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WHAT HAVE WE LEARNED ABOUT

L Ocean Variabilit

- FROM SATELLITE OCEAN COLBR IMAGERS?

BY JAMES A. YODER AND MAUREEN A. KENNELLY

Almost 20 years ago, Oceanography published a short article entitled, “Satellite Ocean Color—Status Report”
(Yoder et al., 1988). The article pointed out that the Coastal Zone Color Scanner (CZCS) was launched 10 years
previous and that during the subsequent years, the focus of the ocean color community was on under-
standing what the instrument was actually measuring, learning the limitations of the measurements,
and developing techniques and methods to improve the accuracy and increase applications. The ar-
ticle concluded, “The next 10 years should see a large increase in the number of investigators, re-
search programs and publications which take advantage of this important new data source for
oceanography”. That remark has certainly proved to be accurate, and imagery from CZCS,
b OCTS (Ocean Color and Temperature Sensor), SeaWiFS (Sea-viewing Wide-field-of-
view Sensor), MODIS (Moderate-resolution Imaging Spectrometer) and other satellite
ocean color sensors are now being used for many applications in ocean science.
The purpose of this article is to discuss results related to one common ap-
plication of the imagery—quantifying near-surface variability related to bio-
logical and biogeochemical processes at spatial scales ranging from about
1 km to the global ocean, and at time scales ranging from about 1 day to
interannual. Figure 1 illustrates a 7-year (1997-2004) global climatology
of SeaWiFS-Chl (“Chl” will be used hereafter to refer to chlorophyll a
concentration as calculated from satellite measurements), as well as
images of maximum and minimum values for each pixel in the
mean image (after Yoder and Kennelly 2003 and similar to that
produced by Gregg et al., 2005). Note that the overall pattern in
all three images is similar, with low chlorophyll concentration
in the gyres and comparatively higher mean values for the
ocean margins, Equatorial Pacific and at latitudes greater
than 40—45° N or S. In Figure 1, the difference between
the maximum and minimum image is a simple mea-
sure of the variability associated with each pixel in
i the mean image, and explaining such variability,
' as well as assigning it to the appropriate time

scale, is the topic of this article.
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Figure 1. SeaWiFS seven-year global (a) mean, (b) maximum, and (c) minimum Chl (mg m-) images. Color bar indi-
cates Chl, and “white” indicates areas of insufficient observations owing to high cloud cover.
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This article is written in the style of
a review, and is focused on how satel-
lite ocean color imagery has contributed
to understanding variability related to
biological and biogeochemical processes
within five important themes: (1) sea-
sonal cycles; (2) effects of the El Nifo-
Southern Oscillation (ENSO), (3) other
interannual variations, (4) mesoscale and
high-frequency variability, and (5) long-
term trends. For convenience we will
illustrate the main points using figures
based on the ocean color research con-
ducted at the University of Rhode Island.

PROCESSING OCEAN COLOR
IMAGERY

One goal of ocean color remote sens-
ing is to determine the concentration of
phytoplankton chlorophyll a and of oth-
er molecules and particles in near-sur-
face ocean waters. The traditional focus
has been on Chl owing to its importance
as an index of phytoplankton biomass
concentration, the role of chlorophyll a
as the most important pigment involved
in photosynthesis, and because Chl and
its derivation products are generally the
dominant absorbing molecules, other
than water itself, in open-ocean waters.
A simplified description of the most

common approach for measuring water
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optical properties from satellite sensors,
including Chl, is briefly described below.
Some of the sunlight (spectral irradi-
ance) reaching the surface of the ocean
penetrates the air-sea interface into
ocean waters. Open-ocean waters absorb
red photons (those with wavelengths
near 700 nm) much more strongly than
blue photons (those with wavelengths
near 400 nm), and water molecules scat-
ter photons of blue light in all directions,
including back out of the water, more
readily than for red photons. Other dis-
solved and suspended substances and
particles, including phytoplankton cells,
marine detritus and some dissolved

organic matter also have wavelength-

dependent absorption and scattering
properties. As a result, the spectrum of
the light scattered back out of the ocean
contains information about the dissolved
and suspended constituents in the water.
Photons that enter the water, and then
scatter back out of the water, comprise
the emergent flux, generally referred to
as the “water-leaving radiance” or “re-
flectance” (reflectance is proportional
to water-leaving radiance normalized
by incident irradiance). Figure 2 shows
the idealized change in water-leaving
radiance/reflectance spectra as Chl in-
creases in open-ocean waters. Simple

Chl algorithms, such as those used for

virtually all of the results discussed in
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Figure 2. Idealized reflectance (which is similar to water-leaving radiance) spectra at differ-
ent concentrations of chlorophyll a in waters where phytoplankton and water are the pri-
mary contributors to bio-optical properties. Standard algorithms calculate chlorophyll a

concentration (Chl) based on the ratio of green-band-to-blue-band reflectance (or water-

leaving radiance).



this article, are based on the ratio of the
water-leaving radiance (or reflectance)

at a narrow (ca. 10 nm wide) blue or
blue-green wavelength band centered

in the 440-520 nm range to that of a
green wavelength band centered in the
550-560 nm range. Simply stated, the
water-leaving radiance at the blue wave-
length is inversely proportional to Chl
The depth interval most affecting the
water-leaving radiance extends from just
below the surface to the depth equivalent
to the inverse of the attenuation coeffi-
cient for downwelling spectral irradiance
(K, with units of m™). The depth of 1/K
can be 50 m or more in the clearest ocean
waters but is much shallower in waters
with elevated chlorophyll (or other ab-
sorbing materials).

There are of course many factors and
phenomena that affect the accuracy of
Chl derived from satellite ocean color
measurements. For example, satellite
ocean color observations are only pos-
sible under low cloud or cloud-free
conditions. Thus, clouds affect coverage
statistics, and observations of the ocean
only under low-cloud or cloud-free con-
ditions is a potential bias. Even under
cloud-free conditions, most of the signal
observed from satellite altitudes over
the ocean at the wavelength bands im-
portant for determining Chl originates
from scattering and absorption in the
atmosphere. Thus, accurate removal of
the contribution of the atmosphere (“at-
mospheric correction”) to the spectral
radiance measured by a satellite sensor
observing the ocean is essential for re-
motely determining water optical prop-
erties. On the ocean margins and par-
ticularly near the coast, the optical prop-

erties of the water become increasingly

complex owing to suspended sediments,
dissolved and particulate organic matter
discharged with river water, and in the
case of shallow waters, the contribution
of bottom reflectance. These and other
factors such as white caps, sun glint, and
low sun angles during winter months at

mid to high latitudes make processing

extend over many consecutive days or
weeks during some particularly cloudy
seasons. Missing data and irregular spac-
ing of valid Chl values make it difficult
to apply sophisticated statistical tech-
niques to analyze time and space pat-
terns of daily images.

