THE FUTURE OF OCEANOGRAPHY FROM

SPACE

Examples of the Unique

Contributions from Space
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color remote sensi

/ profoundly influenced how
oceanographers think about
marine ecosystems and their
variability in space and time.
Satellite ocean color radiometry
(OCR) provides a unique perspective
for studying the processes regulating
marine ecosystems and biogeochemistry
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which satellite observations have made important and
unique contributions: understanding the responses of ocean
cosystems to physical processes operating at meso- to
globa! scales, coupled physical-ecosystern-biogeocbermcaJ

modeling, and marine living resource management.
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INTRODUCTION

As part ofthe celebration ofthe United
Nations International Year ofthe Ocean
and of'the fiftieth anniversary of the
National Science Foundation, the

Ocean Studies Board of the National
Research Council sponsored a major
symposium in 1998 entitled “50 Years

of Ocean Discovery.” The symposium
included a plenary talk by Richard
Barber and Anna Hilting on achieve-
ments in biological oceanography, and
they chose ocean color remote sensing
as one of the landmark achievements.
The written version of the talk concluded
their section on ocean color with the
following: “Space-based analysis changed
not only our perception of'the ocean,
but also our ideas of what constitutes
good biological oceanography. ...Having
seen the totality ofthe oceans, mankind
can no longer maintain the concept of
discrete or isolated components of the
ocean” (Barber and Hilting, 2000). This
comment is appropriate for satellite
ocean color radiometry (OCR), and also
for other satellite observations of the
ocean relevant to understanding marine
ecosystems and biogeochemistry. Simply
put, one cannot underestimate the signif-
icance to biological oceanography of the
availability, for the first time, of temporal
sequences of an important ecological/
biogeochemical parameter such as
phytoplankton chlorophyll a (Chi a) at
regional to global ocean scales. Satellite
OCR provides data products most
closely related to marine ecosystem and
biogeochemical processes, although the
value of OCR measurements is increased
when supported by other in situ and
space observations. For example, vector
winds, altimetry for sea surface height

(SSH), sea surface temperature (SST),

and microwave radiometry for sea ice
cover have proven their value for under-
standing how the physical environment,
including ocean circulation and mixing,
affects marine ecosystems.

This manuscript briefly reviews exam-
ples ofunique and important contribu-
tions from global satellite OCR missions
such as the Coastal Zone Color Scanner
(CZCS), Sea-viewing Wide Field-of-
view Sensor (SeaWiFS), Moderate
Resolution Imaging Spectroradiometer
(MODIS)-Aqua, MEdium Resolution
Imaging Spectrometer (MERIS), and
others in three topical areas related
to marine ecosystems and biogeo-
chemical processes: (1) understanding
the responses of ocean ecosystems to
physical processes operating at meso- to
global ocean spatial scales and at daily
to interannual time scales, (2) coupled
physical-ecosystem-biogeochemical
modeling, and (3) marine living resource
management. The spatial and temporal

scales mentioned above traditionally

the only observations for much of this
time-space regime. We do not try to
cover all of the important current and
potential applications for satellite obser-
vations related to marine ecosystems and
biogeochemistry—some ofthese topics
are covered elsewhere in this issue. (See
Bourassa et al, 2010, for C 02 and other
gas fluxes; Eakin et al, 2010, for coral
reefmonitoring; and Fu et al, 2010, for

eddy dynamics.)

BACKGROUND ON OCEAN
COLOR RADIOMETRY

OCR refers to measurements of the small
fraction of sunlight radiance that initially
enters the ocean and is then backscat-
tered across the air-sea interface. The
absorption and scattering properties of
the ocean change the spectrum ofback-
scattered radiance (commonly referred
to as water-leaving radiance or Lw(\),
where Ais wavelength) from that of the
incoming solar radiance. Thus, Lw(\)

provides information on the dominant

OCEAN COLOR REMOTE SENSING HAS

PROFOUNDLY INFLUENCED HOW OCEANOGRAPHERS

THINK ABOUT MARINE ECOSYSTEMS AND THEIR
VARIABILITY IN SPACE AND TIME.

present great challenges for measuring
biological and biogeochemical properties
and processes using ships and moorings,
and thus were the initial research focus
for many of the studies that employed
new satellite data sets. Satellite OCR
measurements and derived products

are not as accurate or precise compared

to in situ measurements, but they are

dissolved and suspended in-water
constituents, including photosynthetic
pigments such as Chi a contained by
microscopic phytoplankton.

