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For this manuscript we use a 9-year time series of Sea-viewing Wide Field of view Sensor (SeaWiFS), HF

radar, and Webb Glider data to assess the physical forcing of the seasonal and inter-annual variability of

the spatial distribution in phytoplankton. Using Empirical Orthogonal Function (EOF) analysis, based on

4-day average chlorophyll composites, we characterized the two major periods of enhanced chlorophyll

biomass for the MAB in the fall–winter and the spring. Monthly averaged data showed a recurrent

chlorophyll biomass in the fall–winter months, which represented 58% of the annual surface

chlorophyll for the MAB. The first EOF mode explained �33% of the chlorophyll variance and was

associated with the enhanced phytoplankton biomass in the fall–winter found between the 20 and

60 m isobaths. Variability in the magnitude of the enhanced chlorophyll in fall–winter was associated

with buoyant plumes and the frequency of storms. The second EOF mode accounted for 8% of the

variance and was associated with the spring time enhancements in chlorophyll at the shelf-break/slope

(water depths greater than 80 m), which was influenced by factors determining the overall water

column stability. Therefore the timing and the inter-annual magnitude of both events are regulated by

factors influencing the stability of the water column, which determines the degree that phytoplankton

are light-limited. Decadal changes observed in atmospheric forcing and ocean conditions on the MAB

have the potential to influence these phytoplankton dynamics.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Mid-Atlantic Bight (MAB) is a biologically productive con-
tinental shelf that is characterized by consistently high chlorophyll
biomass (41 mg chlorophyll m�3), which supports a diverse food
web that includes abundant fin and shellfish populations (Yoder
et al., 2001). The MAB’s shelf extends out for several hundred
kilometers and the associated water mass is bounded offshore by
the shelf-break front. While the shelf-break front is often near the
geological shelf-break, the surface outcrop of the front can extend
beyond the continental slope (Wirick, 1994). In the nearshore
regions there are numerous inputs from moderately sized, yet
heavily urbanized, rivers (Hudson River and Delaware River), which
are sources of fresh water, nutrients, and organic carbon to the
MAB (O’Reilly and Busch, 1984). The waters on the MAB exhibit
considerable seasonal and inter-annual variability in temperature
and salinity (Mountain, 2003). In late spring and early summer, a
strong thermocline (water temperatures can span from 30 to 8 1C in
o5 m) develops at about the 20 m depth across the entire shelf,
isolating a continuous mid-shelf ‘‘cold pool’’ (formed in winter
ll rights reserved.
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months) that extends from Nantucket to Cape Hatteras (Houghton
et al., 1982; Biscaye et al., 1994). The cold pool persists throughout
the summer until fall when the water column overturns and mixes
in the fall (Houghton et al., 1982), which presumably replenishes
nutrients to the surface waters on the MAB shelf. Thermal
stratification re-develops in spring as the frequency of winter
storms decrease and surface heat flux increases (Lentz et al., 2003).

In temperate seas, seasonal phytoplankton variability has been
related to stratification, destratification, and incident solar
irradiance (Cushing, 1975; Longhurst, 1998; Dutkiewicz et al.,
2001; Ueyama and Monger, 2005). During late winter and early
spring, increasing solar illumination combined with decreasing
wind result in shallower surface mixed layers, which allows for
increased phytoplankton growth prior to the development of the
thermal stratification (Stramska and Dickey, 1994; Townsend
et al., 1994). As the physical regulation of water column turnover
is spatially variable along the MAB, the temporal patterns in
phytoplankton biomass are not always spatially coherent within
the East Coast shelf/slope ecosystem (Yoder et al., 2001). While it
has long been appreciated that seasonal phytoplankton blooms are
important in shelf and slope waters of the MAB (Riley, 1946, 1947;
Ryther and Yentsch, 1958), a 7.5-year (October 1978–July 1986)
time series of the coastal zone color scanner (CZCS) imagery found
that the maximum chlorophyll concentration appeared during
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 1. Map showing study area, NDBC mooring stations, and glider tracks.

