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Abstract

The purpose of our study was to use the 7.5-year coastal zone color scanner (CZCS) image time series
(Oct. 1978 to July, 1986) to study general patterns in near-surface phytoplankton chlorophyll
concentrations in ocean margin waters off the US East Coast. We defined 21 relatively large study areas
(> 100 km?) within the MAB and SAB to set boundaries for averaging and subsequent analyses. Our
objective was to partition the observed CZCS-derived chlorophyll concentration (CSAT, mgm °)
variability of these 21 study areas within three general categories based on time scale: daily (i.e. day—week),
seasonal and interannual. An additional objective was to determine relations between the temporal patterns
in the 21 study areas. All available CZCS imagery (more than 3500 scenes of Level 1 imagery, i.e. top-of-
the-atmosphere radiance in satellite swath coordinates) covering some or all of our area of interest
(northwest Atlantic off the US East Coast) were obtained at full resolution, processed to Level 2 (water-
leaving radiance, chlorophyll concentration and other derived products in satellite swath coordinates) and
mapped to two different study regions located off the southeast and northeast coasts of the US. Satellite-
derived estimates of near-surface chlorophyll concentrations (CSAT) were extracted on a pixel-by-pixel
basis from each of the 21 study areas (chosen based on oceanographic criteria) from each of the daily
composite CSAT images. For each image and when satellite coverage permitted, CSAT values were
averaged to yield a time series of daily mean values for each of the 21 study areas. We used three basic
approaches to quantify temporal and spatial patterns in the 21 time series: (1) multiple linear correlation,
(2) structure functions (semi-variance calculations) and (3) empirical orthogonal functions (EOF). Our
results show:

(1) a simple annual CSAT cycle common to all ocean margin waters along the entire US East Coast, consisting of a
broad peak in CSAT concentration during winter and minimum concentrations during the summer;
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(2) relatively subtle across- and along-shelf changes to the timing and relative magnitude of the winter CSAT maxima
and summer minima, as well as the presence of secondary seasonal peaks in some regions;

(3) high variability at time scales of days to weeks superimposed on the seasonal pattern;

(4) high spatial coherence of the seasonal component between all 21 study areas;

(5) high coherence of the days-to-weeks component between adjacent study areas, but generally low or no coherence
for study areas not adjacent or near each other; and

(6) detectable, but low interannual variability. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Our study focuses on continental shelf and slope waters off the US East Coast from just south
of Cape Canaveral, Florida to Georges Bank (Fig. 1). Cape Hatteras, North Carolina separates
this region into two distinct regimes: the South Atlantic Bight (SAB) and the Mid Atlantic Bight
(MAB) (Fig. 1). Both regimes have a relatively broad shelf with the 200-m isobath located more
than 100-km from the coast in the central portion of each bight. The cyclonic side of the Gulf
Stream is generally near the 200-m isobath in the SAB (Menzel et al., 1993), whereas the Gulf
Stream front is much farther offshore north of Cape Hatteras (Beardsley et al., 1976) (Fig. 1). As a
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Fig. 1. Chart of the northwest Atlantic off the US East Coast. Two large boxes show NEA and SEA regions used for
mapping CZCS imagery. Letters indicate locations and geographic regions referred to in the text where (starting at
lower left): CC—Cape Canaveral, GA—State of Georgia; Car. Capes—Carolina Capes; CH—Cape Hatteras;
NS—Nantucket Shoals; and GB—Georges Bank. Two isobaths (200 and 2000 m) are shown as is the mean position of
the Gulf Stream front (GSF) north of Cape Hatteras.
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result, a slope water mass (slope sea) lies between the shelfbreak (ca. 200 m isobath) and the Gulf
Stream front in the MAB (Csanady, 1990) but is absent in the SAB (Fig. 1).

In situ and satellite studies identified many processes affecting spatial and temporal variability
in phytoplankton biomass and productivity in the SAB and MAB. Seaward of the 20-m isobath in
the SAB, upwelling and intrusion of nutrient-rich waters associated with frontal eddies and
meanders of the Gulf Stream front stimulate surface and subsurface phytoplankton blooms
(Verity et al., 1993; Pribble et al., 1994). The frontal region itself often has enhanced
phytoplankton chlorophyll concentrations caused by mixing related to wind and Gulf Stream
interactions (Ryan and Yoder, 1996). Seasonal phytoplankton blooms, including the spring
bloom, are important in shelf and slope waters of the MAB (Riley, 1946, 1947; Ryther and
Yentsch, 1958) and have a strong signal in ocean color imagery (Brown et al., 1985).
Phytoplankton distribution patterns in slope waters are also influenced by Gulf Stream rings
(Garcia-Moliner and Yoder, 1994), and mixing associated with frontal dynamics leads to
enhanced phytoplankton biomass concentrations and productivity in the shelf-slope frontal
region compared to adjacent waters (Marra et al., 1990; Ryan et al., 1999a, b). MAB wind events
throughout the year change the distribution of pigment in the water column and lead to higher
phytoplankton growth and productivity in response to increased nutrient flux (Walsh et al., 1978,
1987). These and other processes are known to affect phytoplankton biomass variability in the
SAB and MAB at time scales ranging from days to season and possibly at longer time scales as
well. Furthermore, dominant processes affecting phytoplankton biomass and productivity change
along and across the shelf and slope, so that temporal patterns in phytoplankton biomass are not
always spatially coherent within the East Coast shelf/slope ecosystem.

The purpose of our study is to use the 7.5-year coastal zonc color scanner (CZCS) image time
series (Oct. 1978 to July, 1986) to study general patterns in near-surface phytoplankton
chlorophyll concentrations. We define 21 relatively large study areas within the MAB and SAB to
set boundaries for averaging and subsequent analyses. Our objective is to partition the observed
CZCS-derived chlorophyll concentration (CSAT, mgm °) variability of these 21 study areas
within three general categories based on temporal scale: daily (i.e. day—week), seasonal and
interannual. An additional objective is to determine the spatial coherence of the temporal patterns
throughout the 21 study areas.

2. Methods

All available CZCS imagery (more than 3500 scenes of Level 1 imagery i.e. top-of-the-
atmosphere radiance in satellite swath coordinates) covering some or all of our area of interest
(northwest Atlantic off the US East Coast, Fig. 1) was obtained at full resolution (1 x 1 km
nominal pixel resolution) from NASA-Goddard Space Flight Center. Using the University of
Miami’s DSP software, Level 1 imagery was processed to Level 2 (water-leaving radiance,
chlorophyll concentration and other derived products in satellite swath coordinates) using
Gordon’s multiple scattering atmospheric correction algorithm with revised calibration
coefficients (Gordon et al., 1983; Evans and Gordon, 1994). Based on our evaluation and
analysis of East Coast imagery, we used mean East Coast epsilon values (ECOAST values, see
Table 2a in Bisagni et al., 1997) during the processing to remove the aerosol contribution from
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top-of-the-atmosphere radiance. We used a 3-band bio-optical algorithm (Clark, 1981) to convert
water-leaving radiance at 443, 520 and 550 nm to estimates of chlorophyll concentration, which is
generally interpreted as the sum of chlorophyll a+ pheopigments (Clark, 1981); hereinafter
referred to as CSAT (mgm>). The 3-band algorithm generally yields a log-normal CSAT
distribution in continental shelf and slope waters, rather than a bi-modal distribution (Denman
and Abbott, 1988) typifying high-chlorophyll imagery processed with the NASA standard CZCS
bio-optical algorithm. The latter switches between two, 2-band ratio algorithms depending upon
the chlorophyll concentration (Feldman et al., 1989).

