite overpass on
1 April. However, in contrast to the intensification in wind
strength which preceeded the 3 April 1979 image (from 3 to &
m/sec) discussed in the previous section, winds were decreasing in
intensity during this peripod (fraom 3 to 2 m/sec). Immediately
after the 1 April satellite overpass, the winds shifted nearly
180° from an upwelling favorable (Southeast) direction to
predominately onshore {Northwest). Along with this change in
direction, there was an intensification in the strength of the
wind so that at the time of the satellite overpass, on 3 April
{“1200hr.), the wind was blowing out of the Northwest at

approximately 5.5 m/sec.
J.6. THE SATELLITE IMAGES

The C2ZC8 images acquired on 1 April (Plate 5,2) and 3 April
1981 (Plate 5.3) are presented at a different resolution from the

1979 image. These two scenes were subsampled along every other



122

*SassSP0J9AT 31113} es 1341 ttvdy £

PU® | 8y} j0 SAWT} 3y} I}EBIIPUT SMOJJE Y] -paads purm O} pajelad
aq Aew yibuaj Jo3d3A Yorym surebe ajeds v sapraoud syeurpJo

ay} pue paemdn ST YJON *184F ‘Irudy A[Jea pue ysuel ajeg

Butunp (SeZT) OBTIED 1® ("SJY 004T *00ET ‘000 '0010) Sunoy

XIS AJBA3 papJolaJ SIN[EA UOILI3JIP pue paads puim °"g'c aJunbry

1861 [Hdy
i J////éNw =7 ,://

//V ] oz

W NI

7§
=
g




123

*abewt ayy 4o 43juad ayy ybnouay;

ATTeUoBRIp SUNJ BUITISEODD Ayl “(YOEZF 310 L-SNQUTIN) T84T

[tudy | uo paJinbae ®}ep yauuelg JO[OD aunZ [P1SP0D WOJ} }SPOI
U®TANJad UJayynos ayy Guore sjuawbid uojljuerdoiiyd ;o uoryngraisip

8y} buimoys abewr Jo[od uealo 3311{133%85 "Z°C 3} e[d






125

*abewr Surpaadraud ayy se sajeulpunos [er3eds awes ayj o} paddewad
uaag sey auads SIYL °"OF[[FD O} DISIJ WOJ$ SJI}EM AUOYS~-JEIU
ay} saunisqo pnoyd abuer v tabewt ayl jo aprs 3ybid ayy Guore

AlTeuUDB®Ip SUNJ BUTTISEOD YL “(YEEZF TQUO L-SNQUWIN} T84T
{tydy g uo paurnbae ®lep Jauuelg JO[OD 3UOZ [P}SEOT) WOJS }SEOI
uelAnJad uJayinos ayy buore syuawbid uojyuerdoidyd 3o uoryngraisip

ay} Sutmoys abewr Jorod uealo ajt[{a1vs “g£°S I}eid






pixel and line which enabled a larger geographic area to be
displayed in a single image. The two images were then remapped to
the same spatial coordinates as described in the Appendix so that
statistical comparisons could be made. The apparent shift in

image location between the two scenes iz due to the fact that the
satellite’s ground track was further to the west when the 2 April
data was collected.

The first thing that is apparent when comparing these two
images is that a significant reduction in near-surface
phytoplankton abundance occurred between { and 3 April. Freguency
distributions of pigment concentration vs. percent total
cloud-free surface area (Figure 3.9) derived from these scenes
tlearly illustrate this point. Mean pigment concentrations far
the entire region decreased from 1.71 mg/m3 (SD = 1.53 mg/m3, n =
25,813 pixels) on 1 April to 0.48 mg/m3 (8D = {.03 mg/m3, n =
24,947 pixels) on 3 April. Waters in which pigment concentrations
exceeded 1.0 mg/m3 comprise nearly 70% {45,000 km?) of the
total cloud-free ocean surface in the § April image as compared
with less than 7% (4,200 Km?) on 3 April.

Although overall phytoplankton abundances decreased
significantly over the two days between the satellite passes, the
patterns of phytoplankton distributions do not appear to have
changed significantly. In both images, a broad band (150-350 Km)
of pigment-rich water extends aleng the coast from 10 - 1508,

A large, plume-like structure cantered about 1495 is prominent
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Figure 5.9. Frequency distributions of satellite-derived
phytoplankton pigment concentrations (mg/m3) versus the percentage
of total cloud-free surface area covered by each concentration
range for the southern Peruvian coastal region seen in Plates 5.2,
and 5.3. as observed by the Coastal Zone Color Scanner on {1 and 3
April i961. Mean pigment concentration for the entire region
decreased from 1.7{ mg.m3 (8D = 1.53 mg/m3) on { April to 0.8
mg/m3 (8D = {.03 mg/m3) on 3 April 1981.
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in both images. These features, specifically the sharp color
fronts that delineate the coastal/oceanic boundary are graphically
represented in Figure 5.10 along with ths approximate location of
the 200 meter isobath. The band of plankton-rich water and the
plume clearly extend beyond the continental shelf throughout most
of the region. It appears, however, based upon these images and.
others that were examined but not included for detailed
discussion, that the offshore extent of this band decreases as aone
progresses south along the coast below 14-1588, For the April
1781 period at least, it geems as if the offshore extent of the
zone of enhanced phytoplankton concentrations is influenced by the
change in coastal orientation that occurs at 1495,

The displacements of the most clearly defined color fronts
and those least likely to have been influenced by cloud
contamination are depicted in Figure 5.10. There appears to be
little change in the locations of the frants that are oriented in
the alongshore direction. However, fronts which are oriented in
an east-west direction, perpendicular to the direction of the
rapidly shifting wind field, are displaced approximately 30 km to
the south between 1 and 3 April. This southward displacement of
the fronts, which is in sharp contrast to the typically
northwesterly flow of the surface layer; most probably resulted
from a change in near-surface current patterns associated with the
wind reversal seen in Figure 5.8. Studies have shown that there

are significant variations in flow associated with changing wind
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Figure 5.10. Graphical representatiocn of the positions and
displacements of the most clearly defined ocean color fronts seen
in the Coastal Zone Coler Scanner images of the southern Peruvian
coastal region on 4 and 3 April £1981. The location of the 200
meter isobath (dotted line) marks the approximate offshore edge of

the continental shelf.
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forcing (Halpern, 1976) and with the passing of coastally trapped
waves (Brink et al., 1981).

Significant reductions in near-surface (10 to 20m)
chlorophyll concentrations after strong wind events off Peru have
been reported by Walsh et al. (1980). Changes in water column
flow patterns associated with the wind events were sufficient to
dilute both the observed phytaplankton concentrations and those
simulated in a 20m EKman layer model of the Peru ecosystem by an
order of magnitude at 1398 {Walsh et al., 1980). They
reported that integrated chlorophyll concentrations decreasad by
30 to 75 percent during the March and April 1977 wind events, and
they concluded that horizontal advective losses of chlorophyll
rather than just vertical mixing and dilution of phytoplankton
beneath the euphotic zone were responsible for the reduction. The
wind events discussed by Walsh et al. {1980) involved changes
between calm periods and events of strong, upwelling favorable
conditicns, similar to the event that occured between 20 and 24
March {981 (Figure 5.8). The wind event that took place between
the times of the two satellite images presented in this section
differed from the above in that a reversal in wind direction took
place, rather than just a change in intensity.