Topographic contours shown are 40, 60, 80, 150, and 1000 m. Gray shaded area

indicates region where SeaWiFS imagery was analyzed.
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fall–winter on the continental shelf waters and that slope waters
possessed a secondary spring peak in addition to the a fall–winter
bloom (Yoder et al., 2001). Ryan et al. (1999) used CZCS imagery
from 1979 to 1986 and found an annual enhancement of
chlorophyll at the shelf-break of the MAB and Georges Bank
during the spring transition from well-mixed to stratified condi-
tions. The shelf-edge system was similar to inner shelf waters in
terms of seasonal heating and cooling; however, meanders at the
shelf slope were associated with iso-pycnal upwelling that sup-
plied nutrients to the euphotic zone and enhanced chlorophyll
biomass (Ryan et al., 1999). Despite past efforts, understanding
what regulates the magnitude of these seasonal patterns remains
an open question, which is especially important as the MAB has
experienced significant changes in water properties over the last
few decades (Mountain, 2003).

Many factors are known to regulate the upper mixed layer
dynamics on the MAB. These features include wind driven mixing
(Beardsley et al., 1985) as well as surface buoyant plumes that
frequently extend over significant fractions of the MAB shelf
(Castelao et al., 2008a; Chant et al., 2008a). These features
are superimposed upon the seasonal warming that drives the
stratification of the MAB. This seasonality of shelf stratification
regulates the phasing and potential magnitude of the fall–winter
and spring enhancements in chlorophyll concentration. For this
manuscript we use a 9-year time series of Sea-viewing Wide Field
of view Sensor (SeaWiFS), HF radar, and Webb Glider data to
assess the physical forcing of the seasonal and inter-annual
variability of the spatial distribution in phytoplankton.
2. Methods

2.1. Ocean color remote sensing data

Time series of surface chlorophyll concentration in the MAB
was studied using 4-day averaged composites of SeaWiFS satellite
imagery collected from January 1998 to December 2006. We used
4-day average composites as they provided reasonable coverage
for our study site and could resolve the dynamics of the
chlorophyll over both seasonal and higher frequency scales (days
to weeks) often observed in MAB. The 4-day average decreased
the cloud contamination that heavily degraded the utility of the
1-day images. Many phytoplankton bloom events occur over time
scales much shorter than a month in these waters. For example
chlorophyll associated with buoyant plume events can last for the
time scale of 4–5 days (Schofield et al., submitted for publication)
and summer upwelling on average lasts for o7 days in the MAB
(Glenn et al., 2004). Longer term averaging underemphasizes
these shorter-lived phytoplankton bloom events that can explain
up to 44% of the variability observed in daily satellite imagery
(Yoder et al., 2001). The spatial resolution of the original images
were 1.1 km, however, data were re-gridded to 5.5 km in order to
identify the principal modes of variability in the data set by
Empirical Orthogonal Function (EOF) analysis. Given the high
spatial heterogeneity in the nearshore waters and the increasing
error in satellite estimates of chlorophyll in shallow waters, we
excluded regions with water depths shallower than 10 m for this
analysis. We also excluded data for water depths deeper than
2000 m, as our focus was on the shelf and shelf-break region.
Finally we excluded data from large inland Bays (Long Island
Sound, Delaware Bay and Chesapeake Bay; Fig. 1). Monthly
chlorophyll concentration was calculated by taking the geometric
mean at each pixel. We chose to use the geometric rather than the
arithmetic mean because the distribution of chlorophyll measure-
ments in continental shelf and slope waters is approximated by a
log–normal distribution (Campbell, 1995; Yoder et al., 2001).
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
(2011), doi:10.1016/j.csr.2011.05.019
Ocean color satellite remote sensing has limitations in coastal
waters. Satellite coverage is limited by cloud cover especially in
the winter months, which is characterized by frequent storms.
Storms also can produce buoyant plumes that contain significant
amounts of sediment and colored dissolved organic matter. The
presence sediment and CDOM can influence the accuracy of the
satellite-derived estimates of chlorophyll that can result in errors
as large as 50–100% in the nearshore waters of the northeast
United States (Harding et al., 2004). Finally, ocean color remote
sensing does not provide information on subsurface phytoplank-
ton peaks, below the detection limit of the satellite, which are
often present in the MAB. While we acknowledge these short-
comings, satellite estimates of chlorophyll remains one of the
only techniques that can provide decadal spatial time series over
ecologically relevant scales.