Level 2 CSAT standard scenes (2-min of observations) were mapped to two, 512 x 512 pixel
equirectangular projections: off the southeastern and northeastern US coast (SEA and NEA,
respectively) (Fig. 1). Daily composites were formed when more than one scene was available for a
single day. There were 1121 and 1114 daily composite images, with at least some cloud-free pixels,
covering SEA and NEA projections, respectively. After mapping, images had a nominal pixel
resolution of ca 2 x 2 km. Final navigation of each image was done by hand using the coastline for
a reference. Cloud masking (i.e. assigning cloud pixels a numerical value indicating that these
pixels are to be excluded from all subsequent calculations) is part of the standard DSP processing
of CZCS imagery. However, some cloud-induced artifacts (e.g. “ringing”) pass through the
standard cloud masking calculations, particularly down scan (more or less to the East) from
clouds. To further eliminate cloud artifacts and similar artifacts down scan from land, we masked
an additional 10 pixels (ca. 20-km) down scan and 1 pixel up scan from all cloud and land pixels
identified by the standard algorithm. This is a conservative approach in that it also masks some
valid data. However, the remaining unmasked pixels are substantially free of cloud artifacts.

Fig. 2 shows the 21 study areas from which we extracted CSAT concentrations on a pixel-by-
pixel basis from all of the CZCS daily composites in the time series. Areas 1-10 are in the SEA,
and we defined the boundaries of these 10 areas based on previous criteria used to subdivide this
region for satellite and other studies (Yoder, 1985; McClain et al., 1988; Lee et al., 1991; Menzel
et al., 1993; Ryan and Yoder, 1996). The inner boundary of areas 1-4 is the 20-m isobath
generally considered to be the outer boundary of the SAB (SEA) inner shelf. The outer boundary
of these 4 areas and the inner boundary of regions 5-8 is the 40-m isobath, whereas the outer
boundary of areas 5-8 is the 200-m isobath. Thus, areas 1-4 cover the middle shelf and areas 5-8
are the outer shelf, using terminology in the references cited above. In the along-shelf direction, we
separated the SEA into three general regions again based on results of prior studies (see above
references). Areas 1 and 5 are off the North Florida coast, areas 2, 3, 6 and 7 are in the Georgia
Bight and areas 4 and 8 are in the Carolina Capes regions (McClain et al., 1988). Area 9 is in the
Gulf Stream, and area 10 is seaward of the Gulf Stream over the Blake Plateau where water
depths exceed 500m. Area 10 was used to check for long-term change (drift) in mean CSAT
concentration within predominantly blue oceanic waters during the 7.5 year time series.

Isobath ranges were also used as a key criteria for choosing NEA (MAB) study areas. Areas 11
and 12 are between the 40 and 200-m isobaths on the narrow shelf just north of Cape Hatteras.
Areas 13-15 cover the middle shelf between the 25 and 60-m isobaths, and areas 17-19 cover the
outer shelf between the 60 and 200-m isobath. Areas 20 and 21 cover slope waters between the
200-m isobath and the mean position of the Gulf Stream front as determined from climatological
SST observations (Cornillon, 1992). Area 16 (Georges Bank) is enclosed by the 80-m isobath. The
NEA was subdivided in the along-shelf direction based on the location of MARMAP transects
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Fig. 2. Study areas in ocean margin waters off the US East Coast (see Fig. 1 for geographic reference). (A). Middle shelf
areas 1-4 are bounded by the 20 and 40 m isobaths; outer shelf areas 5-8 by the 40 and 200 m isobaths; area 9 is the Gulf
Stream and area 10 is in oceanic waters of the Blake Plateau. (B) Middle shelf areas 11 and 12 are bounded by 20 and
40 m isobaths and middle shelf areas 13, 14 and 15 by the 25 and 60 m isobaths; area 16 is enclosed by the 80 m isobath;
outer shelf areas 17, 18 and 19 are bounded by the 60 and 200 m isobaths; and slope water areas 20 and 21 by the 200 m
and the mean position of the cyclonic side of the Gulf Stream.

(a)

A-E (O’Reilly and Zetlin, 1998). MARMAP was an extensive, NOAA-National Marine Fisheries
Service (NMFS) multiyear study of the MAB ecosystem. MARMAP investigators measured
chlorophyll @ concentrations from 78 oceanographic cruises between 1977 and 1988 (O’Reily and
Zetlin, 1988), i.e. overlapping the CZCS observation period.

To build spatially averaged (geometric mean owing to the log-normal distribution) time series,
CSAT values were extracted on a pixel-by-pixel basis from each of the 21 study areas from each of
the daily composite CSAT images. In principle, the CZCS should have covered a given location
off the US East Coast every day or two, but owing to cloud cover and mission operations (i.e. the
CZCS instrument was not always operating during the mission), the number of daily images
covering some or all of each study area was substantially less than the total number of days during
the 7.5 years of the time series. Furthermore, different study areas were often covered on different
days, and at times, none or only a very small percentage of the pixels within a given study area
were unmasked owing to high cloud cover. To choose an appropriate pixel coverage criteria for
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including a daily, spatially-averaged CSAT concentration in our time series, we compared time
series using daily spatial averages based on at least 5%, 25% and 50% of unmasked pixels. As for
other investigations (e.g. McClain et al., 1988), we found that the time series patterns and overall
daily mean CSAT concentrations were very similar (overall means within a few percent) for the
two series based on at least 25% and 50% unmasked pixels. The number of days in the time series
(i.e. number of observations) increased by 1.35X when using 25% versus 50% unmasked pixel
criteria. For these reasons, we built our daily time series for each of the 21 study areas by
calculating the geometric mean of CSAT pixel values extracted from each study area for which
25% or more of that area’s pixels were unmasked. These time series were used for all further
calculations, and Table 1 shows the overall mean and number of observations for each daily time
series.

Routines written in Matlab (The Mathworks, Inc.) were used for the analyses of the 21 time
series extracted from the CZCS satellite images. We used three basic approaches to quantify
temporal and spatial patterns in the 21 time series: (1) multiple linear correlation, (2) structure
functions (semi-variance calculations) (e.g. Yoder et al., 1987), and (3) empirical orthogonal
functions (EOF).