While advective losses may have contributed to the decrease
in overall phytoplankton concentrations that occured batween 1 and
3 April 1981, it is more likely that increased vertical mixing

assaciated with the wind reversal, reduced growth rates and losses
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due to sinking were the cause. A typical mixed layer depth of
14.5m and euphotic zone depth of 18.7m have been repaorted for the
Callao {129-1398) region (Guillen & Calienes, 1981),
Increasing the depth of the mixed layer would significantly
decrease the amount of light available for phytoplankton growth.
Under such canditions, phytoplankton growth weuld no longear be
able to compensate for loss of phytoplankton that sink rapidly out
of the euphotic zone (Barber & Smith, 1981a). In addition to the
physiological changes that the phytoplankton would undergo as a
result of their transport to a region of lower light intensities,
a mixing event of significant duration could reduce the chances of
those phytoplankton ever being brought back into the near-surface
environment and could result in the breakdown of the reseeding
mechanism typical of coastal upwelling systems (Barker & Smith,
1981a). Phytoplankion that sink below the 40-80 m depth of
entrainment for newly upwelled water (Barber & Chavez, 1983) would
most likely be lost to the syatem.

The changes that occurred between the {1 and 8 April CICS
images are seen in the transects along {1 and 1595, The
1198 transect on { April (Figure 5.11) shaws inshore (0-25
pixels) and offshore (60-120 pixels) zones of pigment-rich water
separated by what appears to be a 30 km wide intrusion of water
with lower pigment concentrations. Phytoplankton concentrations
remain very high in the nearshore waters on 3 April but the width

of this band decreased. The offshore zone, as indicated by the
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Figure 5.11, Satellite-derived phytoplankton pigment

cancentrations (mg/m3) versus distance (1 pixel = .825 meters)
along {196 derived from Coastal Zone Color Scanner data of the

southern Paruvian coastal region acquired on { April {solid line)

and 3 April 19€8{ (dashed line).
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increase in pigment concentrations between pixels §0-120 is also
seen on 3 April. Except for the extreme nearshore region, there
was a 2-3 fold decrease in pigment concentrations along the
transect between { and 2 April.

Along 1595 the changes are even more pronounced. The
gradual decrease in phytoplankton concentrations progressing from
the onshore to offshore waters on 1 April (Figure 5.12) is
replaced by a relatively featureless distribution two days later.
Overall mean pigment concentrations computed for the JOINT II
study region decreased from {.3{ mg/m3 (8D = {.{{ mg/m3) on {
April to 0.41 mg/m3 (SD = 0.35 mg/m3) on 3 April 1981. Close
examination of the 1 April CICS image {Plate 5.2) reveals the
presence of what appear to be small plumes of pigment-rich water
extending offshore from the two small capes between {5-15.598,
The transect on { April is through the major axis of this plume
while on 3 April the axis appears to have shifted slightly to the
south.

The results of the CUEA research program clearly documented
that physical processes are important in determining the observed
variability in phytoplankton distributions within an upwelling
region {Blasco et al.; 1980). Although the satellite data
presented in this chapter generally supports the CUEA findings,
several new perspectives have been added. First, the satellite
coverage provides a means by which the structure of the upwelling

center at 1595 can be placed into its proper spatial
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perspective. The nearly 300 Km offshore extent of the
plankton-rich plumes definitely broadens the scale of our concept
of a narrow coastal Lipwelling zone (at least as defined by the
biolegical consequences of coastal upwelling). The satellite data
have also shown how short-term wind events can affect large
regions alang the coast and have documented how important surface
observations (wind records in this case) are in the interpretation

of satellite imagerv.
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CHAPTER &

VARIABILITY OF THE PRODUCTIVE HABITAT
IN THE EASTERN EQUATORIAL PACIFIC

In this chapter, the large-scale variability in phytoplankton
distributions and abundances and the estimated primary production
of the eastern equatorial Pacific are described. Individual CZCS
images of the upwelling region along the western toast of South
America which represent the major features of the phytoplankton

distributions in this region are presented.

6.{. INTRODUCTION

There exists ample evidence supporting the link between ocean
productivity and the intensity of upper ocean vertical motions
(Thompson, 1981). Where these motions increase the vertical
transport of nutrients to the surface waters, regions of enhanced
biological preduction often result. This relationship has been
demonstrated quite clearly for one of the most highly productive
regions of the world’s ocean, the coastal upwelling zone along the
western coast of South America (Figure 8.1). Investigations
relating changes in local winds, circulation, and the vertical
distribution of density and nutrients to the patterns of enhanced

biolegical production have shown that relatively small changes in
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Figure é6.1. Map of the coastal upwelling regions of Ecuador and
Peru. The location of the 200 meter isobath (dashed line) marks
the approximate offshore edge of the continental shelf. Note that
the shelf is broadest (approximately 130 km) between 4% and
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the physical environment have large consequences for the ecosystem
(Barber & Smith,1981; Smith et al.,1983). What is missing,

however, is an understanding of the temporal and spatial scales of
these processes and of the resulting variability in the

distribution and abundances of phytoplankton. Not only do
phytoplankten represent the first link in the food chain, but

their patterns of distribution in time and space may provide clues
as to how oceanographic processes regulate primary production
(Yentsch, 1983).

The preceeding chapter discussed the structure and short-term
variability of one major upwelling center along the southern Peru
coast. This section focuses on a somewhat larger region covering
the coasts of northern Peru and scuthern Ecuador and gxtending
offshore to the Galapagos Islands. This northern region is of
particular interest hecause of its proximity to the equator and
consequently, is influenced by such features as the equatorial
Front and the equatorial Undercurrent. One of the first
scientific descriptions of this region was given by Schott (193§}
in which the upwelling areas were classified using sea surface
temperature, salinity and current observations., Love (£972) used
the extensive EASTROPAC data set to describe the major physiecal,
chemical and biological characteristics of the eastern equatorial
Pacific. More recently, Lukas (1981) described the equatorial
oceanic circulation patterns affecting this region, with

particular emphasis on the equatorial Undercurrent and its
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influence on the coastal upwelling area. A description of the
hydrologic aspects of the main upwelling areas off Peru has been
given by Zuta et al. (1978). Specific descriptions of the

northern Peruvian upwelling area between 4° and 40 S

(Fahrbach et al., 1781) and of the major upwelling center off
Chimbote at 99S (Guillen & Calienes; 1981) have described the
general physical characteristics of these regions along with the
observed variability in oceanographic, meteorological and
bioplogical conditions.