We also calculated the monthly climatological sea surface
temperature (SST) for each pixel based on 4-day averaged
Advanced Very High-Resolution Radiometer (AVHRR) data sets
from 1999 to 2006. The AVHRR data sets were collected by a
satellite dish maintained by Rutgers University Coastal Ocean
Observation Lab and processed using SeaSpace AVHRR processing
software. Monthly SeaWiFS Level 3 photosynthetically available
radiation (PAR) data from 1998 to 2006 were downloaded from
http://oceancolor.gsfc.nasa.gov. The PAR data sets have the reso-
lution of 9 km and the climatology of PAR was calculated based
on the 9-year monthly data sets.

The mean satellite-derived chlorophyll fields were used as
inputs to the Hydrolight 4.3 radiative transfer model (Mobley,
1994) to estimate the depth of the 1% light levels. For the
Hydrolight simulations, we used default settings and assumed a
constant backscatter to total scatter ratio of 0.05 based on data
collected in this region (Moline et al., 2008). We assumed there
was no inelastic scattering and kept wind speeds at zero. The
surface flux of light was calculated using a semi-empirical sky
model (Mobley, 1994) for the MAB at local noon on a cloudless
day. We assumed that water column was infinitely deep. These
Hydrolight simulations assumed no vertical structure in the
phytoplankton biomass. We used this approach even though
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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during the stratified season there can be subsurface chlorophyll
layers however, satellite-derived chlorophyll estimates were used
as the input to the Hydrolight simulation and these estimates are
exponentially weighted to the surface waters (Mobley, 1994);
therefore it is unlikely that satellite estimates included any
significant proportion of the subsurface populations found at
the base of the pycnocline in the late spring and summer months.
Given this we did not impose a vertical structure for chlorophyll.
For these simulations we treated the MAB as Case I waters
(Johnson et al., 2003). This assumption is sometimes not the case
when the Hudson River carries significant amounts of detritus
and colored dissolved organic matter (CDOM) offshore onto the
MAB (Johnson et al., 2003). Despite the optical complexity of
these waters, SeaWiFS can accurately and reliably capture seaso-
nal and inter-annual variability of chlorophyll a associated with
variations of fresh water flow (Harding et al., 2004), which can
increase chlorophyll biomass by an order of magnitude. To assess
the impact of Case II conditions on our Hydrolight estimates of
the 1% light depth, we used optical data collected as part of the
LaTTE experiment (Chant et al., 2008b), which in part focused on
characterizing the optical properties of the Hudson River waters
being transported out onto the MAB (Moline et al., 2008). During
the LaTTE experiment, data were collected from the Hudson River
outflow over time with a WETLabs, Inc. absorption/attenuation
meter using the methods outlined in Schofield et al. (2004). The
waters were influenced by the Hudson River, which was char-
acterized by significant contributions of chlorophyll and CDOM
providing Case II waters. These measurements of the optical
properties were inputted into the Hydrolight model to provide
an estimate for light propagation in the Case II characteristics for
MAB waters.

2.2. Winds and surface current observations

Wind data were obtained from moored buoys deployed by the
National Data Buoy Center (NDBC) (http://www.ndbc.noaa.gov/
maps/Northeast.shtml). We used data collected by mooring
44025 (Fig. 1) located at 40.251N, 73.171W with a water depth
of 36 m and mooring 44014 (Fig. 1) located at 36.611N, 74.841W
with a water depth of 48 m. The reason we chose these two
moorings was because 44025 was located at the mid-shelf region
while 44014 was located at shelf-break/slope region. We used the
daily wind speed data to calculate the stormy frequency. The
wind data used for calculating the correlation coefficient between
the surface currents measured by CODAR and wind speed were
based on the time series of the 6 years (2002–2007) wind
measured at NDBC 44009 (Fig. 1) located at 38.461N, 74.701W
with a water depth of 28 m. We used this mooring as it was
central to a recently completed long-term analysis of the circula-
tion on the MAB (Gong et al., 2010). The wind data for 44009
were decomposed into along-shelf and cross-shelf directions
(30 degree rotation) and low-passed with a 33-hour filter.
Shore-based High Frequency (HF) radar systems were used for
surface current measurements. The radar network was a fully
nested array of surface current mapping radars (Kohut and Glenn,
2003; Kohut et al., 2004). Hourly surface currents were measured
with an array of CODAR HF Radar systems consisting of 6 long-
range (5 MHz) and 2 high-resolution (25 MHz) backscatter sys-
tems from the start of 2002 to the end of 2007. For all systems
measured beam patterns were used in surface current estimates
(Kohut and Glenn, 2003). Details of HF radar development and
theory can be found in Crombie (1955), Barrick (1972), Stewart
and Joy (1974), Barrick et al. (1977). All CODAR surface currents
were de-tided using the T_TIDE Matlab package (Pawlowicz et al.,
2002) before further analysis is performed. The averaged seasonal
surface current responses for the dominant winds were calculated
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
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for the well-mixed winter (December–March), the transitional
seasons (April–May, October–November), and stratified summer
(June–September; Gong et al., 2010).