Composite images are used to over-

...ocean color imagery provides a new

window on upper-ocean variability related

to biological and biogeochemical processes...

global satellite data much more complex
than implied by the simple description
above. At some locations (and exactly
where and when is difficult to determine
without in situ measurements, although
coastal waters within a few kilometers of
the coast are particularly problematic)
simple band-ratio algorithms fail to
yield accurate Chl.

Following atmospheric correction,
daily images of the derived products
such as water-leaving radiance and Chl
are then generally mapped to standard
map projections. For any given study
of temporal and spatial variability, each
map (image) in the time series generally
covers exactly the same region. Depend-
ing on the map projection, each pixel
(a pixel is the smallest data element
within a satellite image) in the mapped
images can represent the same amount
of ocean area. Mapped images can be
treated as a matrix time series, although
daily images (matrices) will have many
elements with no Chl data primarily ow-
ing to cloud cover. For most parts of the

global ocean, periods of no coverage can

come some of the problems caused by
irregular spatial and temporal coverage.
Image compositing averages all pixels
within specific image subareas, for exam-
ple, averaging all 1 x 1 km pixels within
a9 x 9 km area of interest, to yield a new
image having single values for new and
larger pixels (9 x 9 km in this example).
Alternatively, all pixels representing every
location (area) within an image time se-
ries and having valid data collected dur-
ing a specific time interval (e.g., week or
month) are averaged to yield weekly (or
monthly) composite images. Composit-
ing will, of course, limit the temporal
and spatial scales that can be studied. For
example, the effects of individual ocean
eddies are generally not resolved in most
composite images, although their average
effect may be captured. Furthermore, the
number of observations will often differ
significantly for each pixel of a compos-
ite image, as cloud cover is not uniformly
distributed over the ocean. Compositing
is thus a method to achieve better tem-
poral and spatial coverage but at reduced

temporal and spatial resolution.
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SEASONAL CYCLES

Seasonal plankton cycles at mid to high
latitudes (~ >45°N or S) are tradition-
ally viewed as one of the most important
sources of biological and biogeochemi-
cal variability in the ocean. In particular,
the importance of the “spring bloom” (a
period of rapid phytoplankton biomass
increase from low winter levels) is a fun-
damental tenet of marine ecology, in part
because many of the first quantitative
plankton studies occurred at mid to high
latitudes in European or North American
waters where spring blooms are common
in coastal waters (e.g., Riley, 1947; Sver-
drup, 1953). Although seasonal plankton
cycles were well established by in situ
observations in coastal waters of Europe
and North America, satellite ocean color
observations provided the first synoptic
view of seasonal phytoplankton biomass
(Chl) cycles at regional to global scales
and provided a new perspective on sea-

sonal phytoplankton biomass variability

Coherence in the Latitudinal
Shifts of Seasonal Pattern

The first published composite image
showed the spring bloom (May, 1982)
in the North Sea and North Atlantic
(Esaias et al., 1986). For CZCS, and then
later for SeaWiFS and other sensors,
monthly climatologies were produced by
averaging monthly images from multi-
ple years (Feldman et al., 1989; McClain
et al., 1998). These monthly climatolo-
gies were in effect the first view of the
mean pattern of seasonal phytoplank-
ton biomass cycles on a global ocean
scale. Campbell and Aarup (1992) used
monthly mean Chl imagery to show

the northerly seasonal migration of the
spring bloom in the North Atlantic and
used the differences in Chl between
consecutive months as a minimum es-
timate of new production. Yoder et al.
(1993) showed that the seasonal patterns
in the images for large regions of the

ocean were familiar to oceanographers

..satellite ocean color observations provided the first

synoptic view of seasonal phytoplankton biomass (Chl)

cycles..and provided a new perspective on seasonal

phytoplankton biomass variability in the global ocean.

in the global ocean. The most important
contributions of ocean color imagery to
understanding seasonal variability are:
(1) showing coherence of the latitudinal
shifts in seasonal patterns over large areas
of the global ocean and (2) demonstrat-
ing the differences between the Southern
Ocean and the Northern Hemisphere

ocean basins.
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who studied seasonal plankton cycles in
coastal waters and were coherent over
large regions of the global ocean. For
example, subtropical waters had approx-
imately two times higher Chl in winter
than in summer, whereas subpolar wa-
ters generally showed a two-peak sea-
sonal cycle with spring and fall maxima

and with summer and winter minima—

both of these patterns were explained
by some of the first models of plankton
dynamics (e.g., Cushing, 1959).

Many of the seasonal features ob-
served in regional- and basin-scale
analyses were put into a global ocean
perspective from the results of empiri-
cal orthogonal function calculations ap-
plied to a four-year time series of eight-
day composite global images (50°N to
50°S) that had been averaged over time
and space (Yoder and Kennelly, 2003).
Similar results were obtained by analyz-
ing a seven-year version of the original
time series. In the seven-year time series,
the two highest modes accounted for
45 percent of the total variability. Mode 1
(37 percent variance explained [PVE])
(Figure 3) showed that subtropical wa-
ters (20° to 40°N or S) had seasonal
maxima in winter and minima in sum-
mer, whereas subpolar waters (>40°N
or S) had spring or summer maxima
and winter minima. Mode 2 (8.7 PVE)
added additional seasonal effects, includ-
ing the spring bloom in subpolar waters,
particularly in the North Atlantic. These
results, as well as those of others (e.g.,
Dandonneau et al., 2004) who analyzed
multiple-year Chl image time series,
confirmed that climatological monthly
mean images give a reasonable picture
of mean seasonal Chl cycles in the global
ocean. In other words, interannual vari-
ability in the timing and magnitude of
seasonal Chl cycles is sufficiently low,
and the spatial coherence is sufficiently
high, that averaging (compositing) over
time and space does not significantly dis-
tort the main seasonal patterns.