This chapter has two primary objectives. The first is to show
that satellite ocean color data can be used to describe the major
features of phytoplankton distribution as well as defining the
spatial extent of the ragion of enhanced biological praduction,
referred to here as the productive habitat, in the eastern
equatc':ri'a.l Pacific. The second objective is to determine the
degree of interannual variability in the areal extent of the
productive habitat and in the estimated primary production of the

region.
6.2. MATERIALS AND METHODS

Seventeen Coastal Zaone Color Scanner images of the eastern
equatorial Pacific were processed and remapped into two standard
sampling grids so that statistical comparisons between images

could be made and composite images produced. The ‘coastal’
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sampling grid encompassed the region from 2-1008,
78,5-87.5%W. The larger ‘basin-wide’ sampling grid covered
the region from SON-159S, 74.4-94.50\,

A method to delineate regicns of enhanced biological
production, making use of both the qualitative and quantitative
information contained in the CICS data, was developed. All the
images were examined to determine the open ocean pigment
concentration values for areas which were removed from probable
ccastal enhancement. Similarly, regions where the maximum
gradients in pigment concentrations occured were alse identified.
These regions were generally associated with distinct mesoscale
structures and features which could most likely be attributed to
coastal or island induced processes. The images were then
computer enhanced so that regions with values above and below a
selected pigmaent concentration were clearly distinguishable.
Setting the boundary at pigment concentrations between 0.8 ~ {.5
mg/m8 generally pr'pduced images which satisfied the criteria
described above. For this study, the 1.0 mg/m3 contour was
selected as the most representative boundary separating the
productive habitat from the open ocean region.

Recent work by Platt & Harrison (1985) has shown that in
addition to this somewhat subjective choice of the {.0 mg/m8
pigment contour as a means to distinguish between the productive
coastal waters and the generally less productive waters further

offshore, there may be biochemical evidence to support this value
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as well. Their data show that the relationship between new to
regenerated production saturates at nitrate concentrations of
approximately 1.0 ugA/1 NO1. New production is defined as
that production resulting from the injection of new nutrients into
the euphotic zone (through upwelling, vertical mixing, diffusion),
rather than that production supported by nutrients that have been
recycled within the euphotic zone itself {Dugdale & Goering, .
1947). Highly productive regions, of which upwelling systems are
a good example, are characterized by the effective ratio of new
production to tatal production being very high {roughly 80%; Platt
& Harrison, 1985). In the Peruvian upwelling system, there is a
general correspondance between the offshore 1.0 ugA/1 NO;
concentration and surface chlorophyll concentrations of {.0 mg/m3
(Barber, personal communication, 1985). This relationship, when’
considered in light of the findings of Platt & Harrison (1985)
tends to support the choice of the 1.0 mg/m3 pigment concentration
contour as representing the approximate boundary between
productive habitat and the open ocean region.

The selected boundary between oceanic and enhanced production
also has significant ecological justification. Walsh et al.
{1980) implied that chlorophyll concentrations of at least 0.7
mg/m3 would be required to satisfy the daily carbon demand of

firgt-feeding anchovy larvae in the Peru upwelling system.
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6.3. MAJOR FEATURES OF THE REGION

If monthly or seasanal composites are to be used to quantify
large-scale interannual variability, it is first necessary to
determine whether or not significant coherence in the
distributions and abundance of phytoplankton exists in both time
and space for the periods to be covered by the composites.
Frequency distributions of satellite derived pigment
concentrations represent one way of determining whether major
changes in phytoplankton biomass have taken place from one period
to the next. Changes in spatial distributicns can hest be
assessed by a visual inspection of the satellite images.
Accordingly, selected CZCS images of the eastern equatorial
Pacific are described which document the major features of the
region as well as those features characteristic of specific time
periods.

A sequence of four CZICS images covering the region from
20-to 1008 and from 87.5¢ to 78.5%W are presented
to document the patterns and variablity of phytoplankton
abundances during the December 1978 through January 1979 periad.
Although this period appeared to be exceptionally cloudy, the
major features of phytoplankton distribution can be seen. On 9
December 19782 (Plate 4.{) a plume of plankton-rich water nearly
100 Km wide extends approximately 300 km to the northwest from

Paita (395, Figure 6.1). A narrow (10 Km) band of high
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pigment concentrations can be seen along the coast to the north
and south of the plume. Detailed analysis (i.e. magnifying
specific areas) of the image reveals smaller plumes associated
with many of the small coastal capes. One such plume extends
approximately 50 km offshore from Chicama (7.598), There is
some evidence of enhanced phytoplankton concentrations around
Chimbote {795) as well, but that region was mostly obscured by
cloud cover on that day. The coastal enhancement appears quite
localized and the phytoplankton abundances in the offshore waters
are fairly uniform with pigment concentrations between 0.2-0.4
mg/m3.

Another CICS image of this region is available five days
later (14 December, Plate 46.2) and distinctly shows the offshore
extent of the plankton-rich plumes associated with the Chimbote
upwelling center, a region that is so important to the Peruvian
anchovy fishery {Guillen & Calienes, 1981). Extending over 300 Km
from the coast, the offshore extent of the zone of enhanced
phytoplankton concentrations is between two to six times that
defined by the offshore sxtent of the cold, upwelled water typical
of this region (Guillen & Calienes, 1981). In addition to the
visualization of the Chimbote upwelling, this image also shows
that a southward displacement of the Paita plume occurs hetween
the 9 and 14 December. The small plume off Talara (~4.505)
which is oriented in 2 northwesterly direction on 9 December, has

been displaced toward the southwest five days later. The sea
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surface temperature distributions for these two days {analyzed but
not presented) indicate a similar displacement in the isotherms
along the coast. On 9 December, cool (“190C) water was

restricted to a narrow coastal band { <50 Km)} with the exception

of & distinct cold water plume, similar in location and extent to
that cbserved in the CZCS image. Five days later, the band of

cool water extended nearly 100 km offshore.

The CIC8 image taken one week later (21 December 1978, Plate
6.3) shows little change in the offshore extent of the Chimbote
plume, however; there is no longer any evidence of the Paita
plume. Twe images from January {979 display similar features.
The pattérns observed on {9 January (Plate §.4) are quite similar
to those seen in the 7 December image. There is clear evidence of
a northwesterly oriented Paita~-Talara plume. While there is still
the indication of enhancement in the Chimbote region, the offshore
extent of the pllume and the concentration levels appear to have
been reduced. Several patches of plankton-rich water can be seen
between 839 and 248W, approximately 500 km from the coast.

It is possible that these patches represent the remnants of the
offshore edge of the Chimbote plume. A final scene on 31 January
{not presented because of excessive cloud cover) shows the
development of a broad band (Y100 Km) of pigment~rich water along
the coast between 40 to 9095, and an increase in pigment
concentrations within the Paita plume. There is also the

indication that the offshore patches observed in the {9 January
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image may have increased in size, but the cloud cover over that
region makes analysis difficult.

Four images of the eastern equatorial Pacific are available
for the December 1977 through January 1980 period. The two best
images {26 December 1979, Plate 4.5; 17 January 1980, Plate 4.4)
are presented at full swath resolution ({500 x 1500 km). The
statistical analyses that were performed on these images for
comparison with the December 1978-January 1979 period, howaver,
made use of images that had been remapped to the same standard
sampling region displayed in Plates 4.1-4.