2.3. River discharge and glider data

The monthly river discharge data were downloaded from
http://nwis.waterdata.usgs.gov/nwis. The total river discharge
into to the MAB was represented by the sum of the discharges
from Mohawk River at Cohoes, NY (42.791N, 73.711W), Passaic
River at Little Falls, NJ (40.891N, 74.231W), Raritan River below
Calco Dam at Bound Brook, NJ (40.551N, 74.551W), Hudson River
at Fort Edward, NY (43.271N, 73.601W), and Delaware River at
Trenton, NJ (40.221N, 74.781W).

Webb Slocum gliders were used to obtain subsurface mea-
surements over the shelf. The Webb gliders occupy a cross-shore
transect across the MAB beginning in 2005 (Schofield et al., 2007);
however, the coverage in each month is not always complete. The
cross-shelf transects typically take on average 4–5 days and are
appropriate for comparing to the 4-day averaged satellite ima-
gery. The cross-shore transect typically spans the 15–100 m
isobaths (Fig. 1). The gliders were outfitted with CTDs (Sea-Bird
Electronics, Inc.) and occasionally with optical backscatter sensors
(WETLabs, Inc.). For this effort we were able to utilize the data
collected from 19 cross-shore transects; however, the coverage
was not uniform over the year. There were 7 transects available
during the fall and winter; however, many of the early transects
consisted of a glider that was not outfitted with a fluorometer or a
backscatter sensor. Only 2 of 7 transects in fall and winter had
any optical sensors present on board. Unfortunately no fluoro-
metry data is available for the winter season and only one
transect had only partial data of optical backscatter. There were
twelve transects that were available for both the spring and
summer and all the gliders were outfitted with optical backscatter
and chlorophyll fluorometers. We compared individual transects
and to specific satellite imagery and also averaged the glider
observations (Castelao et al., 2008b). While the glider data were
sparser than the satellite and CODAR data, it represented the
densest concurrent subsurface data available for the MAB.

2.4. EOF and cluster analysis

EOF analysis is the mapping of the multi-dimensional data sets
onto a series of orthonormal functions and is useful in compres-
sing the spatial and temporal variability of large data sets down to
the most energetic and coherent statistical modes. EOF results can
be quite informative; however, they do not necessarily demon-
strate causality and should be interpreted with caution. This
method was first applied by Lorenz (1956) to develop the
technique for statistical weather prediction. These approaches
have been extremely useful for analyzing ocean color images,
which have long time series and significant spatial variability
(Baldacci et al., 2001; Yoder et al., 2001; Brickley and Thomas,
2004; Navarro and Ruiz, 2006). As EOF requires data sets without
spatial gaps, we only used images that had less than 20% of pixels
removed because of clouds. Additionally, prior to performing EOF
analysis, any gaps in the data, due to clouds, were replaced by the
average of the surrounding 8 non-cloud pixels. Using the criteria
of less than 20% cloud cover, our final data set resulted in total of
468 4-day composites images with sufficient temporal resolution
to resolve short-lived chlorophyll events. The numbers of images
in each month used in the EOF analysis are presented in Fig. 2.
EOF analysis was performed after subtracting the temporal mean
of each pixel over the entire time series.

Additionally, we analyzed the chlorophyll variability using a
cluster analysis. This was used to access to what degree the different
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 3. Monthly mean chlorophyll (mg m�3) from January 1998 to December 2006

for MAB (shaded gray area in Fig. 1). The numbers on the top indicate the relative

percentage of annual mean chlorophyll associated for each month.