Imagery from one or more satellite
ocean color scanners have been used

to study seasonal Chl cycles at regional
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Figure 3. Mode 1 spatial pattern and amplitude time series from EOF (empirical orthogonal function) analyses. This mode (dominated
by seasonal cycles) explains 36.6 percent of the variance in a seven-year time series of eight-day composite Chl deviation images (i.e.,
the seven-year mean image shown in Figure 1a was first subtracted from each image of the time series). At any time and for any pixel
in the image, the signed magnitude of the deviation from the seven-year mean Chl is the product of the amplitude value in the time
series and the pixel value in the spatial pattern. Figure and data processing are similar to that described by Yoder and Kennelly (2003).

scales (ca. 1000 km) in many parts of
the global ocean. Seasonal cycles have
different forcing depending on the re-
gion. For example, the spring-summer
blooms in subpolar waters are related to
winter mixing that replenishes surface
waters with nutrients. Winter mixing is
followed by spring-summer increases
of incident solar irradiance and water-
column stratification leading to a well-

lit, initially nutrient-rich mixed layer

conducive to phytoplankton growth

and biomass increase. Winter blooms in
subtropical waters are also responses to
winter mixing, although mixing in the
subtropics is generally weaker than that
which occurs farther poleward. In the
subtropics, comparatively high winter
solar irradiance at the lower latitudes
and shallow mixed layers leads to an im-
mediate phytoplankton response (winter

blooms) to nutrients. Analyses of region-

al imagery, supported by in situ data and
other information, allows one to sort out
the different physical forcings and their
respective effects on seasonal Chl cycles.
Examples from the East and Gulf Coasts
of North America are discussed.

Oft the east coast of North America
(and elsewhere), seasonal bloom char-
acteristics are often related to seasonal
changes to incident solar irradiance and

stratification. In comparatively shallow
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shelf waters (<50 m depth) of the Mid-
Atlantic Bight (MAB) and along coastal
margins and shallow banks in the Gulf
of Maine (GOM), Chl reaches seasonal
maxima during winter and minima dur-
ing summer (Yoder et al., 2001, 2002;
Thomas et al., 2003, 2004) (Figure 4).

lina (ca. 33 to 36°N), the seasonal cycle
accounts for more than 80 percent of the
variability in monthly composite CZCS-
Chl images in a 59-month time series
(1981-1986) (Barnard et al., 1997). High-

est Chl occurred during colder months of

the year (ca. November through March)

Satellite Chl imagery has also contributed

significantly to quantifying seasonal variability

of coastal upwelling systems.

Winter peaks occur in comparatively
shallow shelf waters at mid latitudes

(ca. 35° to 45°N), because the depth of
mixing is constrained by bottom depth,
and solar irradiance is sufficiently high
even during winter at these latitudes such
that phytoplankton growth in the water
column exceeds whatever threshold is
required to sustain high biomass levels.
This is not the case, however, for deeper
slope and basin waters of the MAB and
GOM, and for higher latitudes (e.g., Gulf
of St. Lawrence). In these regions, sea-
sonal blooms do not occur until strati-
fication shoals the mixed layer, and that
process occurs in spring-early summer
depending on latitude. In the MAB’s
Slope Sea and in deeper waters of the
GOM, peak Chl occurs during spring and
fall and with winter and summer minima
(Ryan et al., 1999; Yoder et al., 2001,
2002; Thomas et al., 2003; Schollaert et
al., 2004). Farther to the north in the
Gulf of St. Lawrence, seasonal Chl peaks
occur in summer (Fuentes-Yaco et al.,
1997). South of the MAB in subtropical
coastal and shelf waters off North Caro-

158 ocmmﬂmlp/y | Vol. 19, No. 1, Mar. 2006

with mean Chl about two times higher
than from June through September. In
contrast, seasonal Chl variations are syn-
chronous throughout the basin at the
comparatively low latitudes (<30°N) of
the Gulf of Mexico, with peak Chl occur-
ring from December to February (i.e.,
when mixing is strongest as evidenced
by the depth of the mixed layer) (Muller-
Karger et al., 1991). Lowest Chl in the
Gulf of Mexico occurred from May to
July when the water column is most strat-
ified (Muller-Karger et al., 1991).
Satellite Chl imagery has also con-
tributed significantly to quantifying
seasonal variability of coastal upwelling
systems. Some of the first CZCS stud-
ies of upwelling in the California Cur-
rent system off the west coast of North
America showed that Chl co-varied with
upwelling-favorable wind events during
the summer upwelling season, and that
filaments of upwelled waters contain-
ing high Chl extended several hundreds
of kilometers offshore (Abbott and
Zion, 1987; Michaelsen et al., 1988) (see
Figure 5). Analyses of the entire CZCS

image data set for the California Cur-
rent region showed a semi-permanent
across-shelf frontal zone near 32°N as
evidenced by Chl gradients between

0.5 and 1.0 mg m~ (Thomas and Strub,
1990). There was a pronounced seasonal
cycle north, but not south, of the front
with peak Chl during the summer. Chl
increases began in March to April off
southern California (ca. 35°N) and pro-
gressed north during summer with de-
velopment of upwelling favorable winds
and wind stress curl (Strub et al., 1990;
Thomas and Strub, 1990). Off Califor-
nia, a band of high Chl (>2 mg m~)
extended more than 200 km offshore
from May through June, coincident with
the seasonal maximum in upwelling fa-
vorable winds off northern California
(Thomas and Strub, 2001). Off Oregon
(ca. 43°N), strong upwelling and high-
est Chl occurred in July. In late fall, low
Chl again characterized the entire re-
gion. Comparison of CZCS results with
SeaWiFS confirmed the seasonal patterns
discussed above (Thomas et al., 2001a).