The December 1979 image (Plate 4.5) shows that the region of
enhanced phytoplankton abundances extends much further offshore
than during the previous December., The mast striking feature is
the region of high phytoplankton biomass that extends across the
entire narthern portion of the image, a distance greater than 1000
km. It seems unlikely that such a broad band of enhanced
production could be dus solely to coastal upwelling. Also seen is
a band of pigment-rich water extending ~200 km offshore along the
entire coast south of 698. The Chimbote plume reaches nearly
350 Km offshore. One feature of particular interest is the plume
which originates at 498 and curves toward the south as it
progresses nearly 500 Km offshore. What makes this feature
particularly interesting is the fact that it occurs at a point
where the coastline geometry changes sharply and at the

approximate location where the Peru Coastal Current leaves the
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coast and turns west, Wyrtki (1945) notes that the shape of the
toastline seems to have considerable influence on the coastal
current, and that it has a tendency te leave the coast at almost
every cape. He also shows that the southward flowing Pery
Countercurrent is typically located about 500 Km offshore and is
mast pronounced from November to March. From April to June,
however, its location and strength are more variable. The
observed shape of the above mentioned plume may be a resuit of the
interaction between these two flow regimes.

That this period is significantly different from the
preceeding year is also evident in an east to west transect
performed along 5°5 on this image and on the one from 9
December 1978 (Figure &.2). In 1978, high pigment concentrations
are rastricted to a narrow coastal band along 5°S, dropping
below 1.0 mg/m3 within 40 pixels (33km) offshore. In December
1979, however, pigment concentrations remained above 1.0 mg/m3 at
least 130Km offshore. A visual inspection of the CICS image
{Plate 8.5) shows that further offshore, concentrations increase
to near coastal levels across most of the image.

As in the previous scene, the 17 January 1980 image {Plate
6.6) shows quite clearly the broad region of enhanced
phytoplankton concentrations., The northern limit of this zone is
quite distinct and may represent the position of the Equé'tnrial
Front. Wooster (1759} described this front between the Galapagos

Islands and the coast of South America as a generally narrow,
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5° South Transect
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Figure 6.2. Satellite-derived phytoplankton pigment
concentrations (mg/m3} versus distance (1 pixel = .825 meters)
along 59S derived from Coastal Zone Color Scanner data of the
northern Peruvian coastal region acquired on 9 December 1978
{dashed line) and 26 December 1279 (solid line).
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shallow feature which separates the cold, salty waters of the Peru
Current from the warmer, less saline tropical waters further
north. There is significant variability in the position of the
Equatorial Front (Barber & Chavesz, 1983),_its movement determined
by features of the large-scale circulation patterns of the region.
The influence of the Galapagos Islands on the distributions and
abundances of phytoplankion in the surrounding waters is alsc seen
in this image. Although somewhat speculative,; a detailed analysis
of this image reveals what appear to be a pair counter-rotating
eddies, one of which may have been shed off the western end of the
archipelago. This offshore structure is approximately 75 Km in
diameter and is located nearly 150 km to the west of Isabela.
Unfortunately, approximately 20 scan lines (17 Km) covering the
southern portion of the islands are missing from the raw CICS data
making quantitative analysis of these features quite difficult.

The interannual variability in phytoplankton distribution and
abundance can alsa be seen in a comparison between the May 1979
and April 1781 periods. Frequency distributions of mean pigment
concentrations for both pericds (Figures 4.3 & &6.4) demonstrate
the short-term (2-3 weeks) coherente in phytoplankton
cancentrations throughout the study area. The interannual
variability is clearly greater than the changes that cccured
between individual images presented. The phytoplankton
distributions during May {979 are =imilar in most respects to the

19 January 1979 image (Plate 4.4) and do not display any features
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Figure 6.3. Frequency distributions of satellite-derived
phytoplankton pigment concentrations {mg/m3) versus the percentage
of taotal cloud-free surface area covered by each concentration

range for the noftherp Peruvian coastal region (coastal sampling
grid) as observed by the Coastal Zone Color Scanner on 1 May {(Mean
2 0.69 mg/m3, SD = 2.07 mg/m3) and {8 May 1979 (Mean = 0.41 mg/m3,
5D = 0.9é mg/m3).
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Frequency Distribution
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Figure 6.4. Frequency distributions of satellite-derived
phytoplankton pigment concentrations {mg/m3) versus the percentage
of total cloud-free surface area coveréd by each concentration
range for the northern Peruvian coastal region (coastal sampling
grid) as observed by the Coastal Zone Coler Scanner on 3 April
(Mean = 1.72 mg/m3, 8D = 2.44 mg/m3) and 24 April 1931 (Mean =

1.24 mg/m3, 8D = {.78 mg/m3).
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which are of particular interest beyond those already described.
The individual scenes of the Pisco upwelling center described in
Chapter 5 as well as the available hydrological data {Zuta et al.,
1978) suggests that April/May is a transition period and that the
differences between May 1779 (Figure 4.3) and April 1981 (Figure
6.4) may be seasonal rather than interannual. Lack of additional
CZCB data for that period,; however, makes it difficult to
determine whether the differences are due to large-scale
influences or local effects.

The April 1784 images, however, are unique and display many
features which are not chserved in any other CICS images of this
region. Images acquired on 3 April (Plate 4.7) and 24 April 1981
(Plate 6.8) document the richness of the Peruvian coastal system
and the sharp transition that takes place between oceranic and
coastal conditions. In the 3 April scene, enhanced phytoplankton
concentrations are found approximately 400 Km offshore in the
northern portion of the image. A long band (400 Km) of
exceptionally pigment-rich water (*10.0 mg/m3) is situated
approximately 150 km offshore, very close to the oceanic/coastal
boundary. A plume, similar in size and location to those observed
in the previous two images, and with a distinct southward
displacement of its offshore edge is also seen at this time. In
addition, the Chimbote plume appears to be very well defined in
this image. The broad region of enhanced phytoplankion

ctoncentrations that can be seen between 39 tp 495 is
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located well beyond the continental shelf, 1n this region, the

1000 fathom isobath is only 30 Km from the toast. Phytoplankton
concentrations in the southern region are lower than those to the
north. Wind records from Chimbote (Enfield, personal
communication, 1985) show that winds remained upwelling favorable
throughout this period with no sign of the wind reversal that took
place at Callao (Figure 5.7). Enfield & Newbarger (1985)

discussed the significance of this alongshore variability in

coastal winds and the satellite imapes demonstrate the biclogical
consequences quite clearly.

The patterns of phytoplankton distribution obsarved in the 24
April 1981 CZICS image (Plate 4.8) are unique and document just how
dynamic this region is. The 400 Km band along the coast seen in
the previous image has broken into a series of plankten-rich
filaments and eddies. One particularly distinct eddy,
approximately 50 Km in diameter with pigment concentrations
greater than 10.0 mg/m3 is centered at 495, 23.50W. A
similarly sized structure with somewhat lower pigment
concentrations is located approximately {00 Km further inshore. A
third eddy-like structure appears to be forming near 99S,

88%W. A detailed analysis of these two offshore structures
reveals a cyclonic, or clock-wise sense of rotation. If so, these
features would tend to be similar to the cold core eddies
described by Yentsch & Phinney (1985) in which productivity, which

depends upon nutrients and light, could be enhanced by the upward



dispalcement of nutrient-rich water at the center of cyclonic
eddies,.

Plankton-rich streamers, filaments, and both cyclonic and
anti-cyclonic eddies have been observed in recent studies of the
California Current (Simpson et al., 1924; Pelaez-Hudlet, 1984;
Mooers & Robinson, 1984). The role that these features play in
determining the physical and biological variability of the
California Current System has only recently come to light thrndgh
the application of remotely sensed data. Although it would seem
likely that similar features would exist in the Peru Current
System as well, it was previously believed that they would be
restricted to a relatively short distance in the affshore
direction (Suess & Theide, 1983). The patterns observed cn 24
April 1981 clearly demonstrate that the Peru System is probably as
rich in meso-scale features and variability as the California
System, and justifiably warrants further study.