For open ocean waters, Chi a and
other pigments are among the dominant
absorbers of sunlight entering ocean
waters (other than water molecules),

particularly in a broad wavelength band
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centered in the blue region ofthe spec-
trum near 440 nm. The Lw(\) spectrum
shifts from blue toward green wave-
lengths as Chi a increases (more blue
absorption). Chi a is the key pigment
involved in photosynthesis (primary
production), and phytoplankton are the
principal photosynthetic organisms in
the ocean. Thus, satellite measurements
of LWA) that began with the 1978 launch
of CZCS on NASA5% Nimbus-7 spacecraft
provided a new and revolutionary tool
for biological oceanographers to study
the mean distribution of phytoplankton
biomass (as indexed by Chi g) in the
surface waters of the global ocean and
also its variability on temporal and
spatial scales not previously possible
(e.g., Barber and Hilting, 2000). CZCS
was a proof-of-concept mission, having
only three spectral bands useful for
in-water algorithms that were centered
at 443, 520, and 555 nm, plus a band
centered at 670 nm that was used for
atmospheric correction algorithms.
Because there was no sustained program
for calibration and validation, the quality
of'the data was difficult to assess during
the eight-year CZCS mission, particu-
larly in the final years. Subsequent
missions such as SeaWiFS, MODIS-
Aqua, and MERIS featured sensors with
more spectral bands to support better
algorithms and more data products,

and with ongoing programs to calibrate

and validate measurements of Lw(\)

(e.g., Antoine et al, 2008).

The optical properties of ocean waters
are not biphasic with water and Chi a
as the only important constituents.
Furthermore, Lw(\) has to be extracted
after passing through the atmosphere,
which also has complex optical prop-
erties. Measurements of the optical
properties of ocean waters from space
are not possible except under substan-
tially cloud-free conditions, and even
under ideal viewing conditions, Lw(\)
is at most 10% of'the radiance reaching
the satellite sensor. Thus, atmospheric
contributions to top-of-atmosphere
(TOA) radiance spectra have to be
accurately measured or calculated
(atmospheric correction) to retrieve
meaningful information about the
ocean from TOA measurements. Other
dissolved and suspended substances
affecting ocean optical properties
include colored dissolved organic matter
(CDOM) and suspended sediments.
These constituents often overwhelm the
contribution of Chi a to Lw(\), particu-
larly in coastal waters. Another factor
complicating ecological interpretation is
that satellite and other measurements of
OCR above the waters surface integrate
water-leaving radiance over about one
optical depth (defined as 1/K, where K is
the radiance attenuation coefficient with
units ofm4). That depth depends upon
water clarity and ranges from as deep as

30-50 m in the open ocean to less than
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I m in turbid coastal waters. A common
assumption is that satellite OCR
measurements represent conditions in

the mixed layer.

BASIN TO GLOBAL SCALES

AND LONG-TERM TRENDS

Figure 1is a global Chi a map
(composite image) made by merging all
the SeaWiFS cloud-free imagery from
the first 10 years of data collection. The
image illustrates important features of
the global ocean, including the compara-
tively high Chi a concentrations near

the coast, effects of upwelling along the
equator, and plumes of major rivers

such as the Amazon and Orinoco, which
extend well offshore into the Atlantic and
Caribbean, respectively. Away from the
coasts, mean Chi a concentrations are
higher at latitudes poleward of ca. 40°
compared to lower latitudes as a result of
seasonal phytoplankton “blooms.”

One ofthe important and unique
applications ofbasin- to global-scale
Chi a maps is for calculating global
ocean primary production. Using algo-
rithms that incorporate OCR-based
Chi a to calculate regional- to global-
scale estimates of annual net primary
production (NPP) provides important
insights into the function of ocean
ecosystems and biogeochemical
processes. Before satellite data were
available, estimates ofannual global
ocean NPP based only on in situ
data differed by as much as five to
10 times. To a good first approxima-
tion, NPP can be calculated from
maps of Chi a concentration, incident
solar irradiance, plus some additional
physiological parameters derived from
in situ measurements (e.g., Platt and

Sathyandranath, 1988) or from satellite
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Figure 1. Composite Chi ¢ and land vegetation index (NDVI) image calculated using all SeaWiFS data collected from 1997-2007. A composite image is similar to

a mean image, although the number ofobservations for any given pixel differs across the image owing to differences in orbital coverage and in cloud-free condi-

tions. Image courtesy of G.C. Feldman, NASA-CSFC Ocean Color Croup (http://oceancolorgsfc.nasa.gov)

measurements (Behrenfeld et al, 2005).
Calculations of annual global ocean
NPP based on Chi a derived from

OCR measurements, but using different
methods and assumptions, tend to agree
within 10-20% owing to the importance
and dominance of Chi a in the calcula-
tion. A key finding from calculations
based on satellite data is that ocean

and terrestrial NPP contribute more

or less equally to global productivity
(Field et al, 1998).