Differences of the Seasonal Cycle
Between the two Hemispheres
Owing to poor CZCS coverage of the
Southern Ocean and the short (nine-
month) OCTS mission, SeaWiFS imag-
ery was the first comprehensive ocean
color image data set for quantifying
seasonal cycles throughout the entire
Southern Ocean. Results from the first
year of SeaWiFS observation (October
1997 through September 1998) showed
important features of the Southern
Ocean, defined broadly as waters extend-
ing north from the Antarctic continent
to 30°S (Moore and Abbott, 2000). Sea-
sonal composite imagery confirmed that
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Figure 4. SeaWiFS seven-year monthly mean composite images for ocean-margin waters off the northeast coast of the United States,
including the Mid-Atlantic Bight (MAB) and Gulf of Maine (GOM). Note high Chl in comparatively shallow coastal waters in winter
months (e.g, January to March); high April concentrations (spring bloom) in the GOM and in deeper waters of the MAB; and seasonally
low concentrations during summer (July to August) in the deeper waters of the MAB. The white line in each image is the 500-m isobath.
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Chl was generally low in high-nutrient
waters throughout this large region, al-
though there were specific areas where
Chl exceed 1.0 mg m~ during growth
seasons (spring and summer) (Moore
and Abbott, 2000). These specific areas
included shelf waters off the east coast
of South America, as well as shelf wa-
ters off Africa, Australia, and New Zea-

land. Phytoplankton blooms were also

observed in SeaWiFS imagery in parts
of the Ross and Weddell Seas following
seasonal ice retreat. In contrast to the
North Atlantic, where seasonally high
SeaWiFS Chl tends to be associated with
broad latitude bands (Campbell and
Aarup, 1992), SeaWiFS Chl in open wa-
ters of the Southern Ocean do not show
large seasonal changes (iron limitation

limits production in the Southern Ocean

throughout the year, whereas seasonal
changes in stratification are important in
the North Atlantic). High Chl is located
in comparatively narrow bands associ-
ated with the major Southern Ocean
frontal systems (i.e., Southern Antarctic
Circumpolar Current; Antarctic Polar,
Subantarctic, South Subtropical, and the
North Subtropical fronts) (Moore and
Abbott, 2000).

Figure 5. MODIS-Aqua Chl image from 30 August, 2005, showing mesoscale features in California coastal waters from about 33° to 42° N,
including plumes of Chl-rich upwelled waters extending many hundreds of kilometers offshore. The large plume in the lower right is off
Point Conception just north of the Los Angeles basin. In the middle of the image is an area of Chl-rich upwelled waters centered off San
Francisco Bay. Color coding similar to Figure 4. The Ocean Physics and Ecology Laboratory at Oregon State University produced this im-

age in collaboration with NASA.
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EL NINO-SOUTHERN
OSCILLATION (ENSO)

Changes in oceanographic conditions
associated with ENSO have long been
recognized as having dramatic biological
impacts, particularly in the Equatorial
Pacific (e.g., Barber and Chavez, 1983).
Owing to anomalously low nutrient
concentrations during El Nifio, primary
production is dramatically reduced
causing severe consequences to higher
trophic levels of the food web, includ-
ing substantial reductions to the num-
bers of plankton-feeding fishes such as
sardines and anchovies. CZCS imagery
was available for the 1982—1983 El Nifo;

SeaWiFS imagery became available in fall

1997, and thus caught most of the large
1997-1998 ENSO cycle and the lesser
2002-2003 event. Analyses of image se-
ries provided detailed and quantitative
observations on the dramatic regional
impacts of the 1982-1983 and 1997-
1998 El Nifio and La Nina, as well as the
progression of the effects throughout the
Pacific basin. Satellite ocean color im-
agery provided the first direct observa-
tions of the basin-scale impact of ENSO
on Chl distributions and how its effects
propagate from the Equatorial Pacific
along the eastern margin of the Pacific.
In addition, the imagery showed the ef-
fects of ENSO on Chl distributions in
other parts of the global ocean.

Propagation of ENSO Effects in
the Pacific

The 1997-1998 ENSO cycle, including
both the El Nifio and La Nifa phases,
had dramatic effects in ocean color im-
agery (Figure 6). For example, note that
1998 (strong La Nina) was the year of
maximum chlorophyll in many areas of
the Pacific Ocean, particularly along the
equator, whereas this was not the case
in the Atlantic Ocean. Owing to changes
from downwelling- to upwelling-favor-
able wind patterns during El Nifo, Chl
was highest in the Indian Ocean west of
Indonesia during 1997 (strong El Nifo).
During the three-year period beginning
in January 1998 (i.e., at the peak of the

Year of Maximum SeaWiFS Chl (Sept 1997 — Dec 2004)

=50 0 50

1997

1998 1999 2000 2001

2002 2003 2004

Figure 6. Image based on SeaWiFsS global Chl images from September 1997 to December 2004 and from 50° N to 50° S showing the year in which the
maximum Chl concentration was achieved in each pixel. Note the large number of pixels, particularly in the tropics and subtropics, in which the maxi-
mum occurred during the strong ENSO (El Nifio and La Nifa) of 1997-1998.
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El Nifio phase), global monthly SeaWiFS
imagery showed that interannual vari-
ability accounted for more than half of
the total variability in the Pacific Equa-
torial region between 20°N and 20°S,

as well as in the California Current and
Peru-Chile upwelling regions (Dandon-
neau et al., 2004).

Sea surface temperature (SST) and
SeaWiFS-Chl imagery were used to study
the ENSO cycle off Chile (Thomas et al.,
2001b) and off the northwest U.S. coast
between 46°N and 50°N (Sackmann et
al., 2004). Previous CZCS studies of the
California Current region did not ob-
serve much of an impact of the 1982—
1983 El Nifio north of Cape Blanco (Or-
egon coast, ca. 43°N latitude) (Thomas
and Strub, 2001). In contrast, SeaWiFS-
Chl and SST imagery of the 1997-1998
El Nifio showed anomalously warm SST
and reduced Chl, particularly in offshore
waters, well into 1998 as far north as off
Vancouver Island (ca. 48°N to 49°N)
(Sackmann et al., 2004).

SLH records. South of 20°N (off Costa
Rica and Mexico), low Chl anomalies
were apparent in 1982, but did not occur
at sites north of 20°N until 1983. This de-
lay in low-Chl anomalies at the northern
stations was surprising to the investiga-
tor, because the SST and SLH anomalies
indicative of El Nino were evident at all
sites beginning in mid-1982 (Lluch-Cota,
2002). One possible explanation is that
the anomalies were not resolved in the
California Current imagery during the
low-Chl winter season of 1982-1983 and
only became apparent in the imagery

as low-Chl anomalies during the 1983
spring-summer upwelling season—the
season when Chl is generally highest of
the year. Thomas et al. (1994) compared
CZCS-Chl image time series for the Cali-
fornia Current System from about 20°N—
50°N and for the Peru Current system
from about 5-50°S. For both systems, El
Nifo resulted in low-Chl anomalies ca.
100 km from the coast, whereas waters

near the coast were unaffected. For the

Satellite ocean color imagery provided the

first direct observations of the basin-scale

impact of ENSO on Chl distributions...