Multiple linear correlation was performed on different CSAT subsets of the 21 time series (e.g.
all 11 time series from the NEA region) after first finding common sampling days. In other words,
daily CSAT time series from each of the study areas do not always have observations from the
same day (owing to differences in image coverage). Thus, the multiple linear correlation was
performed on daily CSAT values that were common to all of the members of each subset
analyzed.

Structure functions, i.e. semi-variance (SV) versus lag time (h), for lag times ranging from 1 to
250 days were calculated for each time series (2745 days long) according to Eq. (1) (Yoder et al.,
1987).

x=2745
SVag=n = 1/2N, Z (Gx — Geim) " 2, (1)

x=1

where SV is the semi-variance, / the lag time (from 1 to 250 days), N, the number of observations
for each lag, h, and G, the sample value (CSAT) at time=Xx, G +p=sample value at
time= x + &, and x =2745 days is the length of the time series.

Structure functions (semi-variograms), i.e. graphs of SV versus lag time for each lag time from 1
to 250 days, were generally quite noisy. To reduce noise and highlight dominant temporal scales,
semi-variance was smoothed by 4X decimation, and then a third degree polynomial was fit to the
filtered semi-variance as a function of lag time. The results were graphically interpreted using
consistent criteria (Yoder et al., 1987) to find either peaks or asymptotes of the semi-variograms.

EOF analyses require time series of evenly spaced data without significant gaps, and our 7.5-
year time series of daily CSAT time series had far too many missing values for this technique. We
thus created a second time series for each of the 21 study areas based on 45-day temporal bins.
The 45-day averaging period was the shortest interval possible with at least one data point in 90%
of the bins for each time series. We also wanted each year to have an equal number of bins (8 x 45
days) and with the first bin of every ‘“year” centered on the winter solstice starting with bin
number 1 centered on 22 December, 1978. The other seven bins for each year of the 7.5-year
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CZCS time series (total=60bins) were centered on 4 February, 22 March, 6 May, 22 June
(summer solstice), 15 August, 20 September and 5 November. To keep every eighth bin centered
on the winter solstice, bins 1, 9, 17, 25, 33, 41, 49 and 57 (i.e. the final bin of each year) were 5 (or
6) days longer than the other bins. Owing to clouds and other factors, bins differed in the number
of daily CSAT observations making up the average bin value, and in some cases, a single CSAT
value represented the temporal bin. When more than one daily CSAT value was available for a 45-
day binning period, the geometric mean was used to represent the bin (as is appropriate for log-
normally distributed data).

EOF calculations using the covariance matrix technique were performed on the 45-day binned
time series for areas 1-21 using software provided by A. Barnard and T. King. Most of the time
series had some missing values, so an objective estimate of the amplitude was calculated by
estimating the projection of the EOF onto the non-missing spatial locations. EOFs for the
11 NEA regions and for SEA regions 1-8 were calculated separately, as the NEA and SEA are
distinct oceanographic regimes. We calculated EOFs using several different data pretreatment
approaches, including no pretreatment. For the results presented here, which are representative of
the different approaches we tried, the data were pretreated in two different ways. For the first,
which emphasizes temporal trends, the EOF calculations were done on the log of the time series
and for each time series, the overall mean of the 60 bins was subtracted from each element. For the
second, which emphasizes changes to the spatial pattern with time, we computed standardized
EOFs by first subtracting the spatial mean for each time interval from each time series element
and then dividing by the standard deviation, before computing eigenvectors and amplitude time
series (Fuentes-Yaco et al., 1997).

3. Results
3.1. Simple statistics

Figs. 3 and 4 are monthly mean composite CSAT images for the SEA and NEA regions
consisting of all of the available data from the 7.5-year CZCS time series. The composite monthly
images for the SEA show very persistent spatial patterns dominated by the across-shelf gradient
and with little apparent along-shelf variability (Fig. 3). The band of relatively high CSAT, i.e.
boundary between green and blue (>0.5mgm %), extends farther offshore in winter than during
the summer (compare December through February images with June through August images).
Monthly mean images for the NEA (Fig. 4) show more spatial variability than for the SEA,
particularly on Nantucket Shoals (immediately south of Cape Cod) and Georges Bank (offshore
and east of Cape Cod). The effects of Gulf Stream rings (particularly ring 82-B which was
captured in many individual images in 1982 (e.g. Garcia-Moliner and Yoder, 1994) are clearly
visible in the April composite (center left of the image).

The monthly composite images in Figs. 3 and 4 hide a greatly deal of temporal and spatial
variability. Table 1 shows simple statistics for the 21 time series. For each time series, the
magnitudes of the standard deviation and arithmetic mean are of comparable magnitude as the
arithmetic mean, including high temporal variability during the time series. Not shown
are the standard deviations associated with spatial averaging of pixel values extracted from the
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CZCS composites (November 1978 ~ June 1986)
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Fig. 3. Monthly composite CSAT images for the SEA study area. Color bar at the bottom of the figure indicates CSAT
concentration (mgm ) range and black pixels indicate no valid data. Apparently high CSAT concentrations (> 0.50)
surrounding the Bahama banks (off Florida) are an artifact owing to bottom reflection and shallow, clear water.
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Fig. 4. Monthly composite CSAT images for the NEA study area.
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Table 1

Simple statistics for the 21 time series of daily average CSAT concentration (> 25% pixel coverage) from study areas
illustrated in Fig. 2, as well as statistics for NEA areas 11-21 and SEA areas 1-8. N is the number of days having a valid
(25% pixel coverage) CSAT observation during the 7.5-year (2745 day) time series

Area N Arith. mean S.D. Geom. mean
1 231 1.17 1.45 0.80
2 252 0.94 0.98 0.70
3 446 0.75 0.69 0.59
4 467 0.65 0.50 0.53
5 205 0.39 0.30 0.32
6 244 0.42 0.45 0.31
7 89 0.41 0.41 0.32
8 370 0.31 0.25 0.25
9 194 0.13 0.11 0.11

10 189 0.10 0.07 0.09

SEA (1-8) 2604 0.62 0.73 0.44

11 251 0.88 0.95 0.62

12 281 0.96 1.22 0.66

13 421 1.36 1.46 0.94

14 460 1.77 1.86 1.17

15 414 2.16 2.13 1.48

16 309 1.60 1.40 1.21

17 422 0.85 1.01 0.59

18 409 1.02 1.20 0.69

19 384 0.97 1.19 0.65

20 369 0.57 0.60 0.41

21 344 0.58 0.72 0.39

NEA 4064 1.19 1.44 0.75

daily composite images (which yields the individual CSAT values comprising the time series), and
which are also of equivalent magnitude to the spatial mean for each member of the time series.
This within study area spatial variability (covering scales in the 1 to <100km range) is not
considered further in this manuscript (but see Yoder et al., 1987). Fig. 5 shows the frequency
distributions (Log 10 CSAT) for all the NEA study areas and SEA study areas 1-8 (shelf/slope
water study areas) indicating that a log-normal distribution is a reasonable approximation for the
distribution of these data.