Figure 1does not capture variability
in space and time, and quantifying and
explaining that variability at regional to
global scales is one ofthe primary scien-
tific accomplishments ofsatellite OCR
to date, with hundreds of manuscripts
published on this topic (e.g., Abbott and
Zion, 1987; Campbell and Aarup, 1992;
Antoine et al, 2005; Thomas et al, 2003,
2004; Yoder and Kennelly, 2006). Satellite

OCR records, supported by SST, SSH,
and data from other ocean sensors, are
now sufficiently long to begin to resolve
the effects on marine ecosystems and
biogeochemical cycles ofinterannual
phenomena such as El Nifio-Southern
Oscillation (ENSO). The 1997-1998
ENSO event caused dramatic changes in
the global ocean, and for the first time,
satellite observations were able to quan-
tify the impact ofa large ENSO event on
the productivity of the global biosphere.
Figure 2 shows for the first time the
change in ocean and land vegetation
and the calculated impact on NPP of
the biosphere during the transition
from the El Nifio phase to the La Nifia
phase during abig ENSO event. The
results show that global NPP changed
by about 6 Pg yr4 during the transition
(equivalent to about 6% of total global
NPP) with most ofthe response from the

ocean (Behrenfeld et ah, 2001). Further
insight into the dynamics affecting
Chi a variability in the equatorial Pacific
during this ENSO cycle was provided
by empirical orthogonal function (EOF)
analyses of a two-year time series of
SeaWiFS Chi a imagery and SSH (Wilson
and Adamec, 2001). The analyses showed
a symmetric off-equatorial Chi a increase
during the La Nifia phase between 2° and
18° (N and S) across most of'the Pacific
caused by an increase in surface nutrients
related to a shoaling thermocline. This
latter study is a good example as to how
multiple satellite observations are used
to understand basin-scale dynamics
and their impacts on ocean Chi a
time/space variability.

The most important applications for
future ocean satellites include helping
to understand how the ocean maybe

changing and separating the effects of
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interannual forcing (e.g., by ENSO) from
trends caused by changing climate or
other human impacts. Recent studies
(Gregg et al, 2005; Antoine et al, 2005;
Behrenfeld et al., 2006; Polovina et al,
2008; Vantrepotte and M¢élin, 2009)
indicate that Chi a is either increasing
or decreasing in different regions of the
global ocean, with the most significant
trend being a general decrease of Chi a
in the mid-ocean gyres. SST-based
stratification indices show a relation

between decreasing Chi @ and increasing
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stratification, suggesting a link to a
gradual warming of ocean surface waters
(Behrenfeld at al, 2006). Most of the
trend analyses began with the launch of
SeaWiFS in 1997, which coincided with
one ofthe largest ENSO events of the
century. An alternative interpretation of
the trend toward lower Chi a during the
years following the launch of SeaWiFS
can be found in the record ofinterannual
variability caused by the ENSO cycle that
began in fall 1997. In fact, other analyses
(e.g., Yoder and Kennelly, 2003, 2006)
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Figure 2. Phytoplankton Chi a biomass change during ENSO transition. (A) Ocean -
SeaWiFS Chi a. (B) Land - SeaWiFS land vegetation index (NDVI). In both (A) and

(B), global monthly means are indicated by black circles and monthly deviations

from the overall mean (anomalies) by open squares. Changes in ocean and land

vegetation during the transition led to a global productivity increase of6 Pgyr'l

with most ofthe response in the ocean. From Behrenfeld et al. (2001)
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of coincident Chi a and SST records
showed significant global anomalies
from 1997-2001, including high Chi a
anomalies in the La Nifia phase, which
began in 1998. Thus, the decline in Chi a
during the SeaWiFS era may in part be
arelative decline only in relation to the
comparatively high mean global Chi a
concentrations during the 1998 La Nifia
phase of ENSO.

Distinguishing between long-term
trends and cycles was also the topic ofa
study that analyzed CZCS observations
from 1979-1983, SeaWiFS observations
from 1998-2002, and SST observations
from both periods (Martinez et al,
2009). The results showed that basin-
scale phytoplankton responses were
related to the Pacific Decadal Oscillation
(PDO) and the Atlantic Multidecadal
Oscillation (MDO), and there is little
evidence (yet) to suggest long-term
trends. Comparing satellite records with
the results of climate models incorpo-
rating ocean ecosystems and biogeo-
chemical cycles indicates that the magni-
tude ofthe Chi a changes observed
during the SeaWiFS era are not unusual
(Henson et al, 2010; Yoder et al, 2010).
Henson et al. (2010) concluded that
40 years of observations will be required
to sort out the effects of natural modes of
climate variability, such as ENSO, from
trends related to a changing climate and
changing ocean. Partitioning the effects
of ocean cycles from long-term trends
and the impacts on marine ecosystems
will be a major future challenge that

ocean satellites can help to resolve.