For 1980-1986, Lluch-Cota (2002)
compared CZCS-Chl time series with
SST and SLH (sea level height) time se-
ries from selected locations along the
western Pacific margin from ca. 38°N
(off San Francisco, California) to 9°N
(off Costa Rica). Not surprisingly, the
1982-1983 ENSO was the largest source
of interannual variability in Chl, SST, and
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Peru Current, negative Chl anomalies
were not observed poleward of 20°S (off
the coast of Chile), whereas the anoma-
lies were observed about 20 degrees far-
ther poleward in the California Current.
The investigators were careful to point
out that their conclusions were tentative
given the poor CZCS image coverage of

the Peru Current System compared to

imagery available for the California Cur-
rent (Thomas et al., 1994).

EOF (empirical orthogonal function)
analyses of a two-year time series of
SeaWiFS Chl imagery and SSH anoma-
lies derived from TOPEX altimeter data
provided considerable insight into the
dynamics affecting observed Chl vari-
ability in the Equatorial Pacific during
the ENSO cycle that commenced in
1997 (Wilson and Adamec, 2001). The
dominant response revealed by these
analyses was a symmetric off-equatorial
Chl increases during the La Nina phase
that occurred between 2° and 18° (N and
S) from the eastern Pacific to the date
line. The Chl pattern was closely related
to SSH, indicating the Chl increase was
caused by an increase in surface nutri-
ents related to a shoaling thermocline.
This response had not been previously
reported and illustrates the observing
capabilities of multiple ocean remote
sensors to study ocean variability. Other
important EOF modes in the Wilson
and Adamec study included the expected
equatorial decrease in Chl during El
Nino, followed by a significant increase
during La Nifia such as reported by oth-
ers (e.g., Chavez et al., 1999; McClain
etal., 2002) (see Figure 7). Their results
also showed a positive Chl anomaly be-
tween the equator and 15°N in the west-
ern Pacific (warm pool) associated with

a shoaling thermocline during El Nino.

ENSO Effects in Basins Other
than the Pacific

Although one expects a strong ENSO
signature in the Equatorial Pacific and
the ocean margin waters of the eastern
Pacific, ENSO effects are also observed

in other regions of the global ocean (e.g.,
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Figure 7. Mode 3 (ENSO effects) from analyses as described for Figure 3. Note features discussed in the text near the peak of the
El Nifo (ca. January 1998), including low Chl anomaly centered on the equatorial Pacific and the high Chl anomalies in the Indian
Ocean west of Indonesia, Gulf of Mexico and North Atlantic, and in the western Pacific warm pool.

Behrenfeld et al., 2001; Yoder and Ken-
nelly, 2003; Dandonneau et al., 2004).
For example, Figure 7 shows a SeaWiFS-
Chl ENSO mode derived from EOF
analyses of multi-year global image time
series (ESNO effects are most noticeable
in EOF Mode 3 [i.e., Figure 7], where-
as seasonal effects dominate Mode 1
[shown in Figure 3]). Note that high Chl
anomalies occur in the Indian Ocean
off Indonesia owing to strong upwelling

during El Nifio in response to upwelling-

favorable shifts in the monsoon winds.
Positive Chl anomalies are also present
in the Gulf of Mexico and subtropical
North Atlantic in January 1998, possibly
owing to anomalously high rainfall (and
river runoff ) in the southeast United
States during El Nino (Yoder and Ken-
nelly, 2003).

The effects of the 1997-1998 ENSO
were also projected into the tropical
and South Atlantic affecting Chl along
the equator, the upwelling system off

northwest Africa (Signorini et al., 1999),
and the Benguela upwelling system
(Weeks and Shillington, 1994). Com-
paring SeaWiFS imagery from 1997
and 1998 with CZCS imagery from a
decade earlier showed that Chl in De-
cember 1997 along the equator east

of 30°W were <0.3 mg m™ compared
to >1.0 mg m™ for the same location
and month in composite CZCS images
(Monger et al., 1997; Signorini et al.,

1999). The extent of the ocean area af-
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fected by the northwest African upwell-
ing system was also substantially reduced
from November through December 1997
compared to the non-ENSO years of
CZCS coverage (Signorini et al., 1999).

OTHER INTERANNUAL
VARIATIONS

ENSO is a major source of interannual
variability, but there are other strong
interannual signals evident in ocean
color imagery. Identifying sources of
interannual variability and quantify-

ing their effects are important research
goals—understanding variability at these
comparatively long periods is crucial if
we are to separate natural cycles from
potential impacts of human activities. At
present, we have well-calibrated, contin-
uous ocean color observations extend-
ing for almost a decade. Analyses of this
time series, supported by in situ observa-
tions, are leading to new understanding
and better quantification of biological

and biogeochemical interannual vari-

During the first four years of SeaWiFS
imagery (1997-2001), Thomas et al.
(2003, 2004) found a relation between
Chl variability in the Gulf of Maine
and the NAO index. Of the four years
studied, Chl was lowest in the Gulf of
Maine during 1998, including weak
spring and fall blooms during that year,
coinciding with a shift to the negative
state of the NAO index. Wind patterns
in 1998 were similar as for other years,
but changes in hydrographic condi-
tions in the Gulf of Maine are related
to changes from positive to negative
NAO index values (Thomas et al., 2003).
Specifically, Labrador Subarctic Slope
Water penetrates into the deeper ba-
sins of the Gulf of Maine during years
when the index is negative. This water
mass is colder and contains lower nutri-
ent concentrations than the water mass
it displaces. Decreased Chl in 1998 was
attributed to weaker spring stratifica-
tion in the upper water column owing

to the cold subsurface water mass, as

...understanding variability at these

comparatively long periods is crucial if we

are to separate natural cycles from potential

impacts of human activities.