3.2. Comparison with in situ data

Fig. 6 shows MARMAP in situ near-surface chlorophyll «a+ pheopigments and CSAT
concentrations (mgm ) versus yearday for NEA study areas representing middle shelf (areas
13, 14), outer shelf (areas 17, 18) and slope waters (areas 20 and 21). Each CSAT point is an
average for that portion of a daily image covering the study area, and the in situ concentrations
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Fig. 5. Frequency distribution of Log,(CSAT concentrations (mgm~>) comprising time series for SEA study areas 1-8
(n =2604 daily mean values) and NEA study areas 11-21 (n =4064 daily mean values).
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Fig. 6. MARMAP in situ near-surface chlorophyll a+ pheopigments (open circles) and CSAT concentrations (dots)
(mgm™>) versus yearday for representative NEA study areas (13 and 14—middle shelf; 17 and 18—outer shelf; and 20
and 21—slope). In situ concentrations are single station values, whereas CSAT concentrations are the daily mean for
that portion of the image covering each study area.

are single station values. Previous analyses (using space/time matchups between CSAT and in situ
data) showed that CSAT values based on the Clark (1981) algorithm underestimates in situ
chlorophyll a+ pheopigment concentrations in the MAB (J.E. O’Reilly, personal communica-
tion). This is also characteristic of the results depicted in Fig. 6, as geometric mean CSAT (0.67,
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n =2425) for areas 13, 14, 17, 18, 20 and 21 was 59% of the geometric mean of the in situ data
(1.14, n =1705). Of primary importance in this study, however, is that Fig. 6 shows no systematic
difference between the mean seasonal distribution of CSAT and MARMAP data. Both show that
maximum concentrations occur during fall-winter (i.e. after year day 300 and before year day
100), particularly in middle and outer shelf waters (areas 13, 14, 17 and 18). Slope waters (20 and
21) also have a fall-winter maximum after year day 300, but then show a distinct spring maximum
near yearday 100, as previously reported from CSAT imagery (e.g. Brown et al., 1985). It is also
obvious from Fig. 6 that there is generally a much wider range in CSAT and MARMAP surface
chlorophyll concentrations during fall-winter—spring (yearday >ca. 300 and < 150) than during
the summer stratified period of the year (ca. 150 < yearday <ca. 250), when concentrations are
generally quite low (<0.5mgm ).

Mean trends in CSAT data are also similar to mean in situ water column chlorophyll
(MARMAP averages, O’Reilly and Zetlin, 1998) in the NEA (Fig. 7). This is somewhat surprising
in that water column averages also include samples from depths as deep as 75-m, well below the
sensing depth of ocean color scanners. Also, the data are not precise matchup data, i.e. the
averages are for very general areas (middle shelf, outer shelf, etc.) within a general region (NFA)
and during roughly, but not exactly, the same time period (1978-1986). In area 20, CSAT
estimates during the summer (water column stratified) are systematically lower than in situ
measurements because a pronounced subsurface chlorophyll maximum layer, 20-35m below
surface, contributes to the water column average but has little influence on the upwelling light
detected by CZCS (O’Reilly and Zetlin, 1998). The results in Fig. 7 show biggest differences
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Fig. 7. CSAT and in situ chlorophyll (MARMAP water column averages from Table 3 in O’Reilly and Zetlin, 1998)
time series from middle shelf (A), outer shelf (B) and slope waters (C) in the NFA. CSAT values are plotted versus the
yearday midpoint of the 8 bins, and in situ values are plotted against the yearday equivalent of the monthly midpoint.
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between CSAT and in situ data after yearday 300 indicating that an analysis of seasonal patterns
based on CSAT data may overemphasize the importance of the early winter period to the annual
mean chlorophyll concentration compared to in situ concentrations. However, both time series in
Fig. 7 do show that chlorophyll concentrations begin to increase near yearday 290; and that this
winter period of comparatively high chlorophyll is sustained through the remainder of the year
and until yearday 150 or so of the following calendar year.

3.3. Variability in the time series extracted from daily composited images

Fig. 8 shows time series examples (areas 2, 6, 13 and 20) from the 21 study areas and illustrate
some key features of all the time series. First, a seasonal signal is evident in all years, particularly
in the NEA (areas 13 and 20 in Fig. 8), with highest CSAT concentrations during winter and
lowest in summer. Higher frequency variability at the days to weeks time scale is also very evident
in all years, particularly during the fall-winter—spring period. Finally, temporal gaps are obvious
throughout the time series, and the latter characteristic makes the daily time series unsuitable for
standard time series statistics (e.g. spectral analysis).

Table 2 shows the results of multiple linear correlation between some of the CSAT time series.
Regressions were performed on same-day values (Log;o CSAT) within each group shown in
Table 2. Subgroups were selected for comparisons in part to keep the number of same-day
observations relatively high, as for example, there were only 2 common observations among the
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Fig. 8. Representative CSAT time series from SEA study areas 2 and 6 (leftmost panels) and NEA study areas 13 and
20 (rightmost panels) where the first and last days of the time series are 6 November, 1978, and 13 May, 1986,
respectively. Note y-axis scale is different for each panel. As a reference, the first day of each calendar year is indicated
by a small ““x” with the year indicated in the lower panels.
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Table 2

Multiple linear correlation coefficients from five sets of regressions between CSAT time series: (1) 8, NEA study areas
representing middle shelf, outer shelf and slope waters; (2) SEA middle and outer shelf study areas; and (3) NEA;
(4) SEA and (5) “Around Hatteras” along-shelf study areas. Number of observations for each regression is

given in parentheses

NEA study areas (n =169)