MESOSCALE PROCESSES
The ocean mesoscale (i.e., physical
processes occurring on spatial scales

oftens to hundreds ofkilometers and



temporal scales from a few days to
many weeks) dominates ocean ener-
getics throughout most of the ocean
(e.g., Robinson, 1983; Fu et al, 2010).
Mesoscale eddies are thought to have

a large influence on pelagic ocean
ecosystems and biogeochemical cycles
through their lateral stirring and mixing
ofthe water column and their ability

to vertically displace isopycnal surfaces
that in turn influence light and new
nutrient availability in the euphotic zone
(e.g., McGillicuddy et al, 1998; Gargon
et al., 2001). Perturbations caused by
ocean mesoscale processes often mask
the natural seasonal to interannual
cycles of the sea, making the unaliased
sampling of the ocean from fixed loca-
tions difficult to interpret (e.g., Dickey
etal, 1991; Wiggert et al, 1994).

Field investigations aimed at
understanding the coupled physical-
biological effects of ocean eddies were
revolutionized by the advent of satellite
observations. First, infrared and visible
imagery were used to estimate SST and
upper-ocean Chi a patterns; then in
more recent years, satellite altimetry
was used to study SSH anomalies. The
1980s Warm Core Rings program was
among the first studies to integrate satel-
lite observations into a field sampling
program focused on the ocean mesoscale
(e.g., Joyce et al, 1984). This highly
interdisciplinary study used SST and
Chi a satellite imagery as tools to guide
the ship sampling and to study changes
in warm core ring features at higher
resolution than was possible from ships
alone (Smith and Baker, 1985; Evans
et al., 1985). In recent years, satel-
lite altimetry observations have often
been used to coordinate field sampling

of ocean eddies because of their
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Figure 3. Plan-view depictions of loglO-transformed mean Chi a (top panels) and the mean

spatial anomaly oflogl O-transformed Chi a (AChl g, bottom panels) for cyclonic (left panels) and

anticydonic (right panels) eddies in the Sargasso Sea. Panels are 500 km on a side centered on the

eddy center following each eddy. Only eddies with trajectories greater than three weeks are used.

Spatial anomalies, AChl a, are calculated after removing a large-scale spatial mean (~325 km)

from the loglO-transformed Chi a field. The black circle is the trace ofan average eddy size. In

recent work ofauthor Siegel and colleagues, a total 0f8093 cyclonic and 6105 anticydonic eddy-

centric images were used to construct these plan view depictions.

all-weather capabilities to measure SSH
(e.g., McGillicuddy et al, 2007).
Satellite imagery can be used to study
the impact of a single eddy along its
trajectory (Siegel et al, 2008), and this
approach has also been expanded to
include thousands of eddies, enabling
mean spatial patterns in Chi a to be
assessed in eddy-centric coordinates. In
Figure 3, mean spatial patterns in log-
transformed Chi a (upper panels) and
Chi a anomaly (AChl a; lower panels)
are shown for a total 0f8093 cyclonic
(left panels) and 6105 anticydonic
(right panels) eddies from the Sargasso

Sea (recent work of author Siegel and

colleagues). Studies of multiple eddies
are critical because the scale ofthe mean
eddy-centric spatial Chi a signals is very
small (-0.001 mg nr3), below detectable
in anormal laboratory setting. Second,
the Chi a patterns give a sense ofrota-
tion consistent with the sign of the
features (counterclockwise for cyclones
and clockwise for anticyclones). This
results in higher AChl a values to the
west of the eddy center for the cyclone
and to the east of center for the anti-
cyclone (Figure 3). Finally, the AChl a
signal is strongly reduced within an
anticydonic eddy, whereas a general

increase is found inside cyclonic eddies
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owing to upwelling.

The advent ofhigh-quality satel-
lite ocean color imagery and altimetry
observations has enabled researchers
to investigate the biological responses
of westward-propagating features in
satellite sea level distributions (e.g., Uz
et al., 2001; Cipollini et al, 2001). The
perturbations in Chi a signals showed
remarkable coincidence with westward-
propagating SSH anomalies, with char-
acteristics similar to baroclinie Rossby
waves, prompting these researchers to
interpret an important role for Rossby
waves in pelagic ecosystem dynamics
(e.g., Dandonneau et al., 2003; Killworth
et al., 2004). Recently, these features have
been interpreted as nonlinear eddies
and not linear Rossby waves (Chelton
et al, 2006; see also Siegel et al, 1999),
which has important implications
for the potential impact on biological
and biogeochemical processes. The
distinction is that eddies, unlike Rossby
waves, can strongly upwell nutrient-
rich waters, thus stimulating phyto-
plankton productivity.