ability. For the first time, the impact of
the oceanographic conditions associ-
ated with the North Atlantic Oscillation
(NAO) index on a variable related to
biological and biogeochemical processes
(i.e., Chl) can be observed on the scale of

an ocean basin.
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well as to lower nutrient concentra-
tions to support phytoplankton growth
(Thomas et al., 2003). During the same
four-year period (1997-2001), Chl dur-
ing the spring growth period in 1998 was
lower in the slope sea of the MAB than
in the other three years (Schollaert et al.,

2004). The explanation for the low 1998
Chl also involved southward flow of
Labrador waters into the region (Schol-
laert et al., 2004). The area of the slope
sea is bounded to the north by topog-
raphy (e.g., the 2500-m isobath) and to
the south by the north wall of the Gulf
Stream (e.g., see Figure 4). The mean
position of the north wall changes at ap-
proximately month-to-year time scales
by up to 200 km, resulting in interan-
nual changes to the area of the Slope Sea
(Schollaert et al., 2004). During years
when high amounts of Labrador Sea wa-
ter flow southward into the Slope Sea,
the Gulf Stream is pushed south expand-
ing the area of the Slope Sea. When the
flow of Labrador Sea water is relatively
low, the Gulf Stream wall moves farther
north thereby contracting the area of the
Slope Sea. However, Chl is higher when
the area is smaller, because nutrient flux
(from subsurface Gulf Stream waters)
is the same, but is into a smaller area
(Schollaert et al., 2004). The result is that
the area-integrated chlorophyll (Chl X
area) in surface waters of the Slope Sea is
comparatively constant. In other words,
small Slope Sea area during low flow of
Labrador Sea water multiplied by higher
Chl tends to equal the situation of com-
paratively large Slope Sea area multiplied
by lower Chl. Thus, interannual variabil-
ity is observed in Chl in the Slope Sea,
but is not reflected in area-integrated
chlorophyll (Schollaert et al., 2004).
Interannual variability in spring Chl
in open-ocean waters of the subtropical
North Atlantic is also related to changes
in oceanographic and meteorological
conditions indexed by the NAO (Dut-
kiewicz et al., 2001; Follows and Dutkie-
wicz, 2002). Winter winds are stronger,



mixing is deeper, and nutrient flux is
higher in the subtropical North Atlan-
tic during negative states of the NAO.
Owing to the greater nutrient flux, Chl
is higher in the subtropics when NAO
is in the negative state than when in
the positive state (Follows and Dutkie-
wicz, 2002). Yoder and Kennelly (2003)
showed that Chl in subpolar waters of
the North Atlantic was somewhat higher
during years of negative NAO index,
but also concluded that NAO-related
effects observed in SeaWiFS imagery
did not have the impact, even in the
North Atlantic, of the strong ENSO of
1997-1998.

MESOSCALE AND HIGH-
FREQUENCY VARIABILITY
Mesoscale features (i.e., those associ-
ated with space scales of the order of
10-100 km) are often difficult to study
using only in situ sampling methods,

as features evolve, advect, and dissipate
quickly (days to weeks). Yet, mesoscale
variability affects the structure and func-
tion of marine ecosystems as well as
biogeochemical fluxes. Full-resolution
imagery is rich with mesoscale features
such as eddies, filaments, and other fea-
tures. Open-ocean and coastal phenom-
ena such as upwelling plumes (e.g., Fig-
ure 5), frontal eddies, ocean eddies, and
planetary waves affect Chl variability at

about ten- to hundred-kilometer spatial

scales and days-to-weeks temporal scales.

As discussed below, satellite SST and Chl
observations provided new insights into
the space-time variability caused by such
phenomena by extending the scales of
observation from those that were possi-
ble using only ship or mooring measure-

ments and by contributing a two-dimen-

sional view of their effects at the ocean
surface. In addition, ocean color imagery
provided the first observations of the
effects of planetary waves on a biological
distribution (Chl).

Mesoscale Space-Time Variability
Close relations (coherence) between
surface temperature and phytoplankton

chlorophyll at spatial scales from approx-

versus log wavenumber relation (in the
range 10° to 0.5 x 10° km) showed that
SST and Chl had similar spectral slopes
at 10-100-km scales, but had different
slopes at the 1-10-km scale (Smith et
al., 1988). Smith et al. (1988) interpreted
the results to mean that biological pro-
cesses were important at 1-10-km scales
(similar to conclusions based on in situ
data), whereas both SST and Chl were

Full-resolution imagery is rich with

mesoscale features such as eddies,

filaments, and other features.

imately millimeters to tens of kilometers
was first documented by using Fourier
analysis to analyze data collected with

in situ sensors (e.g., Denman and Platt,
1975). Fourier analyses of data collected
along ship transect lines were commonly
plotted as log spectral density versus log
wavenumber, and the slope of the rela-
tion used as the basis for interpretation.
A common result was that the slopes of
chlorophyll and SST were comparable
and of a magnitude indicative of turbu-
lent mixing over much of the wavenum-
ber space. Similar methods were used to
analyze satellite Chl and SST measure-
ments, and the results expanded this
analysis technique to larger scales and
from one-dimensional transects to two-
dimensional fields. Using data extracted
from CZCS-Chl and SST imagery of
the California Current region off Point
Conception (ca. 35°N), results based on

slope changes of the log spectral density

behaving as passive scalars (i.e., mixing
processes controlled the distributions)

at larger scales. Merging satellite and in
situ results generated a continuous and
consistent spectral density versus wave-
number spectrum from ca. 107 to 10° km
(Smith et al., 1988).

Cross-spectrum analysis was used to
study spatial patterns in two CZCS-Chl
image time series (July 21 to August 8,
1980 and September 613, 1981) for the
offshore region off Vancouver Island
(ca. 50°N, west coast of Canada) (Den-
man and Abbott, 1988). By examining
the rate at which squared coherence
changed with time (i.e., the rate at which
the spatial pattern changed with time),
the investigators showed that the rate of
decorrelation depended on length scale
as well as coastal versus offshore loca-
tion. Patterns associated with the 12.5—
25-km scale in both offshore and coastal

waters were not statistically different
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(90 percent confidence) within 1-2 days,
and they were completely uncorrelated
after 5-7 days. Larger features (>50-km
scale) in offshore waters did not decor-
relate as rapidly and were still coherent

after one week (Denman and Abbott,

ly fast to significantly modify Chl spatial
patterns at the 1 to >100-km scale that
are created by mixing and dispersion
processes (Denman and Abbott, 1994).
Spatial scales were calculated in a one-

year time series of daily global SeaWiFS$

Quantifying long-term trends in global ocean

ecosystems and biogeochemical cycles and

understanding the causes of observed changes

is an important goal of national and

international research programs.