One final point that should be made concerns the morth/south
extent of the region of enhanced phytoplankton production. The
southern portion of the 24 April image (not presented) extends to
approximately 2098 along the coast of northern Chile.

Although regions of localized enhancement can be seen, they appear
in this scene, and several others that have been examined, to be
restricted to the near-shore waters. In fact, the change in

coastal orientation that occurs around 1495 seems to represent

& latitudinal boundary between the highly productive northern
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region with its broad offshore extent and the significantly
narrower region of enhanced production to the south. Since the
Rossby radius of deformation, which is a key factor in determining
the coastal boundary layer width scale {Parish et al., 1983) is
inversely dependent on the sine of the latitude, one would expect
a significant decrease in the width of this theoretical coastal
boundary moving socuthward along the coast. Analvsis of gatellite

images of the Chilean coast could help to verify this.

6.4. RESULTS AND DISCUSSION

Representative frequency distributione of the percent total
surface area versus CICS-derived pigment concentration of some of
the CZCS images covering the December 1978 through January 1979
(Dec?78-Jan79%), December 1979 through January 1930 (Dec79-Jan80)
and November 1982 through February 1983 (Nov&2-Feb23, El Nino)
periods are presented in Figures 4.5, 4.6 and 4.7 respectively.

In addition, Table 6.1 gives the mean pigment concentrations and
standard deviations as well as the percent of the total cloud-free
surface area with pigment concentrations greater than 1.0 mg/m3
which are derived from the coastal sampling grid for most of the
CICS scenes which are discussed in this section. Although the
patterns of phytoplankton distribution observed in the satellite
images display significant mesoscale variability, there is

sufficient similarity in the shapes of the curves within each time
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Figure 6.5. Frequency distributions of satellite-derived
phytoplankton pigment concentrations (mg/m3) versus the percentage
of total cloud-free surface area covered by each concentration

range for the northern Peruvian coastal region (coastal sampling
grid) as observed by the Coastal Zone Color Scanner on 9 December
{Mean = 0.48 mg/m3, 8D = 1.04 mg/m3), {4 December (Mean = 0.4
mg/m3, SD = 1.62 mg/m3)}, 21 Decembar 1978 (Mean = 0.53 mg/m3, 5D =
1.37 mg/m3) and {9 January {979 (Mean = 0,38 mg/m3, 8D = {.08&
mg/ma),
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Figure 6.6. Frequency distributions of satellite-derived
phytoplankton pigment concentrations {(mg/m3) versus the percentage
of total cloud-free surface area covered by each concentration

range for the northern Peruvian coastal region {coastal sampling
grid) as observed by the Coastal Zone Color Bcanner on 26 December
1979 (Mean = 1,04 mg/m3, 5D = 1.04 mg/m3), 16 January {(Mean = 2,53
mg/m3, SD = 2.88 mg/m3) and {7 January 1980 (Mean = 1.54 mg/m3, SD
= {.89 mg/m3).
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Figure 6.7. Frequency distributions of satellite-derived
phytoplankten pigment concentrations (mg/m3) versus the percentage
of total cloud-free surface area covered by each concentration

range for the northern Peruvian coastal region (coastal sampling
grid) as observed by the Coastal Zone Color Scanner on 27 November
1982 (Mean = 0.74 mg/m3, SD = 2.08 mg/m3), ¥ February (Mean = 1.29
mg/m3, SD = 2,94 mg/m3), 10 February (Mean = 0.8 mg/m3, SD = {.93
mg/m3) and {5 February {983 (Mean = 1.07 mg/m3, SD = 2.68 mg/m3).



Date

12-09-78
12-14-78
12-21-78
1-19=-7%
1-31-79
5-01-79
o9-18-79%
12-246-79
1-16-80
1-17-80
?-15-80
4-03-81
4-24-81
11-29-82
2-09~83
2-10-83
2-15-83

Table é.f. Mean overall phytoplankton pigment concentrations

(Csar in mg/m3), Standard Deviations (SD in mg/m3) and the
percentage of total cloud-free surface area where pigment
concentrations were greater than 1.0 mg/m3 computed for seventeen
Coastal Zone Color Scanner images of the northern Peruvian toastal

region (coastal sampling grid) from December {978 through February

1983.

Csar

0.48
0.461
0.953
DIBB
0.93
0.89
0.41
1.01
2.53
1.54
0.84
1.72
1-24
0.74
1.29
0.686
1.7

S.D.

1.09
1'62
1.3?
IIOB
2,36
2.07
0.9s8
1'04
2.39
1.89
1.45
2.44
1.76
2.02
2.94
1.93
2.69

Per Cernt Area
> 4.0mg/m3
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S51.1
38.3
14.6
28.2

?.1
20.95
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period to justify producing ‘seascnal’ mean composites. These
composites retain the major structures and features observed
during their respective periods and appear to be the best means
far quantifying the degree of interannual variability. Figures
8.5 and 8.6 clearly show that the interannual sigrnal between these
years is greater than that observed over the sharter time scales
used to construct the composites. The frequency distributions for
the individual CICS images covering the El Nino period (Figure
6.7) were similar to those from the Dec78-Jan79 pericd with the
exception of a general increase in the 1-5.0 mg/m3 range. As is
discussed later, high levels of phytoplankton biomass along a
narrow coastal band were observed throughout the 1982 E1 Nino.
Cumulative distributions derived from the composited images
remapped to the basin-wide sampling grid (Figure 4.8), document
the large-scale, interannual variability observed during the three
time periods considered in this study. As described earlier, if
it iz assumed that the area of enhanced biological production is
represented by those waters in which pigment concentrations
exceeded 1.0 mg/m3, the data shows that this region constitutes
less than 3% of the total area in Dec78-Jan7%, greater than 30%
one year later, and approximately 10% of the total during E1
Nino (also see Table 6.2).
The distributions for the Dec7&-Jan79 and El Nine periods
are surprisingly similar while their contrast with the Dec79-Jang0

period is striking. The major question raised by these findings
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Figure 6.8. Cumulative frequency distributions of

satellite-derived phytoplankton pigment concentrations (mg/m3)
versus the percentage of total cloud-free surface area covered by
each concentration range for the eastern equatorial Pacific
(basin-wide sampling grid} as observed by the Coastal Zone Color
Scanner during the December 1978 through January 1979 (Mean = 0.29
mg/m3, 8D = 0,80 mg/m3), December 1979 through January 1980 (Mean
= 1.04 mg/m3, 8D = 1.44 mg/m3) and November 1782 through February
1983 (Mean = 0.53 mg/m8, 8D = {.52 mg/m3lperiods.
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does not revolve around El1 Nino, but rather in trying to
understand the reasons behind the apparent degree of interannual
variability experienced between the Dec78-Jan7? and Dec77-Jans0
periods; two periods during which conditions throughout the region
have been characterized as being close to normal {Zuta & )
Ruispe,1261). There is svidence to suggest that there may have
been significant large-scale oceanic and atmospheric diffarences
between the two periods {Sadler & Kilonsky, 1981; Donguy &t
al.,1982; Mangum & Haves,1984).