Future advances in understanding the
interactions of ocean mesoscale features
and the ocean biosphere will come from
improvements in how we see the ocean
from space and the clever use ofthese
improved observations. Technological
advances are important, but they need
to be sustained for significant periods
of time. For example, Figure 3 was
constructed using thousands ofidenti-
fied eddies spanning over five years
of merged ocean color data products
(Maritorena et al, 2010). Many ofthe
coupled ocean processes have subtle
effects, especially in the open ocean, and
thus require long-time-series observa-

tions to resolve.
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SATELLITE REMOTE SENSING
AND BIOGEOCHEMICAL/
ECOLOGICAL MODELING

The availability of satellite observations
has contributed substantially to the rapid
growth in ocean ecological and biogeo-
chemical numerical modeling over

the last two decades. Ocean biological
modeling is data limited, almost inher-
ently, and observations feed into several
facets of modeling, including model
development (e.g., choosing parameter-
izations and parameter values), forcing,
and data-based evaluation (Doney,
1999). Early and ongoing modeling work
often involves local one-dimensional,
vertical models (simulations on depth
versus time) linked closely to in situ
time-series measurements (Fasham et al.,
2001; Friedrichs et al, 2007). Moving

to three-dimensional spatial domains
greatly expands the data requirements,
quickly surpassing the availability of
most in situ data sets. The near-global
spatial coverage and good temporal
resolution ofsatellite OCR and ancil-
lary physical data become an invaluable
resource, complementing and enhancing
in situ data and model simulations.

A primary application of satellite
data is in assessment of how well model
calculations match observations (model
skill), particularly for basic metrics such
as surface Chi a or NPP (Stow et al.,
2009; Doney et al, 2009). A number of
new global marine ecosystem models
were introduced post SeaWiFS that
depended to a large degree on satellite
OCR data to judge basin-scale spatial
patterns and seasonality for prognostic
simulations (Aumont et al., 2003; Gregg
et al, 2003; Moore et al, 2004; Fima
and Doney, 2004; Fe Quere et al, 2005)

and inverse model and data assimilation

solutions (Schiitzer, 2002; Gregg et al,
2009). Products derived from satel-
lite OCR measurements also can be
used more directly to constrain marine
ecosystem dynamics through data assim-
ilation techniques for one-dimensional
(Friedrichs, 2002) and three-dimensional
simulations (Gregg, 2008).

Overall, the current generation
ofglobal simulations captures well
the gradients across major biomes
(e.g., equatorial upwelling bands, oligo-
tropha gyres, subpolar gyres) and the
timing of'seasonal blooms, though there
is often considerably weaker skill in
absolute magnitude, seasonal phasing,
and specific features in bulk chlorophyll
and primary production (Figure 4).
As the length of'the satellite record
increases, more modeling studies also are
examining the mechanisms and skill for
capturing interannual variability in ocean
biology in the global models (Dutkiewicz
et al, 2001; Schneider et al, 2008;
Doney et al, 2009). Some ofthe errors
in global simulations reflect too-low
model spatial resolution, and substantial
improvements are possible in some cases
with higher-resolution, regional coastal
(Gruber et al, 2006) and open-ocean
domains (Oschlies et al, 2000). The
results of eddy-resolving simulations that
generate their own internal physical and
biological variability can be compared
statistically to measures of eddy vari-
ability in satellite ocean color observa-
tions (Doney et al, 2003).

Many upper-ocean ecosystem
models parameterize the complexity
ofthe plankton community by aggre-
gating organisms into concentrations
ofbiomass for distinct trophic levels,
so-called phytoplankton-zooplankton-
nutrient (PZN) models. A recent
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Figure 4. With new algorithms and remote sensing data products, it isnow possible to test model-predicted physiological responses to

changing environmental conditions. The plot compares phytoplankton specific growth rates (1 d'l) from a global model (solid line; Doney

et al, 2009) with those calculated from satellite observations (dashed line; W estberry et al., 2008). The results are displayed as zonal averages for

three basins: Atlantic (blue), Indian (red), and Pacific (green). The simulation underestimates specific growth rates in the tropical Atlantic and

Indian basins, likely due to excessive model phosphorus and iron limitation, respectively.Adaptedfrom Doney et al. (2009)

modeling trend is the incorporation of
so-called functional groups that have a
common ecological or biogeochemical
role, for example, calcifiers and nitrogen-
fixing diazotrophs (Hood et al, 2006).
In some cases, these functional groups
match up well with satellite-derived esti-
mates of plankton community structure
or size class, perhaps the most straight-
forward example being distributions of
coccolithophores (Iglesias-Rodriguez

et al, 2002; Gregg and Casey, 2007) and
calcification rates (Balch et al, 2007).