1988). The investigators also concluded
that the rapid decorrelation observed in
their study and other similar studies re-
sulted in part from their Eulerian (fixed
grid) analyses (i.e., translational and ro-
tational feature movements contribute
to decorrelation even though the feature
structure per se may not change) (Den-
man and Abbott, 1988). A follow-on
study of the California Current region
off California compared pattern evolu-
tion in SST and CZCS-Chl imagery us-
ing cross-spectrum analysis (Denman
and Abbott, 1994). The results showed
no significant differences between spec-
tral shapes nor rates of decorrelation for
SST and Chl features. In two of three

study areas, peak correlation between

SST and Chl spectra occurred at zero lag.

In the third study area, maximum co-
herence occurred when Chl lagged SST
by 1-2 days, as would be expected in an
upwelling region (Denman and Abbott,
1994). The results were consistent with
modeling studies showing that phyto-
plankton growth rates are not sufficient-
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Chl imagery (9 x 9 km pixel resolution)
(Doney et al., 2003). The results showed
dominant scales in the range 50-250 km
that varied roughly in proportion to

the Rossby deformation radius and
were very similar to prior results of SSH
anomalies (Doney et al., 2003). As for
the SSH study, the Chl results support
the hypothesis that the primary process
driving the formation of mesoscale ed-
dies is baroclinic instability of the den-
sity field (Doney et al., 2003). The inves-
tigators also showed a very high degree
of unresolved variance in the imagery,
which was either algorithm/sensor noise
or caused by submesoscale processes
(Doney et al., 2003; see Box 1).

Planetary and Other Waves

Two articles, published within two weeks
of each other, provided the first evidence
that Rossby waves affected Chl distribu-
tions in the global ocean (Cipollini et

al., 2001; Uz et al., 2001). Both articles
also showed that the features observed in

both SSH and Chl imagery propagated at

similar speeds, and both proposed that
one explanation for the observations was
that the waves were pumping nutrients
into near-surface waters thereby stimu-
lating phytoplankton growth. A subse-
quent study of Rossby waves and their
effects on (apparent) Chl distributions
challenged the nutrient pumping mecha-
nism, at least in the tropics, and pro-
posed an alternative explanation for the
observations. Specifically, Dandonneau et
al. (2003) concluded that the apparently
high Chl anomalies were concentrated in
Rossby-wave-induced convergence zones.
Furthermore, they postulated that detri-
tal material, not chlorophyll a-contain-
ing phytoplankton, had accumulated in
the convergence zones and yielded a false
Chl signal in the imagery (Dandonneau
et al., 2003). Killworth (2004) challenged
this interpretation by showing that parti-
cles do not converge in a plane planetary
wave. In addition, in situ observations of
the effects of Rossby waves at the Hawaii
Ocean Time Series (HOT) site (22°45’N,
158°W) off Hawaii in the subtropical
North Pacific supported the explanation
of nutrient pumping as the cause of high
Chl anomalies (Sakamoto et al., 2004).
Finally, Killworth et al. (2004) re-ana-
lyzed the Chl and SSH data, compared
the results with different numerical mod-
els of wave dynamics, and concluded that
north-south advection of Chl against the
background gradient could account for
most of the observed Rossby wave effects
in Chl imagery. However, the nutrient
pumping mechanism could not be ruled
out as the cause for some of the variabil-
ity (Killworth et al., 2004). In summary,
all agree that Rossby waves affect Chl (or
apparent Chl) variability in near-surface

waters, but there is disagreement as to



how to best explain the observations.
Tropical instability and other wave-
like motions also affect variability
through their effects on upwelling and
nutrient supply. Ryan et al. (2002)
showed large, propagating, high-Chl
features in the Equatorial Pacific, as the
system shifted from El Nifo to La Nina
phase in 1998. During 1998, Legeckis et
al. (2004) documented five episodes of
elevated Chl in the Pacific around the
Marquesas Islands (140°W, 10°S) and at-
tributed them to upwelling of iron-rich
waters associated with westward-propa-

gating tropical instability waves.

LONG-TERM TRENDS
Quantifying long-term trends in global
ocean ecosystems and biogeochemical
cycles and understanding the causes of
observed changes is an important goal
of national and international research
programs. Time series of satellite mea-
surements of water-leaving radiance

and derived products (e.g., Chl) are one

are too short to fully answer this ques-
tion, but recent results demonstrate that
changes have occurred.

In a four-year SeaWiFS$ time series
(1998-2001), Dandonneau et al. (2004)
showed linear Chl increases in such areas
as the Costa Rica Dome region, a plume
of the Amazon River, as well as in the
upwelling regions off Somalia and in the
tropical eastern boundary systems (e.g.,
California and Benguela). Decreases were
greatest in some other coastal areas, par-
ticularly off the U.S. East Coast. Increases
in the Pacific were attributed to the re-
covery from the 1997-1998 El Nino, but
explanations for changes in the other re-
gions were not clear. Gregg et al. (2005)
analyzed a six-year SeaWiFS$ time series
with somewhat similar results to those of
Dandonneau et al. (2004). Their analyses
of the six-year series showed that regions
of increasing Chl included the eastern
Pacific and Somalian coast, and increases
over that period were also observed on

the Patagonian shelf and Bering Sea.

Significant enhancements and improvements

will continue into the future as new sensors

and new processing techniques come on line.

tool for monitoring long-period changes
in the ocean, and recent studies show
changes during the past decade or more.
Are these long-term trends caused by
changes to Earth’s climate, or are they
responses to natural ocean cycles that
are not yet fully understood? Time series

of satellite ocean color measurements

Decreases were noted in four of the five
ocean gyres and coincided with signifi-
cant increases in SST during at least one
season of the year (Gregg et al., 2005).
Gregg et al. (2005) hypothesized that Chl
increases in coastal areas were related to
a warming Earth, which enhances coastal

upwelling. Antoine et al. (2005) repro-

cessed CZCS and SeaWiFS imagery using
a consistent approach to examine global
Chl patterns between the 1980s and
2000s. Their most important finding was
that Chl has increased globally between
the two decades by 22 percent, primarily
as a result of increases in subtropical (in-
tertropical) areas. Changes were not as
dramatic at higher latitudes, and Chl in
the oligotrophic gyres declined.