While data from which strong correlations between large-scale
variations in circulation and interannual variakility in
phytoplankton production are particularly scarce for this region,

a recent study by Chelton et al. {1982) of the Califarnia Current
System may provide some insight into this question. They conclude
that large-scale changes in circulation patterns altered the
nutrient supply available for primary production through either
horizontal or vertical advection. Although not as well documentad
as the California System, significant variabilty in circulation
patterns have been shown to occcur in the eastern equatorial
Pacific as well. Lukas (1981) demonstrated the variablity in the
strength of the equatorial Undercurrent which could be significant
because of the Undercurrent’s role in supplying the Peru
Undercurrent; the major source of water that upwells along the
Peru coast. In addition to supplying the coastal upwelling

system, variations in the strength, location, and timing of
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intensified Undercurrent flows could alter the large-scale
patterns of vertical mixing and nutrient supply, thereby
influencing phytoplankion production. Recent improvements in
large—-scale ocean models {O'Brien, personal communiction, 1985)
have begun to provide information about many of the parameters
that could help explain the abserved interannual variablity in

phytoplankton abundances throughout this region.,

6.3. THE PRODUCTIVE HABITAT: SEASONAL COMPOSITES

The concept of a productive habitat is somewhat different
than the traditionally defined coastal zone or more specifically,
coastal upwelling region. The coastal zone is often defined by
submarine topography and extends generally to the edge of the
continental shelf. The coastal upwelling region, however, is
generally restricted toc a narrow band within 50Kkm of the coast
(8mith, 1948), its width dictated by the offshore extent to which
the physical process of coastal upwelling can occur. The size
that one ascribes to the upwelling area is particularly important
when estimates of total ecosystem production based on discrete
measurements of primary production are extrapolated over the
entire region. Although Smith cautioned against confusing the
physical process of upwelling with its effects, most estimates of
total ecosystem production for this regicn have relied upon the

physical description of the upwelling zone rather than the area



defined by levels of enhanced biological production resulting from
these processes. It is this region which can now be defined and
monitored_through the use of satellite ocean color measurements.

As seen in the composited CZICS image of the Dec?78-Jan79
period (Plate &.9), the productive habitat (the yellow and red
regions) is generally restricted to a narrow cpastal band
approximately 50-75 Km in width. The highest pigment
concentrations (5-10.0 mg/m3) are found within 20km of the coast
near the Chimbote upwelling center (995). Associated with
this region is a plume of pigment-rich water that extends nearly
250 Km offshore. A plume of similar dimension is also seen at
395 (Paita). Although the offshore extent of these plumes is
generally greater than had been previously described, the region
of biological enhancement during this period is primarily
near-shore. This is in general agreement with the traditional
definition of the coastal upwelling zone for this region where the
spatial distribution of phytoplankton biomass has been shown toc be
determined by the advective supply of new nutrients to the surface
layer (Barber & Chavez,1983).

The size of the productive habitat observed in the composite
of the Dec79-Jan80 period (Plate &4.40) is nearly 14 times larger
than was observed during the preceeding year. Enhancement appears
to have occured on a much broader scale with the offshore boundary
of the productive habitat extending nearly 400 Km from the coast

at 1095 and, nearly 1000 Km from the coast at 2.505.
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These values agree quite well with the ‘potential upwelling
region’ described by Yoshida (1967) for the eastern Pacific. The
spatial distribution of phytoplankion biomass during this period
suggests that processes ather than coastal upwelling may have been
responsible for supplying the nutrients necessary to support the
levels of phytoplankton biomass nphserved at that time.

The size of the productive habitat is reduced during the
Nov32-Feb83 phase of E1 Ning (Plate §.11) when compared with the
Dec79-Jan80 period; a similar reduction was observed during the
19753 El1 Nino (Cowles et al.;1977). Although its offshore extent
closely resembles that which is observed during Dec78-Jan79, there
are three notable exceptions. While high levels of phytoplankton
biomass along a narrow coastal band {less than 50km) are still
observed during El Nino, the offshore extent of the
plankton-rich plumes is greatly reduced. Shipboard estimates of
the mean chlorophyll concentrations in the 100 Km wide Peruvian
coastal band for Jan-Feb 1983 (1.04 mg/m3, Guillen, 1985) agreed
quite well with the satellite estimate (1.01 mg/m3, SD = 0.32
mg/m3). In place of the gradual transition from enhanced to open
ocean pigment concentrations which is cbserved in previous years,
waters with very low pigment concentrations are found closer to
the coast durinﬁ El Nino than at any other time. During the
nor—-Nino periods, distinct regions of enhanced producticn are
observed to the west of the Galapagos Islands. During this phase

of E1 Nino, however, the region of enhancement appears to shift
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from one side of the archipelago ta the other reflecting the-
changing patterns of ocean circulation observed during that time

(Feldman et al.,1984).

é.6. PRIMARY PRODUCTION

The use of remotely-sensed pipment measurements for the
estimation of primary praduction on a regional and even glabal
scale is growing. The principal advantage to be gained by the use
of satellites is the vastly increased spatial and temporal
coverage possible as compared with that available from ships. The
grrors imposed by the inherent limitations of the satellite
measurements appear to be comparable to the errors caused by the
spatial inhomogeneities in the biomass fields which are not
accurrately assessed by ship surveys (Platt & Herman,£983). The
guantitative information contained in the satellite images allows
the primary production to be estimated for the entire study area
as well as the pr-ndu:ﬁun arising specifically from the open ocean

and enhanced regions. Primary production was estimated by
P=Csarx Ax DuxPI
where P is the total primary production (mgC/d) calculated to a

depth of 1 optical attenuation length, Csar is the satellite

derived pigment concentration {mgChl/m3); A is the total surface
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area (m?) covered by that pigment concentraticn, D is the

optical depth (m) to which the satellite measurement applies as
estimated from Smith & Baker (1978), and PI is the productivity
index for this region {50 mgC/mgChld-!) based on measured

values from Barber & Smith (19&1) and Barber & Chavez {1983). The
use of a single value for the productivity index throughout the
entire region cbviously neglects much of the physiological
variability in phytoplankton produ:tinn. Region specific
productivity indices based upon temperature, seasonal variability
in solar insolation and perhaps a better knowledge of the spatial
and temporal variability in mixing (Eppley et al. 1985) should
gsignificantly improve our large-scile productivity estimates. The
results presented in Table 4.2 therfore, represent a first
approximation of satellite-derived primary production for this
region. It must be emphasized that these values represent the
primary production to a depth of { optical attenuation length, the
depth from which the satellite measurements actually apply.
Inferences beyond this depth to the base of the euphotic zone
{approximately 4.6 optical depths) are based upon regressions
derived from vertical profile data (Brown et gl.1784). The values
given in Table 4.2 represent approximately 40% of the total water
column production which is estimated when the relationship between
Csar and total production described by Eppley (1984, Fig. 2)

is applied .