Middle Outer Slope
13 14 15 17 18 19 20 21
13 1.00 0.85 0.74 0.87 0.80 0.70 0.68 0.62
14 0.85 1.00 0.86 0.77 0.89 0.78 0.62 0.63
15 0.74 0.86 1.00 0.72 0.83 0.87 0.62 0.61
17 0.87 0.77 0.72 1.00 0.89 0.80 0.88 0.80
18 0.80 0.89 0.83 0.89 1.00 0.90 0.79 0.82
19 0.70 0.78 0.87 0.80 0.90 1.00 0.77 0.80
20 0.68 0.62 0.62 0.88 0.79 0.77 1.00 0.91
21 0.62 0.63 0.61 0.80 0.82 0.80 0.91 1.00
SEA study areas (n =75)
Middle Outer
2 3 4 6 7 8
2 1.00 0.82 0.66 0.87 0.80 0.60
3 0.82 1.00 0.75 0.74 0.83 0.69
4 0.66 0.75 1.00 0.74 0.81 0.90
6 0.87 0.74 0.74 1.00 0.91 0.78
7 0.80 0.83 0.81 0.91 1.00 0.86
8 0.60 0.69 0.90 0.78 0.86 1.00
NEA along-shelf (n =130)
13 14 15 16 17 18 19
13 1.00 0.78 0.65 0.51 0.85 0.71 0.58
14 0.78 1.00 0.83 0.55 0.73 0.87 0.75
15 0.65 0.83 1.00 0.68 0.69 0.82 0.87
16 0.51 0.55 0.68 1.00 0.51 0.52 0.59
17 0.85 0.73 0.69 0.51 1.00 0.85 0.74
18 0.71 0.87 0.82 0.53 0.85 1.00 0.89
19 0.58 0.75 0.86 0.59 0.74 0.89 1.00
Around Cape Hatters (n =82) SEA along-shelf (n =50)
7 8 11 12 5 6 7 8
7 1.00 0.84 0.40 0.41 5 1.00 0.85 0.76 0.70
8 0.84 1.00 0.50 0.55 6 0.85 1.00 0.86 0.78
11 0.40 0.50 1.00 0.89 7 0.76 0.86 1.00 0.85
12 0.41 0.55 0.89 1.00 8 0.70 0.78 0.85 1.00
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Fig. 9. Structure function (semi-variogram) for the CSAT time series from study area 13 (see Fig. 8). For the results
shown in Table 3, SVO0 is the value of the polynomial function fit to the data at lag=1 day and SV1 is the value at the
first major peak (lag= 195 days in this example), defined here as the point at which the slope of the polynomial fit to the
data is equal to 0.

time series from all NEA and SEA shelf/slope study areas. Table 2 shows that patterns in adjacent
study areas in both the along- and across-shelf direction are generally very well correlated
(r>0.8), although the Georges Bank time series (study area 16) is not well correlated (r <0.6) with
any of the other NEA study areas. The results from the three along-shelf comparisons illustrate
how the correlation between time series decreases with separation distance between the study
areas. For example, the results of the ““Along Cape Hatteras” group show that time series from
study areas south of Cape Hatteras (7, 8) are not as well correlated (r = 0.5 or less) with those
north of Cape Hatteras (11, 12), as with time series from study areas within their respective
regions (NEA or SEA).

We used structure functions (e.g. Yoder et al., 1987) to characterize dominant scales in each of
the time series and to compare the relative magnitude of seasonal with day-to-day variability. As
an example, Fig. 9 is a structure function or semi-variogram (plot of semi-variance (SV) versus
time lag for lags up to 250 days apart) for the time series from study area 13 (see Fig. 8). In
general, the structure functions were quite noisy as evidenced by the high SV at lag 1 and by the
high variability at all lags around the trend evident in the polynomial fit to the data (see Methods).
Using the polynomial curve fit to each of the semi-variograms, we calculated the lag time and
SV associated with the first peak or asymptote, as well as the SV associated with the 1-day lag
(Table 3). The time lag associated with the first peak or asymptote is half the period of the first
dominant scale in the time series (e.g. Yost et al., 1982; Yoder et al., 1987). The results in Table 3
show that the mean half-period for the dominant scale (SV1) from shelf and slope water study
areas of the SEA and NEA is 173 (S.D.=46) and 184 (S.D. = 15) days, respectively, both of which
are close (i.e. within one standard deviation) to 0.5 years (183 days). This analysis illustrates the
overall dominance (along with considerable noise) of a simple seasonal pattern, i.e. a pattern
described by a single biomass peak and minimum during the year. The SV1/SV0 ratio is an index
indicating the relative magnitudes of the variability associated with the seasonal peak (SV1) versus
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Table 3
Summary of the structure function results. SVO and SV1 refer to semi-variance at the first time lag and at the first peak,
respectively

Study area Time (days) of Peak 1 SV1/SV0
1 175 39
2 250 4.2
3 120 1.7
4 160 2.1
5 180 43
6 223 7.0
7 118 1.7
8 154 39
SEA areas 1-8 173 (46) 3.6 (1.8)
9 189 9.3
10 100 10.1
11 178 5.7
12 205 7.1
13 195 3.4
14 185 2.9
15 181 2.9
16 190 3.6
17 200 43
18 169 5.0
19 200 4.4
20 158 43
21 170 34
NEA areas 11-21 184 (15) 4.3 (1.3)
All study areas 176 (35) 4.5 (2.2)

that associated with lag 1 (SVO0), i.e. daily variability. The results show that for both the SEA and
NEA shelf and slope water study areas (i.e. all except for study areas 9 and 10), the day-to-day
variability (SVO0) is very high in that the seasonal variability (SV1) is only about 4X greater on
average. Of the 21 study areas, the Gulf Stream and ‘“‘offshore” study areas (areas 9 and 10,
respectively) have the lowest SV0 and SV1 values of all study areas. SV1/SV0 ratios (Table 3) and
thus comparatively low daily variability in comparison to the shelf and slope water study areas.

3.4. Analyses of 45-day binned data

As illustrated by Fig. 10, time series of binned data (45-day bins) captured patterns at seasonal
and longer time scales but as for all binned data, lost the higher frequency variability (compare
Figs. 8 and 10). Fig. 11 shows both the daily and binned time series from study area 10 (located
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Fig. 10. CSAT time series of 45-day binned data from study areas 2, 6, 13 and 20 (compare with Fig. 8). Note y-axis
scale changes between panels. As a reference, the first bin of each year is indicated by a small ““x” with the year

indicated in the lower panel.
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Fig. 11. CSAT time series of daily (circles) and 45-day binned data from study area 10 located in open ocean waters off
the southeast US (see Fig. 2). As a reference, the first day of each calendar year is indicated by a small “x”.
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offshore of the Gulf Stream front, Fig.2). Results from this study area were examined for
evidence of long period trends or drift in CSAT concentrations, possibly indicative of poor quality
CZCS data after August, 1981 (Evans and Gordon, 1994). However, Fig. 10 shows no apparent
long-term trend in either the daily or binned CSAT values. For example, note that the annual
minimum CSAT concentration is consistently near 0.05 mgm . Simple statistics and regressions
of CSAT versus relative time also indicated no long-term trend. Mean CSAT concentration of the
first and last halves of the record were not significantly different: 0.11 (S.D.=0.08, n = 30) and
0.09 (S.D.=0.04, n =29) mgm >, respectively, indicating a stationary time series (but with
obvious periodic oscillations).

The time series of binned data from all 21 study areas showed markedly similar patterns which we
confirmed using multiple linear regression. Using three separate multiple regressions (for SEA,
NEA and all shelf regions), median r values were 0.71, 0.79 and 0.67, respectively. None of the series
were negatively correlated with another, and correlations did not improve using time lags. This
indicates that major seasonal features in the 45-day binned data time series are generally in phase.