Fig. 2. Number of images used each month for the entire time series of 4-day

chlorophyll composites.
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environmental conditions were associated with the chlorophyll
concentrations over the 9-year data sets. Cluster analysis was carried
out using Ward’s method to minimize the sum of the squares of any
two hypothetical clusters that can be formed at each step (Ward,
1963) in order to emphasize the homogeneous nature of each
cluster. The cluster analysis was conducted using storm frequency,
maximum chlorophyll concentration and mean river discharge
during winter time (Dec.–Jan.) and carried out in SAS 9.1. The cluster
analysis was complemented with regression analysis based on storm
frequency, maximum chlorophyll concentration and mean river
discharge.
3. Results

3.1. Seasonal cycle

For the MAB (shaded gray area in Fig. 1), the spatially averaged
monthly chlorophyll concentration revealed an annual cycle char-
acterized by high values during fall–winter months (October–March),
which decreased until it reached lowest values during the highly
stratified summer months (Fig. 3). The integrated chlorophyll from
October to March represented 58% of the annual chlorophyll. The
fall–winter peak in chlorophyll began in the late fall and it persisted
throughout the winter into early spring of the next year. The
enhanced phytoplankton biomass in the fall–winter was most
obvious in 2005 when there were high chlorophyll concentrations
in November, which remained high until March 2006. There was
significant inter-annual variability in the magnitude of the fall–winter
events, for example in 2002–2003 the fall–winter chlorophyll bio-
mass was not as elevated as in the other years of this study.

The significance of the EOF modes for the spatial and temporal
variability in chlorophyll was tested following methods described
by North et al. (1982). The error produced in the EOF due to the
finite number of images was dl� lð2=nÞ1=2, where l is the
eigenvalue and n is the degree of freedom. Only the first two
modes were found significant. Spatial coefficients are presented in
Fig. 4A and C. The color of the coefficient is directly related to the
amplitude of the spatial coefficient. Temporal amplitudes of the
EOF modes are presented in Fig. 5A. Therefore, the combination of
the spatial and temporal variability can be obtained multiplying
the spatial coefficient by the temporal amplitude. In our case, the
first mode (Fig. 4A) explained 33% of the total variance, and was
related with the seasonal enhanced chlorophyll in the fall–winter.
It explained most of the variance between the 20 and 60 m
isobaths. All the spatial coefficients were positive with the max-
ima found nearshore and decreasing offshore. Consequently, when
they were multiplied by positive temporal amplitudes the whole
field increased with respect to the chlorophyll climatology. The
temporal amplitude with a 4-day interval showed high values in
the fall–winter almost every year. Sometimes, there was a small
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
(2011), doi:10.1016/j.csr.2011.05.019
increase of temporal amplitude in summer when the overall
chlorophyll concentration was low (o1 mg m�3 Chl) except for
the nearshore waters (o30 m water depth) where summer
upwelling is common (Glenn et al., 2004). The spatial and
temporal coefficients suggested that in the middle and outer shelf
the fall–winter enhanced chlorophyll was dominant.

The satellite-derived EOF Mode 1 was consistent with the
available glider observations (Fig. 6). The average sections for
salinity (Fig. 6A), temperature (Fig. 6B), and optical backscatter
(Fig. 6C) for the winter season showed very little vertical
structure, although there was a significant cross-shore gradient.
Salinity increased with distance offshore with highest values
beyond 60 km from shore (Fig. 6A). Associated with the inshore
lower saline waters were optical backscatter values that were 4–5
fold higher than those found in the offshore waters. The cross-
shore extent of high backscatter values corresponded to the
boundaries of satellite EOF Mode 1 (near 60 m isobaths) along
the glider transects; however it should be noted that the optical
backscatter measurements are also sensitive to the presence of
sediments and plankton; however the lack of vertical structure in
the glider optical data suggests that the winter satellite chlor-
ophyll estimates are not biased by the subsurface layering in the
phytoplankton populations.