The satellite derived production estimate for the productive



PRODUCTIVE HABITAT

AREA PRODUCTION

(103Kkm?) (£010gC/d)
Dec78-dan?79 34 {3) 2.1 (10)
Dec?79~Jang0 458 (30) 27.7 (a7
Dec82-Feb&3 138 () 2.7 (30)

N OCEAN
AREA PRODUCTION
(103Km?) {101%gC/d)
1326 (97 19.2 (9Q)
1082 (70) 81.5 (33
1379 (91) 20.7 {700

TABLE é.2. Burface area and the estimated primary production to a
depth of 1 optical attenuation length (approximately the top 22%
of the euphotic 2one) for the Productive and Open Ocean habitats
of the sastern equatorial Pacific. The numbers in parentheses

give the percentage of total surface area and total production

represented by each value.
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habitat during El1 Nino (8.7 x 1010gC/d) is similar to the

estimate of 12 x 1019gC/d presented by Chavez et al.{1984) in
which the area of the coastal zone {assumed to extend 50 Km
offshore) was estimated at approximately 78 x 103km1,

However, if their productivity estimates are extrapolated over the
satellite-derived area of the productive habitat given in Table

6.2 the estimated total primary production is then 20.7 x

1019gC/d. The estimated production given in Table 6.2 is

raughly 40% of this value, or what the relationship between total
water column production and upper optical depth production appears
to be,; based on Eppley’s {1984} findings.

The 1982-83 El Nino was the best documented and most
intensively sampled event of its Kind. It is not surprising,
therefore, to find such a close agreement between the primary
production estimates from ship sampling during this period and
those from the satellite data which are presented in this chapter.
What is evident from this discussion, however, is that the
increased spatial coverage offered by satellites may significantly
reduce the errors associated with regional primary production
estimates. If nothing else, satellite observations can reduce
these errors by merely providing a mare accurrate assessment of

the region itself.
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CHAPTER 7

CONCLUSIONS

"The causes of things are ever more interesting than the events

themselves"

Cicero, Letters to Atticus

In this study I have demonstrated that satellite ocean coler
data can be used to assess the variability of phytoplankton
biomass over a wide range of time and space scales. The broad
spatial and high temporal resolution of the Coastal Zone Color
Scanner has made possible the documentation of such features as
the tight coupling that exists between the distribution of
phytoplankton biomass around the Galapagos Islands and the changes
in oceanic and atmospheric circulation (Chapter 4), the response
of a coastal upwelling system to short term changes in atmospheric
forcing (Cﬁapter 3) and, by using both the gualitative and
guantitative information contained in the CZCS data, it has been
possible to define the spatial extent of the area of enhanced
biological production, referred to in this study as the productive
habitat, in the pastern equatorial Pacific (Chapter 8). I have
also shown (Chapter ) that by using a very simple theoretical
approach, it is possible to develop what appears to be a quite

accurate assessment of regional primary production based on the
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C2CS data. Athough significant improvements can be made,
particularly through the use of more accurate relationships
between surface chlorophyll and carbon fixation; the results
presented here are very encouraging.

The degree to which isplated oceanic islands, in this case
the Galapagos Islands, enhance the production of the surrounding
waters has been demonstrated by this study. Although highly
variable, it has been shown that a region of enhanced
phytoplankton concentrations extends as far as 400 Km downstream
from the islands and covers nearly 0,000 Km? of ocean
surface. The variability in the location and extent of this
region of enhancement appears to be correlated with the features
of, and the changes in, the large—=scale circulation patterns. The
changes in phytoplankton distribution observed during the 1982-83
El Nino (Feldman et al., 1984), when compared with the
measurements of oceanic circulation at that time, most clearly
demonstrate this relationship. The seasonal cycle svident in the
meteorological and oceanographic data also appears to be reflected
in the patterns of phytoplankton distribution, but further study
is needed before a conclusive correlation can be made.

The structure of the Pisco upwelling center, one of the major
upwelling regions along the coast of Peru, has been described
through the use of satellite ocean color imagery. The features
observed in the satellite data are in general agreement with those

described for an idealized coastal upwelling center with two



notable exceptions. First, the offshore extent of the band of
enhanced phytoplankton production observed in the satellite images
appears to be nearly four-times that described in the literature.
And second, the transition from enhanced to cceanic conditions is
rather sharp, and its structure suggests that a physical rather
than biological factor may control the shape and offshore extent

of the region of enhanced phytoplankton abundances.

The satellite imagery has also provided a means by which the
short-term variablity of the distribution and abundances of
phytoplankton biomass in response to changes in the physical
environment could be assessed. A nearly three-fold decrease in
the mean phytoplankton pigment concentration of the southern
Peruvian coastal region took place over a two day period during
April 1981. In addition, 2 ten—-fold decrease (45,000 versus 4,244
Km?) in the total ocean surface area containing pigment
concentrations associated with enhanced rather than oceanic
conditions (greater than 1.0 mg/m3), occured over the same two day
period.

It has also been shown that one can use satellite ocean color
data to define and monitor the region of enhanced biological
production associated with Peru upwelling system. Significant
interannual variability in the areal extent of this region has
baen shown to exizt under non-perturbed ({i.e. non-E1 Nino)
conditions. Basing estimates of total ecosystem production on the

physical description of the upwelling zone rather than on the area
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defined by enhanced levels of biological producticn can lead to
significant errors. Using some rather basic assumpticns and the
quantitative information contained in the CICS data, it was
demonstrated how the increased spatial coverage offered by
satellites may significantly reduce the errors associated with

regional primary production estimates.

7.1. UNANSWERED QUESTIONS RAISED BY THIS STUDY

Although it is the goal of any research project to provide
answers to some fundemental questions, it often is the case that
in the course of the investigation new questions arise, many which
were neither anticipated nor able to be adequately addressed
within the scope of the original project. Such is the case with
this study.

An understanding of the underlving processes responsible for
the degree of large-scale, interannual variability in
phytoplankton biomass described in Chapter & is to my mind, the
major unanswered question raised by this study. A similar finding
in the Gulf of California (Clark, personal communication, 1985)
suggests that the driving mechanisms were not just regional, but
extended over & much larger scale. As mentioned elsewhere, the
identification, understanding and possible prediction of such
variability in the ocean/atmosphare system is a2 major goal of the

TOGA program. That this variability has such a strong biological
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signature, and that because many of the features evident in the
satellite ocean color images are so clearly associated with
physical processes, a-8tronger biological camponent tg the TOGA
program is justified.

Much of oceanography is involved with the identification of
the ‘mean state’ from which variability, as defined by its
departure from the mean, can be assessed. To answer the guestion
of what constitutes ‘normal’ conditions or in fact, do such
conditions really exist in the dynamic ocean/atmosphere system is
not easy, but needs to be addressed. Likewise, do individual
biolegical measurements made at discrete locations from one year
to the next truly represent interannual variability. This study
has demonsirated how valuable satellite ocean color observations
can be in determining the significance of individual biological
measurements (i.e. primary production) by placing them within the
larger, synoptic perspective. Just how many vears of data will be
needed to adequately describe the ‘mean state’ of the biclogical

system remains to be seen.
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7.2. FUTURE WORK: EASTERN EQUATORIAL PACIFIC TIME SERIES

One area of research that could build directly upon the work
begun with this study involves the development of a comprehensive
time series of the patterns of phytoplankton distribution and
abundance in the Eastern Equatorial Pacific. The data sets used
in this study cover the periods from December 1978 through
November 198{, and September 1982 through May 1983.
Unfortunately, the data are not uniformly distributed throughout
those periods resulting in some months being covered more
extensively than others. In addition it would be of particular
importance to fill in the missing period from November 1984
through September 1982 with data now available, to gain a better
understanding of the interannual variability and conditions that
prevailed prior to El Nino.