Table 4 shows temporal (modes 1 and 2) and spatial (modes 1-4) EOF matrices as computed
separately for SEA and NEA study areas. The corresponding amplitude time series are shown in

Table 4
Temporally and spatially normalized EOF matrices (and in parentheses, percent variability explained) for SEA and
NEA study areas: modes 1 and 2 for temporal EOFs and modes 1-4 for spatial. Postive values are in bold

Temporal EOF matrix Spatial EOF matrix
Study Mode # (%) Mode # (%)
area
1 (73) 2(11) 1 (41) 2 (25) 3(14) 49
1 1.19 —1.46 1.67 0.88 -0.77 0.31
2 1.08 —0.83 0.33 —1.81 1.30 1.35
3 0.65 0.80 -2.07 —0.34 —1.05 0.03
4 0.89 1.16 —0.61 1.64 1.23 0.44
5 0.87 -.73 0.37 —0.37 -1.72 0.82
6 1.18 —0.41 0.49 —0.85 0.21 —2.18
7 1.03 0.85 —0.18 0.06 0.16 —0.69
8 1.00 1.33 0.00 0.55 0.34 —0.10
1 (78) 2(8) 1 (51) 2 (19) 3(14) 4 (18)
11 1.03 0.97 1.05 —0.44 —0.61 0.05
12 1.14 0.73 0.45 —0.46 2.41 —0.21
13 1.02 —0.32 0.02 —0.81 0.21 0.98
14 0.97 —1.21 —0.82 —0.57 —0.15 2.38
15 0.93 —-1.92 —-2.22 —1.26 —0.90 —1.41
16 0.60 —0.33 —1.12 2.69 —0.10 0.44
17 1.04 0.90 0.48 0.52 0.17 —0.15
18 1.10 —0.52 0.47 —0.52 —0.24 0.37
19 1.10 —0.76 —0.36 0.30 1.32 —1.17
20 0.94 1.38 1.02 0.36 —1.10 —0.47

21 1.02 0.80 1.11 0.15 —0.95 —0.63
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Fig. 12. EOF amplitude time series for modes 1 (upper panels) and 2 (lower panels) from temporally normalized EOF
analyses for SEA shelf areas 1-8 (leftmost panels) and NEA study areas 11-21 (rightmost panels). Mode number is
indicated in lower right, and the first day of each calendar year is indicated by a small “x. See Table 4 for EOF
weighting factors.

Figs. 12 and 13. For both SEA and NEA study areas, the first 2 modes of the temporal EOFs are
dominated by a simple seasonal pattern and accounted for 84% and 86% of the total variability in
the binned data time series for areas 1-8 and 11-21, respectively. The dominance of the seasonal
cycle in the 7.5-year CSAT time series is particularly evident in the first mode of the temporal
EOFs, which accounted for 73% and 78% of the variability in the SEA and NEA, respectively.
For the temporal EOFs, the second mode for areas 1-8 modifies the mean seasonal pattern in a
complex way. The EOF values in Table 4 (i.e. positive values for areas 3, 4, 7 and 8) show that the
mode 2 adjustments to the seasonal cycle in the northern study areas are generally out of phase
with the southern study areas in the SEA. In the NEA, Mode 2 of the temporal EOFS is also
associated with along-shelf variability and separates patterns in the outer shelf and slope study
areas in the south (i.e. Table 4 shows positive EOF weighting values for mode 2 for study areas 11,
12, 17, 20 and 21) from other NEA middle shelf, outer shelf and slope waters. The effect of mode 2
on these 5 areas is for relatively lower (in comparison to the mean) concentrations in winter (i.e.
positive weights in Table 4 and negative amplitudes in Fig. 12) and generally higher
concentrations during other seasons.

Spatial EOFs emphasize temporal changes to the general mean spatial pattern, i.e. when one or
more of the study areas changes disproportionately more (or less) with time than the others. In
other words, spatial EOFs show little or no effects if the initial spatial relations (CSAT gradient)
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Fig. 13. EOF amplitude time series for modes 1-4 from spatially-normalized EOF analyses for SEA shelf areas 1-8
(leftmost panels) and NEA study areas 11-21 (rightmost panels). Mode number is indicated in lower right, and the first
day of each calendar year is indicated by a small “x”’. See Table 4 for EOF weighting factors.

between the study areas are maintained throughout the time series. Table 4 shows that in the SEA,
mode 1 (41% of the variability) of the spatial EOFs is associated with along-shelf variability in
that the north Florida shelf study areas (positive EOF weighting factors for areas 1, 2, 5 and 6)
have relatively high CSAT concentrations in winter and relatively low concentrations in summer
in relation to the other 4, more northerly study areas. Mode 2 (25%) appears to be dominated by
differences between areas 1, 4 and 8 (northern and southern extremes) versus the study areas in the
central portion of the bight. Mode 4 (9%) is associated with across-shelf variability. An
interesting result is that except for Mode 4, the first 4 SEA modes shows little effect of across-shelf
variability, i.e. the across-shelf CSAT gradient, a prevalent feature in Fig. 3, is consistently
maintained throughout the time series.

Spatial EOFs for NEA study areas yielded somewhat different results than for the SEA. As for
the SEA, mode 1 for the NEA study areas (51% of the variability) was also related to along-shelf
variability in that it separated CSAT patterns in the more northern shelf waters (study areas 14,
15, 16 and 19 with negative weighting factors, Table 4) from shelf and slope waters farther south
(positive weighting factors in Table 4). Thus, the effect of mode 1 is for relatively high
concentrations in the north (negative EOFs and negative amplitudes) compared to the more
southerly study areas, particularly in the winter and spring. In the NEA, mode 2 (19%) was
related to across-shelf variability, i.e. differences between middle shelf regions (areas 11-15) and
outer shelf and slope waters (areas 17, 19, 20 and 21). In addition, Georges Bank (area 16) had a
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uniquely high and positive EOF value (Table 4). The effect of mode 2 is complex, but one of the
general effects is for relatively low CSAT concentrations in outer shelf and slope waters in the
spring and summer compared to the middle shelf. Based on the amplitude time series (Fig. 13),
NEA modes 3 (14%) and 4 (8%) were dominated by changes in the mean spatial patterns
associated, respectively, with 1982/83 (temporal bin 25) and 1981/82 winter peaks (temporal bin
18). These were the only clear indications of interannual variability in the spatial relations among
the time series.

For SEA and NEA study areas, the first 4 temporal EOF modes accounted for 93 and 94%,
respectively, of the total variability in the 45-day binned time series. Fig. 14 shows examples of
time series reconstructed from the first 4 EOF modes plotted with the original daily time series
(from which the 45-day binned time series were derived). The reconstructed time series do a good
job of reproducing seasonal and longer period structure, but clearly miss a considerable amount
of the total variability present within the original daily time series. How much of the total
variability in the original time series in associated with time scales of 1-45 days and thus averaged
out of the binned time series? To answer this question, we regressed Log;(CSAT values from the
each of the original 21 times series versus the appropriate 45-day mean value from the
reconstructed time series. From these regressions, > values (x100) for the SEA study areas ranged
from 34% (for study area 3) to 66% (study areas 6 and 8) with an average of 53%; and for the
NEA study areas, from only 21% (study area 16) to 66% (study areas 11, 12 and 20) with an
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Fig. 14. Daily CSAT time series (small dots) and the time series reconstructed from modes 1-4 of the EOF analyses of
the 45-day binned time series (solid line) for study areas 2, 6, 13 and 17. Note y-axis scale changes between panels. As a
reference, the first day of each calendar year is indicated by a small “x” with the year indicated in the middle panel.
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average of 55%. These results indicate that the higher frequency (ca. Time scales, less than 45
days) variability accounts for about 44% on average of the total variability in the original time
series and ranges from 34% to 79%.