The second EOF mode (Fig. 4C) explained 8% of the normalized
variance and the spatial variability in mode 2 identified two
different zones. The first zone had negative spatial coefficients
and was located in the coastal areas within the 60 m isobath. The
second zone had positive spatial coefficients located between the
80 and 150 m isobaths and extended to the MAB shelf-break front
(Linder and Gawarkiewicz, 1998). Given this, the second mode
applied to depths greater than 80 m and explained up to 32% of the
chlorophyll local variance at those locations (Fig. 4D). The ampli-
tude time series of the second EOF mode (Fig. 5B) generally showed
positive values during spring, so when multiplied by positive spatial
coefficients (yellow and red region in Fig. 4C) the whole field
indicated an increase in the chlorophyll concentration over the
shelf-break/slope during spring. Vice versa, the negative amplitudes
multiplied by negative spatial coefficients (dark blue region in
Fig. 4C) indicated that chlorophyll concentration increased such as
seen in New Jersey and Long Island coastal areas during the
summer months in 2001 and 2002. The increases of chlorophyll
concentration in the shallow coastal area during summer might be
correlated with upwelling events. Our results confirm the conclu-
sion by Glenn et al. (2004) that the coastal regions of New Jersey in
the summer of 2001 had one of the most significant upwelling
events over the 9-year records (1993–2001; Moline et al., 2004),
which resulted in high phytoplankton biomass. Mode 2 also exhib-
ited enhanced chlorophyll in the fall both on the shelf and over the
continental slope. The spring glider observations did exhibit
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 4. The EOF modes for chlorophyll in MAB. Left panels are the first two EOF modes, right panels are percentage of the local variance explained by each mode.
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enhanced particle concentrations (as detected by the optical back-
scatter data), both in nearshore (shallower than 30 m) and offshore
(deeper than 80 m) waters (Fig. 6C, bottom panel). The enhanced
particle concentrations in offshore waters were detectable during
the spring, consistent with the EOF mode 2 measured by satellite. In
contrast to the winter months, the spring optical data showed
significant vertical heterogeneity, with the highest values found at
depth. The enhanced backscatter values have been related to storm/
wave/tidally driven resuspension processes (Glenn et al., 2008). The
enhanced sea surface optical backscatter was associated with
increased water column salinity. Low salinity water consistently
had higher backscatter values in the surface (Fig. 6A, C, bottom
panel).

The chlorophyll climatology in the MAB was analyzed for the
two spatial zones delineated by the EOF analysis. The middle and
outer shelf region (Zone 1 enclosed in Fig. 4B where the local
variance were larger than 40%) identified by the first EOF mode
showed mean chlorophyll concentration that ranged between 1.3
and 2.3 mg m�3 with highest values observed in fall–winter, and
lowest values observed during summer (Fig. 7A, dotted thin line).
The highest chlorophyll values were inversely related to the
seasonal cycle of PAR and SST, which were highest in June and
August respectively. There was a two-month phase lag between
PAR and SST. The measured PAR values would lead to light
limitation in phytoplankton photosynthesis based on the avail-
able photosynthesis-irradiance measurements.

Six years of surface HF radar current data showed that during
winter the mean surface flow on the New Jersey shelf was
generally offshore and down-shelf (Fig. 8A). Based on wind data
from NDBC moored buoy 44009, winter was characterized by
strong northwest winds, which we define as a mean velocity of
9.1 m s�1 and occur 39% of the time (Gong et al., 2010). Based on
the extensive spatial and temporal analysis conducted by Gong
et al. (2010), we analyzed the correlations between winds and
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
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surface transport during the winter. The cross-shelf wind and
cross-shelf surface currents had strong correlations (R240.7)
during the late fall and winter (Fig. 7A, black bold line). Since
winds were predominantly from the northwest in winter, cross-
shelf flow was observed during this time (Fig. 8A, Gong et al.,
2010). The strong northwest winds thus increased the transport
of inner shelf fresh and nutrient rich water across the middle of
the shelf (Gong et al., 2010). As this occurred when chlorophyll
concentrations were high (Fig. 7A, thin line with dot), we
hypothesize that the cross-shelf transport of fresh water induced
intermittent surface stable layer, that promoted phytoplankton
growth. Moreover, the cross-shelf transport may carry coastal
phytoplankton populations from the nearshore (o20 m depths)
out across the areal extent of EOF zone 1. Therefore, the highest
phytoplankton concentrations occurred when the cross-shelf
currents were correlated with cross-shelf wind in the late fall
and winter. Simulations using passive particle tracers support this
interpretation (Gong et al., 2010).

The second EOF mode explained more than 25% of the variance
at the shelf-break/slope region (zone 2 enclosed in Fig. 4D). The
spatially averaged chlorophyll concentration in zone 2 exhibited a
maximum chlorophyll concentration in spring that fluctuated
between 0.3 and 1.5 mg m�3 over the year. Chlorophyll concen-
trations began to increase as PAR began to increase. The chlor-
ophyll concentration began to decline as SST began to increase
late in spring. The second peak of chlorophyll concentration
appeared in fall with a peak of 0.9 mg m�3 as climatological
means of PAR and SST began to decrease.