In PZN models and their variants,
phytoplankton Chi a is computed typi-
cally using either fixed chlorophyll/
biomass ratios or variable chlorophyll/
biomass schemes that depend upon
phytoplankton nutrient and light
status. NPP is parameterized in terms
of temperature, light, and nutrients—
including nitrogen, phosphorus, and
iron. Estimates of primary production
from prognostic ecosystem simula-

tions are now being incorporated into

intercomparisons of primary production
estimates made from satellite measure-
ments (Carr et al, 2006; Friedrichs
et al., 2009). The export flux of sinking
organic matter is a key biogeochemical
process that is essential to accurately
include in model simulations, but this
process cannot be measured directly
from space. However, empirical relation-
ships with satellite observables (e.g., SST,
Chi a) can be used to generate spatial
export fields (Laws et al, 2000; Dunne
et al., 2005), which can in turn be used
for evaluating biogeochemical model
simulations (Gnanadesikan et al., 2002;
Najjar et al, 2007).

Numerical models are essential
for understanding the possible range
of future climate change impacts on
marine ecosystems and NPP (Steinacher
et al., 2010), and satellite observations
help evaluate and validate models. For
example, satellite data are useful for
assessing the sensitivity of ocean biology

to interannual and decadal climate

variability in coupled ocean-atmosphere
models (Schneider et al, 2008). More
diagnostic approaches apply empirical
relationships between ecological and
physical variables to climate model
trends to characterize climate impacts.
Sarmiento et al. (2004), for example,
estimated changes in ocean NPP using
satellite-derived surface chlorophyll
regressions and satellite primary produc-
tion algorithms; Iglesias-Rodriguez et al.
(2002) estimated changes in coccolitho-
phore distributions using a satellite-

based, statistical ecological niche model.

APPLICATIONS FOR
ECOSYSTEM-BASED
APPROACHES TO FISHERIES
(RESOURCE) MANAGEMENT
The continuity, global coverage, and
high temporal and spatial resolution of
satellite data make them an important
tool for monitoring and character-
izing marine ecosystems in relation

to management applications ofliving
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marine resources, including fisheries.
Although satellites do not observe fish
stocks directly, Chi a, SST, SSH, ocean
winds, and sea ice characterize critical
habitat that influences marine resources.
Most ofthe spatial features that are
important to ecosystems (i.e., ocean
fronts, eddies, convergence zones, river
plumes, and coastal regions) cannot be
adequately resolved without satellite
data. Similarly, satellite data are crucial
for resolving the timing of processes
such as upwelling, harmful algal blooms
(HABs), seasonal transitions, and ENSO
events that have important impacts on

living marine resources.

Recruitment

Ofthe many types of data available from
satellites, OCR is particularly relevant

to fisheries management because it is
the only remotely sensed parameter that
directly measures a biological compo-

nent of the ecosystem (see Figure 5;

Fishing
?
o Smell
pelagios
CL
(6]

Wilson, et al, 2008). However, the
relationship between Chi a and a specific
fish stock depends upon the number of
linkages between phytoplankton and the
higher trophic level. For some species,
such as anchovies and sardines, that eat
phytoplankton at some points in their
life cycle, the linkage can be direct (Ware
and Thomson, 2005), whereas for other
species, there are many trophic levels

in between and the relationship can be
nonlinear. For species with a relatively
direct link to phytoplankton, satellite
OCR data can be used to examine how
environmental variability affects annual
recruitment—the number ofnew indi-
viduals entering a stock. Availability
ofa good food source is important

for successful recruitment; hence,

many fish reproduce near the seasonal
peak in phytoplankton abundance.

The long-standing Cushing-Hjort, or
match-mismatch, hypothesis states that

recruitment success is tied to timing

Large
squids

Benthic
invertebrates

Figure 5. Simplified oceanic food web, showing the varying complexities in the linkages between phyto-

plankton, which is measured by satellite ocean color data, and higher trophic levels. Modifiedfrom Pauly

and Christensen (1993)
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between spawning and the seasonal
phytoplankton bloom (Cushing, 1969,
1990). However, this hypothesis has
been difficult to prove or disprove with
traditional shipboard measurements
that have limited spatial and temporal
resolution. Using satellite ocean color
data, interannual fluctuations in the
timing and extent of the seasonal bloom
can be determined and compared to
larval abundance data. This approach
has confirmed the match-mismatch
hypothesis for both haddock and shrimp
in the North Atlantic (Platt et al, 2003;
Fuentes-Yaco et al, 2007).