CONCLUSIONS

The quick answer to the question posed
in the title of this article is that ocean
color imagery provides a new window on
upper-ocean variability related to biolog-
ical and biogeochemical processes, which
has had a profound effect on the fields
of chemical and biological oceanogra-
phy in particular. We now have a much
improved quantitative understanding of
upper-ocean seasonal cycles in the global
ocean and how seasonal cycles differ
among ocean basins and with latitude.
Image time series also gave us our first
global view of the year-to-year stability
of the key features of seasonal cycles on
the scale of ocean basins both in terms
of the magnitude of phytoplankton bio-
mass (Chl) peaks and troughs, as well

as their timing. Differences between the
Southern Ocean and the higher latitudes
of the Northern Hemisphere are now
established. From SeaWiFS imagery, we
now know that the major frontal sys-
tems are the sites for relatively high Chl
in open waters of the Southern Ocean.
The impact of major ENSO cycles (e.g.,
1982-1983 and 1997-1998) on phyto-
plankton biomass variability has been di-
rectly observed; not just in the equatorial
Pacific but throughout the global ocean.
Important linkages between patterns ob-

Oxanoﬂm/a/pll Vol. 19, No. 1, Mar. 2006 167



BOX 1: REAL AND APPARENT VARIABILITY

As for any measurement system, one has to learn how to separate val-
id from invalid measurements, identify artifacts, and recognize con-
taminated signals, loss of calibration, loss of stability, sensor degrada-
tion, and other measurement challenges. This task can be particularly
difficult for satellite systems because they operate in a harsh environ-
ment and the instruments are never visited nor recovered. In the case
of ocean color measurements, the atmosphere contributes most of
the signal observed by the sensor; some atmospheric components
are highly variable and not well constrained in image processing. As

a result, satellite ocean color measurements are particularly vulner-
able to artifacts and biases that can adversely affect the accuracy of
the Chl patterns observed in the imagery and its interpretation. Thus,

some of the observed temporal or spatial variability calculated from
satellite images may not be caused by ocean processes. An example is
illustrated below.

Uz and Yoder (2004) showed that temporal variability within a thir-
ty-day window and spatial variability in 2 x 2 degree neighborhoods
observed in a three-year time series of daily SeaWiFS Chl images was
inversely related to mean values calculated over the same temporal
and spatial domains. In other words, some parts of the western Pacific
having among the lowest mean Chl in the global ocean also had the
highest standard deviation (of log-transformed data) in daily SeaWiFS
images. This was an intriguing result, which was difficult to explain

from an ocean process point of view, although a previous study sug-
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Images showing the ensemble average standard deviation (std) of log Chl calculated spatially within 2 x 2-degree neighborhoods for all daily, 9 x 9-km resolu-

tion SeaWiFS and MODIS images from 2003. The spatial patterns associated with high std in open-ocean waters (e.g, South Pacific) in the SeaWiFS image are
similar to results previously reported (Uz and Yoder, 2004) but are absent or much reduced in the MODIS image. Comparing the SeaWiFS results from Figure 1
and the above suggests an unusual inverse relation between mean values and std (log units). The five black dots identify locations for the time series shown in

the figure to the right.
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gested that such phenomena might be caused by inaccurate atmo-
spheric correction or other artifacts (Doney et al., 2003). The left figure
shows Chl standard deviation (std) images from MODIS (on Aqua)
and SeaWiFsS calculated per Uz and Yoder (2004), but for daily images
from (2003). The SeaWiFS image shows the aforementioned mean ver-
sus standard deviation pattern (compare the left figure with Figure 1),
but it is not observed in the MODIS image. As discussed earlier, the
standard Chl algorithm is based on a ratio of water-leaving radiance of
a blue band (e.g.,, 443 nm) and a green band (e.g., 555 nm). In low-Chl
open-ocean waters, water-leaving radiance is quite high at 443 nm, but
considerably lower at 555 nm. Sensor or algorithm noise at 555 nm

potentially has a larger impact on Chl measurement precision than

the same level of noise at 443 nm. The right figure shows a time series
of the coefficient of variation (CV = std/mean) for the water-leaving
radiance at 555 nm for SeaWiFS and MODIS-Aqua for the same im-
ages used for the Chl standard deviation images (left figure) and for
the locations indicated in that figure. The right figure shows that the
CV is considerably lower and less variable for MODIS than for SeaWiFS
(i.e, SeaWiFS is a noisier instrument system over the open ocean than
is MODIS). Thus, the apparent inverse relation between mean Chl and
its standard deviation observed in SeaWiFS imagery (but not MODIS
imagery) is likely an artifact caused by comparatively high noise associ-
ated with SeaWiFS measurements at the band centered at 555 nm and

the subsequent impact on the band-ratio Chl algorithm.
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Water-leaving radiance in the green band (centered at 551 or 555 nm) at the locations illustrated in the figure to the left and for the same one-year time
series. Note that variability (CV = coefficient of variability) of green-band radiance is much lower in MODIS than in SeaWiFS imagery. This result suggests
that the apparent inverse relation between mean values and standard deviation (std) evident in the SeaWiFS imagery is likely an artifact related to high

sensor or algorithm noise.
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served in ocean color imagery and ocean
dynamics associated with ENSO (e.g., as
evidenced by SSH anomalies) are now
established and help explain biological
variability. Other climate signals, such as
those correlated with the NAO index, are
also observed in the imagery and their
characteristics and regional- to basin-
scale impact are now better quantified.
We also have a much better quantitative
understanding of mesoscale variability
and for the first time, observed the global
effects of planetary waves on a biological
variable. Finally, we have our first direct
observations of decadal changes in Chl
for the global ocean.

Image processing has advanced con-
siderably since the launch of CZCS in
1978, but the imagery still retains some
artifacts that can confound applications.
Significant enhancements and improve-
ments will continue into the future as
new sensors and new processing tech-
niques come on line. These develop-
ments will lead to better quantitative
analyses of phytoplankton biomass pat-
terns, as well new bio-optical parameters
that can be derived and analyzed from
the ocean-color measurements. As time
series grow in length, long-term trends
or permanent changes in the upper
ocean will be revealed, and ultimately,
this capability might be the most impor-

tant future application for the imagery.
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