The six-year climatology of seasonal flow on the shelf during
spring was mostly down-shelf towards the southwest (Fig. 8B).
Northeast (along-shelf) winds were more common in spring and
fall. The response of surface flow under northeast winds was most
energetic during the transition seasons (Gong et al., 2010). There-
fore, the high correlation coefficient between along-shelf wind
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 5. Time series of the amplitude of the first two EOF modes. The gray

transparent bars indicate the winter months.
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and along-shelf current appeared during the transitional periods
(April–May and October–November; Fig. 7B, black bold line),
when the water column was stratifying in spring and as stratifi-
cation was eroded in fall. The northerly winds potentially bring
up shelf bottom boundary layer water through shelf-break
upwelling, which is a source of nutrients and could contribute
to enhanced chlorophyll in spring and fall (Siedlecki et al., 2008).

In EOF zone 2, there was another small peak of chlorophyll
concentration during strongly stratified month of August. Phyto-
plankton growth earlier in the season would have depleted the
nutrients in this region. Potentially onwelling along the slope, due
to prevailing southerly wind, might have provided a source of
nutrients (Siedlecki et al., 2008).

3.2. Mechanisms underlying the inter-annual chlorophyll variability

Over the 9-year time series, the magnitude of the enhanced
chlorophyll in the fall–winter varied between 1.9 and 5.2 mg chl
a m�3 (Fig. 9). One factor underlying the inter-annual variability
was the presence of buoyant river plumes. In our data, the largest
winter phytoplankton event occurred in 2006 and was associated
with sustained high river discharge through the winter (Fig. 9).
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
(2011), doi:10.1016/j.csr.2011.05.019
While precipitation that year was normal, it was a warm winter
and runoff was high as ice and snow formation was low. The 2006
river discharge event was observed by a Webb glider as a mid-
shelf low salinity plume (as indicated by declines of 2 salinity
units) in the upper mixed layer (Fig. 10B). The January 2006
winter plume was also evident as enhanced chlorophyll biomass
in the SeaWiFS chlorophyll 4-day composite image from January
25th to 28th (Fig. 10A). The river plume is often transported out
onto and south across the MAB under northwest wind conditions
(Chant et al., 2008b). The plume can promote phytoplankton
growth by stabilizing the upper water column and by transport-
ing chlorophyll rich water from the estuary out onto the outer
shelf offshore (Malone et al., 1983; Cahill et al., 2008). Addition-
ally the river transports CDOM and non-pigmented particulate
matter that can also lead to a 50–100% overestimate of chlor-
ophyll (Harding et al., 2004). This suggests that years of high river
discharge have the most biased satellite imagery. In spite of the
potential satellite bias, the large river plume in 2006 contributed
to the winter bloom as the river also transports extremely high
concentrations of phytoplankton (Moline et al., 2008). While 2006
was the most sustained winter river discharge event, there were
significant fall–winter discharge events in 1998, 2004, and 2005,
which were also associated with winter blooms (Fig. 9); however,
there were two years (1999–2003) where no clear relationship
between river discharge and winter bloom was found suggesting
other factors are also important.

Another major factor influencing the inter-annual variability in
the winter bloom magnitude was the frequency of storms. Storm-
induced mixing lowers the irradiance available to the phyto-
plankton as cells are circulated deep in the water column. The role
of the storms was difficult to study as storm periods are
associated with heavy cloud cover. We measured storm frequency
during the months of January and February using the NOAA
moored buoy 44025 where a stormy day was defined as one
when wind speeds exceeded 10 m s�1. There was a significant
inverse relationship between the percent of stormy days (storm)
in the winter and maximum winter chlorophyll concentration
(chl a; Fig. 11A): chl a¼4.34�0.05 storm (R2

¼0.18, P¼0.005). In
the winter, even small storms are able to induce significant
mixing in the water column (Dickey and Williams., 2001; Glenn
et al., 2008), which can increase overall light limitation of the
phytoplankton populations. We hypothesize that the storm fre-
quency and the river discharge are important to the winter
phytoplankton as both impact the stability of the water column.
Including winter river discharge in the estimation of the magni-
tude of the chlorophyll concentration improved the regression
statistics (chl a¼4.04�0.05 stormþ0.000309 river (R2

¼0.21%,
P¼0.02)).