Global estimates of NPP calculated
from Chi g, in conjunction with fish
catch statistics and food web models,
can be used to estimate the sustain-
ability of the worlds fisheries (Pauly
and Christensen, 1995). For example,
discrepancies between the values of
satellite-derived NPP and reported fish
catches have been used to demonstrate
spurious trends in global fish catches as
reported by the Food and Agriculture
Organization (FAO) of'the United
Nations (Watson and Pauly, 2001).

Tagging

Electronic tagging ofliving marine
resources is a key methodology to
gather information needed for accurate
and responsible fisheries management.
Satellite data are crucial to place track
data in an environmental context in
order to fully understand foraging

and migration patterns, fish behavior
and feeding ecology, habitat selection,
and individual and population-level
responses to environmental and climate
variability. This approach has been
used to characterize the environment

of a wide variety oftagged species—for



example, turtles, penguins, seals, sharks,
tuna, and salmon—to better understand
both their behavior and their habitat
(Block et al, 2003; Hinke et al, 2005;
Ream et al, 2005; Polovina et al, 2006;
Weng et al, 2007). The habitat informa-
tion provided by these types of studies
establishes a foundation upon which to
build management tools for the protec-
tion of species at risk. For example, the
biggest mortality factor for loggerhead
sea turtles is fisheries bycatch. Thus,
there is considerable interest in being
able to spatially separate the fishery from
the loggerheads, but this separation
requires having a reasonable estimate
ofthe loggerhead habitat. By analyzing
satellite SST, Chi g, altimetry, and wind
data, together with telemetry data from
tagged loggerheads, seasonal habitat
maps ofloggerhead distribution can

be determined (Polovina et al, 2000,
2004, 2006; Kobayashi et al, 2008). This
information is currently provided, in
near-real time, to fishers so that they
can stay out ofloggerhead habitat. It
supports improved management ofliving
marine resources and benefits the fishers,
who operate under strict limits on the

number of turtle interactions allowed.

FUTURE CAPABILITIES

AND DIRECTIONS

Satellite OCR sensors have improved
significantly since CZCS, and those
interested in scientific and operational
applications look to further improve-
ments for the future. NASA is planning
new and advanced missions as part of
the United States’ decadal survey plan
(National Research Council, 2007)

that will provide new opportunities for
studying marine ecosystems and biogeo-

chemistry from space. The plan includes

several satellite OCR missions that will
greatly improve the quality ofmoderate
resolution polar orbiting observations
(Aerosol-Clouds-Ecosystems [ACE])
and provide hourly resolved viewing
from geostationary orbit (Geostationary
Coastal and Air Pollution Events
[GEO-CAPE]) as well as observations of
hyperspectral imagery on unprecedented
spatial scales (60-m; Hyperspectral
Infrared Imager [HyspIRI]). NASA
recently announced a Pre-ACE
mission (PACE) to include the OCR
requirements with a launch tentatively
scheduled for 2019.

In general, the desired capabili-
ties for advanced OCR sensors of the
future depend upon the application. For
example, those interested in applica-
tions requiring multiple observations of
one region of'the ocean during a single
day are interested in OCR sensors in
geostationary orbit that can provide
coverage ofa ca. 500 km x 500 km region
at ca. 300-m spatial resolution every
30 minutes during daylight hours. South
Korea successfully launched the first
OCR instrument, Geostationary Ocean
Color Imager (GOCI), in geostationary
orbit over the East China Sea in 2010
with the first image acquisition in July
2010. Data distribution will begin in
early 2011 following completion of
GOCI in-orbit tests. A follow-on mission
is planned for launch in January 2018.

Coastal oceanographers are taking
advantage ofthe European Space
Agency (ESA) MERIS imagery with its
300-m x 300-m spatial resolution and
high spectral resolution. Coastal scien-
tists need more spectral bands (than
on SeaWiFS and MODIS) in the 350 to
700 nm range to support comparatively

complex algorithms that can distinguish

the contribution of multiple constituents
(e.g., Chi g, CDOM, sediments, bottom
reflection) within optically complex
coastal waters. ESA has approved the
Sentinel-3 mission that will include

the Ocean and Land Color Instrument
(OLCI) with capabilities similar to
MERIS. MERIS should operate until the
launch of Sentinel-3 in 2012, providing a
continuous time series of observations of
high interest to coastal scientists.

Those interested in basin- to
global-scale processes need 1- to 4-km
spatial resolution and one- to two-day
coverage of'the global ocean. In 2010,
the National Polar-orbiting Operational
Environmental Satellite System
(NPOESS) was restructured. NOAA
and NASA now have responsibility for
a satellite in the afternoon orbit, which
will include the Visible/Infrared Imager
Radiometer Suite (VIIRS). VIIRS has
OCR bands and is capable of producing
imagery comparable to SeaWiFS and
MODIS-Aqua (minus the Chi a fluo-
rescence capability). The first VIIRS
is scheduled for launch in September
2011, as part ofthe NPOESS Preparatory
Project (NPP). Recent developments
suggest that NPP-VIIRS has the potential
to also produce science quality data as
well as serve the operational community.