Data acquired after May 1983, and which have not yet been
processed, should be extremely useful in understanding how the
equatorial Pacific recovered from the major E1 Nino of 1982-83,
and the large number of surface observations which are available
from that period should facilitate the interpretation of the
satellite images. There is evidence to suggest that phytoplankton
abundances after this E1 Nino were some of the highest cbserved
and that the region of plankton-rich water extended several
hundred Kilometers offshore (Barber, personal communication,

1983); in many ways similar to the change that took place betwesn



the December 1978 and December 1979 period. One interesting line
of speculation is that perhaps the system is periodically

‘purged’, or more specifically, perinds during which primary
production is low throughout most of the region, significantly
reduces the abundargces of the primary herbivores (i.e. copepods,
anchovies). Such a reduction in grazing pressure, which would be
pr-nlnng_ed because of the longer generation times of the herbivores
relative to phytoplankton, if accompanied by sufficient nutrient
levels would then allow for a large increase in phytoplankton
abundances. Although speculative, it would be interasting to see
if such ‘boom and bust’ scenarios could be identified. Through

the production of monthly or seasonal CZICS composites, it mav be
possible to correlate the large-scale processes in the annual

tycle of oceanographic and meteorological parameters derivec_:i from
observational and/or ocean simulation modelling studies with ‘the

variability in biological production.

7.3. EQUATORIAL FRONT AND LONG WAVES

Linked in as yet some unexplained way to the annual cycle,
there appears to be an annual variaticn in the strength as well as
the location of the Equatorial Front and in the appearance of the
westward propagating, cusp-shaped equatorial long waves. Analysis
of the CICS data demonstrates that major ocean features such as

the equatorial Front and the long waves that have been observed in

198



199

‘sobede[ed ayy ;o0 }sam ay} o} }snf U3as ag ued juadunadgapun
[etJoyenba ayy jo m:_:m.s.u: 3Y} Y3IM pajeIIOSS® (Dpsf
Ajajrwrxoudde ‘aniq daap) sadnjedadway 3sajood ayl *Jojenba

ay) Buare (mor[ad) saunyeaadway 9} FIPaWJalUl O SJA}EM WOJY JUDJ
TerJorenba U3 $0 Y3J0U 3y} D} (Pad) SJA}PM }SAWJEM Ay} sd)ededas
{MeS°86 JRAU PALEIOT ST YITYM 40 }S3JD BY}) WJOH AABM JIULLSTP

V *a0ewr ay} jo 4sudod JyBId yBMOT 3y} UT AIGISTA ade (Aeab)
SPUB[S] TUIpPURLLIZ Y PUT ®[3qES] "(ZGEE 3TQUO Z-SNQWIN) 4245

sunp gZ uo paJsinboe spuels] sobederen ay) punode suoryngrJsIP

auniedadia) a3e}Uns eas paAlJap-a}I([aies “[°¢ a3} eid



NSE ROE ALE MBS AGE ADDT ATOT AZHT ace:




201

"SPUR[SI ay} JEau punoj

aJe suoT}eJiuaduod awbid ysaybiy ay] *sJajem udsayiprios gayard

a2y} wo.y sajuepunqe uopueidolAyd ut Mot SJajem LJaylJdou 3y}
sajededas '/ 31PI4 UT UIAS JUDJ} [PWJBY} 8y} O} JE[IWIS WJO4

¥ Yirm fpU0J4 JOTOD URAIO UY °(ZSEE }IQO L-SNQUIN) 6L4F aunp

g2 uo pasinbae spueis] sobederen ay) punoJde sjuawbid uojyuerdoy {yd

$0 UOTINQrJ}sSIp ayy jo abewr yojod uvalo ajrqlazes "Zv. A eid



L T s Pt S

T TR e T el e A s L B [ Wi

i
|

o




203

sea surface temperature {Legeckis, 1984), sea lavel (LuKas,
personal communicatior, 1984), and drifting buoy data (Hansen &
Paul, 1984) can be monitared by the CZC5. One example of the
equatorial long waves as detected by the CICS is given in Plates
7.1 & 7.2. The Galapagos Islands with the topographically induced
upwelling of the cold (blue) waters of the equatorial Undercurrent
are seen in the lower right-hand corner of the CICS-derived sea
surface temperature distributions acquired on 23 June 1979 (Plate
7.1). A distinct wave form (crest at 98.50W) separates the

warm (red) waters to the north of the equatorial Front from the
tooler {yellow) waters to the south. A second, zonally oriented
temperature front can be =een along the southern portion of the
image. Anather wave crest, located to the west of the regipn
ctovered by Plates 7.1 & 7.2, is described by Hansen & Paul (1924).
They monitored the eddy motions associated with this feature
through the use of satellite-tracked drifting buoys on the same
day as the CZICS observation. The co-registered CZCS-derived
pigment concentrations (Plate 7.2} indicate a distinct ocean color
front associated with the thermal front, with higher pigment
concentrations found on the southern side of the front. It is
believed that this is the first observation of a biological
indicator of the equatorial long waves. The eddy motions
associated with the waves and their pessible influence on the heat
flux near the equator may have a similar effect on the flux of

nutrients and; hence, their ocean color signature. The patterns



observed by the CICS may, therefore, provide further insight into
the dynamics of these features and possibly offer a way of
monitoring the long waves when their thermal signature is masked.
Some specific questions which could be addressed through further

study include:

1- with what frequency do the waves appear in the satellite ocean
color data?

2= what is the relationship between the ocean color front and the
physical structure of the front?

3- are there times when the front and/or waves appear in either
the ocean color data or sea surface temperature data, but not in
both?

4- are there indications in the CZCS images of the eddy motions
observed in the buoy data (i.e. is the addy located to the north

of the Galapagos in Plate 4.i1 an example of such a feature)?

7.3. INFLUENCE OF ISLANDS AND ISLAND GROUPS

ON OCEANIC PRODUCTION

The study of the circulation and mixing patterns around
oceanic islands and of their influence on oceanic production is &
topic worthy of further study. This investigation has clearly
demonstrated that the Galapagos Islands significantly enhance the

productivity of the surrounding waters and some evidence of
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possible mechanisms has been offered. It would be interesting to
cantinue this work around the Galapagos and also expand the
coverage to include other oceanic islands or island groups in
order to define and mcnitor the area of enhanced biological
production associated with them. The understanding of flow
patterns around islands (phservational as well as theoretical) and
the formation of island wakes has been the subject of much
investigation. In particular,; recent observations of the
Galapagos Islands from the Space Shuttle {Scully-Power et al.,;
1985) revealed many features about the circulation around these
izlands not amenakle to study by other means. Unfortunately, the
biological consequences of such processes have been poorly
quantified and are often lumped under the general term of ‘island
mass effect’. The visualization and quantification of island
wakes and plumes in the satellite ocean color data has been
demonstrated in this study. Finally, it is proposed that an
island plume model (OKubo, personal communication, 19€5) be
developed and applied to the phytoplanikton patterns observed in

the CICS imagery.
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