4. Discussion
4.1. Overview of results

Using 7.5 years of CZCS imagery we were able to quantify major time/space CSAT distribution
patterns in ocean margin (continental shelf and slope) waters off the US East coast. In particular,
we focused on patterns in mean CSAT concentration averaged over 21 study areas representing
rather large (> 100 km?) shelf/slope regions. We did not examine spatial variability within our 21
study areas, but previous studies of ocean margin waters, including one off the southeast US
(Yoder et al., 1987) indicate that such variability will also be important (Smith et al., 1988,
Denman and Abbott, 1988). Our CSAT observation interval was nominally one-day, but
consecutive day sampling was not often realized owing to cloud cover, and because the CZCS
sensor was switched off during many passes over the US coast. Some of our analyses required few
or no missing observations, so we placed CSAT data into 45-day bins to build a continuous time
series. With additional caveats discussed below, our results (for waters seaward of the 20-m
isobath) show:

(1) a simple annual CSAT cycle common to all ocean margin waters along the entire US East
Coast, consisting of a broad peak in CSAT concentration during winter and minimum
concentrations during the summer;

(2) relatively subtle across- and along-shelf changes to the timing and relative magnitude of the
winter CSAT maxima and summer minima, as well as the presence of secondary seasonal
peaks in some regions (e.g. spring peak in outer shelf and slope waters of the NEA);

(3) high variability at time scales of days to weeks superimposed on the seasonal pattern;

(4) high spatial coherence of the seasonal component between all 21 study areas;

(5) high coherence of the days-to-weeks component between study areas near each other, but
generally low coherence for study areas far apart; and

(6) detectable, but low interannual variability.

4.2. Comments on seasonal phytoplankton blooms

For 45-day binned data (i.e. variability at periods shorter than 45-days was averaged out), a
simple conceptual model of relatively high CSAT concentrations during winter and relatively low
concentrations during summer, with a smooth transition between the two periods, explains
67-78% of the variability of the 21 study areas based on the temporal EOFs. Regressions among
the 21, 45-day binned time series (at zero lag) yielded high positive correlation coefficients
demonstrating that this simple pattern is prevalent in CSAT imagery of shelf/slope waters all
along the US East Coast. A previous study of CZCS imagery of continental shelf waters off North
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Carolina (SABRE Study Area) showed a similar dominant, seasonal pattern (Barnard et al.,
1997). Extensive in situ data observations within the NEA region during the same era as CZCS
observations also show the same general seasonal pattern (O’Reilly and Zetlin, 1998, Table 3).
Agreement with the in situ data is strong evidence that the CSAT patterns in our 21 study areas
(all in waters offshore of the 20-m isobath) represent chlorophyll ¢ patterns in these waters and are
not caused by processing artifacts or by high concentrations of colored dissolved organic matter
(CDOM).

This and other satellite studies (Yoder et al., 1993; Banse and English, 1994; Barnard et al.,
1997; Fuentes-Yaco et al., 1997) present a somewhat different view of seasonal phytoplankton
bloom dynamics than the conventional interpretation (e.g. Cushing, 1959), particularly regarding
the winter-spring bloom at mid latitudes. The conventional view of a spring or fall phytoplankton
biomass bloom is a rapid increase in biomass over a period of weeks in response to changing
stratification and light conditions during winter/spring. Fall blooms are related to increases in
nutrient concentrations owing to wind-induced de-stratification and vertical mixing. The period of
rapid increase is then followed by a period of rapid decrease owing to nutrient limitation and
grazing in the case of spring blooms or by light limitation in the case of fall blooms (e.g. Cushing,
1959).

In contrast, our results for ocean margin waters between Cape Canaveral and Cape Cod show
two basic states: low and high CSAT concentrations (summer and winter, respectively) with a
gradual change in state between the two extremes. The high CSAT season is not a “pulse” but
rather a broad peak extending over many months. Furthermore, this basic pattern is coherent
between waters of different depth ranges (but all >20-m depth), over almost 20° of latitude and
between two different oceanographic regimes (SEA and NEA) having very different nutrient
dynamics (e.g. Bishop et al., 1980; Yoder, 1985). Our observations suggest a common mechanism
but not the traditional Sverdrup (1953) model for seasonal blooms, in which phytoplankton
biomass increases with seasonal increases in the mean irradiance level of the mixed layer. Some of
the high frequency (i.e. <45 day time scales) variability we observed may be related to transient
pulses in biomass that may occur prior to stratification (e.g. Townsend et al., 1994).

The seasonal CSAT pattern we observe is similar to Longhurst’s Model 3 (Longhurst, 1995,
1998), “Winter—Spring Production with Nutrient Limitation”. According to Longhurst (1995),
this model applies primarily to offshore waters at mid-latitudes (which includes almost half
the area of the global ocean). The main characteristics (Longhurst, 1995) are: (1) productivity is
not limited by light and increases during winter owing to increased nutrient supply; (2) nutrient-
limitation occurs during summer, (3) and phytoplankton biomass accumulates in winter but not
during spring, although primary production is higher in spring. The latter is consistent
with relatively close coupling between phytoplankton growth and zooplankton consumption
(Banse and English, 1994). Productivity is generally relatively low in the open ocean waters
with Model 3 behavior (Longhurst, 1995), but that is clearly not the case for the NEA and
SEA (e.g. Falkowski et al., 1983; Yoder et al., 1985). This simple model probably does not apply
to all shelf and slope locations off the US East Coast (and note that we excluded all waters shoaler
than 20-m from any of our analyses) and perhaps is limited to near-surface waters only. As our
CSAT observations are consistent with the general pattern predicted from Longhurst’s Model 3
(Longhurst, 1995), seasonal changes in solar irradiance as a direct regulator of seasonal
phytoplankton growth may not be as important in middle shelf to slope waters of the NEA
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as previously believed. However, the effect of seasonal changes in solar irradiance on seasonal
changes to vertical density stratification is important. Stratification, and subsequent nutrient
limitation of the mixed layer, is the cause of low CSAT concentrations during summer compared
to winter.