Until recently, most applications of
OCR imagery were based on products
produced by simple band-ratio algo-
rithms for calculating Chi a concen-
tration (O’Reilly et al, 1998). More
sophisticated algorithms are now in
use and will yield more and improved
data products in the future, particularly
when applied to data from advanced
sensors. New algorithms are based on
inversion techniques that incorporate

multiple spectral bands to calculate
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Chi a, sediment content of coastal
waters, and important biogeochemical
constituents such as particulate carbon
(C) and colored organic material
(COM; Siegel et al, 2002; Doerffer and
Schiller, 2007). COM includes CDOM,
as well as the detritus particles from
dead plankton. The additional products
expand the capabilities for studying
ecosystems and biogeochemical cycles.
For example, the C-to-Chl a ratio,

as well as satellite measurements of
Chi a fluorescence, provide insight
into phytoplankton physiology—an
important new development for using
satellites to study marine ecosystems
and their responses (Behrenfeld et al,
2005, 2009). An intriguing new algo-
rithm development is the potential to
calculate indices of ecosystem struc-
ture, including phytoplankton cell size
(Kostadinov et al, 2009; Mouw, in press)
and one or more phytoplankton taxa
for at least some regions of the global
ocean (Sathyendranath et al, 2004;
Alvain et al, 2008). Thus, future sensors
and new algorithms will significantly
expand the scientific applications of
OCR data and, in particular, will add
new capabilities for studying marine
ecosystems from space.

With respect to fisheries applications,
satellite data are still underutilized by
scientists and managers. For example,
stock assessment, the periodic estimate
of the total population of a given stock,
whether it be commercial or protected,
is a key aspect of fisheries science. Yet,
incorporation of environmental data of
any kind into stock assessment models
has rarely been successfully achieved.
Because the environmental factors
impacting populations from year to year

are complex, poorly understood, and
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difficult to measure, they have largely
been excluded from traditional assess-
ment models, greatly limiting their
accuracy and effectiveness (Koeller

et al., 2009). Major changes to fish stock
assessment methodology, such as incor-
porating environmental data, would
compromise the interannual time series
of a stock population derived from stock
assessments. Nevertheless, there has
been a recent move toward ecosystem-
based management of fisheries
(Browman and Stergiou, 2005; Sherman
et al, 2005; Frid et al, 2006). This trend
has given new impetus to better under-
stand the environmental factors influ-
encing fish stock dynamics, and to try to
include environmental variability as an
integral part of the assessment process.
The availability of satellite data such as
OCR, SST, and altimetry will make the
incorporation of environmental data into

stock assessment an easier task.

CONCLUSIONS

The launch of CZCS on Nimbus-7 in
1978 initiated a new era for biological
oceanography, and some have identified
it as a landmark achievement for ocean
science. OCR imagery provided the first
data time series at regional to ocean-
basin scales of a parameter (initially
just Chi a) directly related to ocean
ecological and biogeochemical processes.
In addition, satellite measurements of
SSF1, SST, and other parameters have
provided critical observations for ocean
biologists to understand and quantify
the important links between ocean
physics and ecosystem/biogeochemical
processes on scales previously not

well understood from limited in situ
data. Fisheries scientists are increas-

ingly using ocean satellite data to help

manage marine living resources, and it
is likely that such use will increase in the
future as ecosystem-based management
replaces more traditional management
practices. OCR measurements also led
to improved estimates of mean ocean
primary production, at regional to global
scales, and its variability, including
impacts of major ENSO events. We

now know, for example, that the ocean
and land contribute about equally to
global productivity. The ocean modeling
community has also benefitted from
image time series to validate, initialize,
and parameterize models, in particular,
the three-dimensional regional- to
global-scale models that incorporate
ecosystems and biogeochemistry.
Looking to the future, we see increasing
use ofsatellite OCR, SST, SSEI, and
other measurements to improve regional
to global models by including better
eddy dynamics and their effects on
biogeochemical processes, to enhance
understanding of mesoscale processes
and the links between biological and
physical processes, to gain new insights
into submesoscale processes using time
series of high-spatial-resolution imagery,
better imaging of coastal processes, and
to support ecosystem-based manage-
ment of ocean resources, including fish-
eries. Furthermore, a longer time series
of calibrated OCR measurements from
future missions will help resolve whether
the changes observed in OCR imagery
during the past 10+ years are related to
ocean cycles or reflect long-term trends

driven by changes in Earths climate.
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