Secondary spring CSAT peaks in NEA slope waters (e.g. study areas 20 and 21) are an
important exception to the simple seasonal pattern discussed above. Such peaks were also
observed in the MARMAP chlorophyll ¢ data (O’Reilly and Zetlin, 1998), in other satellite
studies (Brown et al., 1985; Garcia-Moliner and Yoder, 1994) and to some extent, in the
chlorophyll fluorescence record from a fluorometer moored for 15 months at 20-m depth near the
80-m isobath in the southern Mid Atlantic Bight (NEA) (Flagg et al., 1994). A previous study of
temporal/spatial patterns in CZCS imagery from the NEA region (Eslinger et al., 1989) showed a
shelf-wide April bloom, but this study only used imagery from 28 February to 9 July, 1979. By
missing the winter period, the conclusions thus apply only to the relative change that occurs
between spring and summer, and thus do not preclude a broad winter peak. An interesting
difference between our CSAT results (as well as the near-surface MARMAP chlorophyll ¢ data)
and the fluorometer record (Flagg et al., 1994) is that the latter shows relatively high chlorophyll a
concentrations during summer compared to winter. This difference may reflect subsurface
chlorophyll ¢ maximum layers detected by the 20-m moored fluorometer but not by CSAT. For
example, MARMAP results show that chlorophyll ¢ concentration is higher at 20-m depth than at
the surface in outer shelf waters of the Southern MAB (which encompasses the location of the
fluorometer mooring) from April through September (see Fig. 23 in O’Reilly and Zetlin, 1998). In
productive shelf and slope waters (i.e. with Ky greater than ca. 0.10m ™), satellite ocean color
scanners cannot detect the contribution to water-leaving radiance of chlorophyll a below about
10-m depth. Thus, our CSAT observations are observing a different part of the water column than
did the moored fluorometer, and the results cannot be directly compared during the stratified
seasons of the year.

4.3. Variability at time scales from days to weeks

Our index (from structure functions) comparing day-to-day variability with seasonal (i.e.
180-day periods) showed that the former averaged 25% of the latter. Furthermore, our re-
gression analyses (i.e. between the original daily time series and EOF-reconstructions of the
45-day binned time series) show that variations at time scales ranging from 1-45 days acc-
ounted for an average of 44% of the total CSAT variability in the original 21 time series.
These results indicate that the mean seasonal pattern is only part of the temporal ““story’ of the 21
study areas, as is obvious from the plots of the original CSAT time series. It is not surprising
that such a high percentage of the CSAT variability occurs at days to week time scales, as “event”
time scale phenomena are well documented in East Coast margin waters (e.g. Walsh et al., 1978;
Yoder et al., 1981). Our results show that a major difference between event and seasonal
CSAT variability is that the former decorrelates rapidly with separation distance of the
study areas, whereas the mean seasonal cycle is highly correlated among all of the study areas.
Spatial decorrelation at the event time scale is entirely consistent with local-scale forcing of events,
such as upwelling and storm-induced mixing, plumes, frontal dynamics, etc. (Denman and
Abbott, 1988).
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4.4. Implications for using composite images to represent a mean annual cycle

Chlorophyll a concentrations from ocean color images are now a primary source of data for
initializing and validating numerical models and for regional to global-scale calculations of ocean
primary production (e.g. Platt and Sathyendranth, 1988). As clouds frequently obscure significant
parts of daily ocean color images, investigators generally “‘composite’ multiple images (i.e. pixel-
by-pixel average where possible or select a single valid pixel to represent the temporal average
where only one value is available) at weekly to monthly time scales to increase spatial coverage of
their study domain. Our results show that 45-day composites will capture on average
approximately half (56%) of the temporal variability in CSAT concentration in the 1 to 45-day
window for ocean margin waters seaward of the 20-m isobath in our NEA and SEA study areas.
Approximately half (44%) of the variability in this temporal domain will not be reflected in 45-
day composites (and in fact, an undetermined fraction of the latter is probably noise, so that 45-
day composites may capture more than 56% of the signal). Using this and other information from
our study, one can envision the following or similar scenario for parameterizing NEA and SEA
CSAT variability within regional to basin-scale models or calculations. A spatially coherent
pattern with ca. 45-day resolution represents the mean annual cycle with peak magnitudes
dependent on location (study area). This mean seasonal pattern is then modified by adding a
“high” frequency component using an appropriate ratio of “high” to “low” frequency variability
to determine high frequency peak magnitudes. In contrast to the mean seasonal cycle, the latter
component should also include a decorrelation length-scale (which was not determined on our
study).

4.5. Interannual variability

The general annual pattern was remarkably persistent throughout the 7.5 year record as
evidenced by the EOF analyses, as well as visible inspection of the time series. For example, we did
not see the rather larger interannual signals observed in CSAT imagery in ocean margin waters off
the US west coast (Thomas and Strub 1990), presumably because ocean margin waters off the US
east coast are not affected by strong, interannual climate signals such as ENSO. However, some of
the EOF modes, as well as the time series graphs, indicated that CSAT patterns in winter, 1981/82
and 1982/83 were different in the NEA than other years. In general, CSAT concentrations in the
NEA were higher during these two winters than in other years. The timing of this anomaly
coincides with a change in the North Atlantic Oscillation (NAO) index from negative to positive.
This transition is associated with anomalous southerly flow over the eastern United States and
high river runoff (Hurrell, 1995; Guetter and Georgakakos, 1993). As one can easily develop
arguments relating enhanced CSAT concentrations to increased upwelling (southerly flow),
stratification or nutrient input (both potentially associated with river runoff), an NAO related
explanation for these anomalies is tempting. However, the index continued to be high during the
remaining years of the 1980s (Hurrell, 1995), and positive river runoff anomalies peaked in 1984
and 1985 (Guetter and Georgakakos, 1993). In fact, salinity and temperature anomalies in the
NEA from 1981 until mid 1983 were not unusual compared to high positive anomalies in 1980
and 1985 and generally negative anomalies during the latter part of 1983 and in 1984 (Mountain
and Manning, 1994). Thus, changes to the NAO index and associated meteorological and
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oceanographic conditions probably do not explain high CSAT concentration during winter of
1981/82 and 1982/83.

The CZCS sensor was a proof-of-concept mission with no formal calibration or validation
program during the mission (Evans and Gordon, 1994). Nevertheless, the results were used for
many studies of temporal and spatial variability, although usually with caveats regarding the
absolute values of the concentrations (McClain et al., 1998). Our study focused only on the data
from one satellite sensor, but imagery from new sensors (e.g. OCTS, Sea WiFS) are now available
and more are planned over the next decade (IOCCG 1998). The potential exists to use imagery
from multiple sensors to determine long term trends in ocean margin waters going back in some
cases to the CZCS era. To realize this potential, however, will require considerable effort to
understand how different sensor specifications, bio-optical algorithms and other characteristics
affect multi-sensor time series. This a difficult challenge, and we are involved with continuing
efforts to improve the accuracy of CZCS data and to relate its imagery to those acquired from the
new generation of ocean color sensors.
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