We performed a cluster analysis to explore the relationship
between winter storm frequency, chlorophyll concentration and
river discharge. Results from the ten years record clustered into
two groups: one was 1998, 2000, 2003, 2004, and 2005; another
was 1999, 2001, 2002, 2006, and 2007. As shown in Fig. 11A,
these two clusters were separated at a winter storm frequency of
27%, which we hypothesize is the threshold where mixing is
sustained to decrease overall seasonal winter phytoplankton
concentrations.

The spring bloom occurred at the shelf-break/slope region. The
spring bloom began in late March (mean start date was March
22nd) where we defined the start of the bloom as when the
chlorophyll concentrations rise 5% above that year’s annual median
(Siegel et al., 2002). The initiation of the spring bloom was phased
around 16 days after the onset of sea surface temperature warming
on the MAB. This is consistent with the hypothesis that blooms
begin as the water column stratifies and phytoplankton are
maintained within the euphotic zone. Given this hypothesis, the
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 6. Vertical sections of glider transect. Salinity (left), temperature (middle), and backscatter (right) collected along the Rutgers Glider Endurance line (see Fig. 1 for

location; Schofield et al., 2007) during winter (top) and spring (bottom).

Fig. 7. Monthly climatology of SST (thin black line, 1C), PAR (dash line, Einstein’s

m�2 day�1) and chlorophyll (thin line with dot, mg m�3) averaged over the two

regions (zone 1 and zone 2 in Fig. 4) identified by the EOF analysis. Value averaged

over zone 1 is shown on panel (A) together with correlation coefficient between

cross-shelf wind and cross-shelf current (bold black line). Value averaged over

zone 2 is shown on panel (B), together with correlation coefficient between along-

shelf wind and along-shelf current. In both panels, correlation analysis used wind

observations from NDBC 44009 station, and HF radar currents along the cross-

shelf line, which is coincident with the glider endurance line (see Fig. 1 for

location).
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timing of the spring bloom should be sensitive to weather condi-
tions in the early spring that can precondition the shelf’s stratifica-
tion rate. Additionally, the timing of bloom can be important to the
magnitude of the spring bloom. If a bloom starts late, it may miss
the ‘window of opportunity’ with optimum mixing and light
conditions, resulting in a reduced bloom magnitude (Henson
et al., 2006). Using all available data there was not a significant
relationship between the magnitude of the spring bloom and
number of stormy days in early spring (February–March);
however, this was largely due to the spring 2003, which had a
very high chlorophyll concentration despite moderate stormy
conditions. Excluding 2003, there was a significant relationship
(Chl a¼3.62�0.0745 storm, R2

¼0.38, P¼0.001, Fig. 11B).
4. Discussion

Our 9-year of SeaWiFS chlorophyll data set showed two
distinct zones for phytoplankton activity on the MAB. The middle
and outer shelf region was associated with the recurrent winter
phytoplankton blooms. The outer shelf-break/slope region was
associated with the spring bloom. Although blooms in these two
regions were separated in both space and time; however the
magnitude of both blooms were both influenced by factors
impacting water column stability.

Winter and spring phytoplankton blooms represent the major
biological events in the MAB. The most recurrent and largest
phytoplankton bloom occurs in winter (Ryan et al., 1999, 2001;
Yoder et al., 1993, 2001, 2002), beginning in late fall and lasting
through February. The winter bloom begins as the seasonal
cooling erodes water column stratification, which results in the
convective overturn of the water column. This process is acceler-
ated by the passage of late fall storms (Glenn et al., 2008). The
erosion of the stratification allows nutrient rich bottom waters to
reach the surface alleviating nutrient limitation of phytoplankton
within the euphotic zone. The spring bloom occurs on the outer
shelf as seasonal warming begins to stabilize and stratify the
water column. This is consistent with classical view advanced by
Sverdrup (1953), and refined by Townsend et al. (1992) and
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 8. Seasonal surface currents on the New Jersey Shelf (cm s�1), vectors represent the current field and the color map is the magnitude of velocity: (A) Winter

(December–February) (B) Spring (March–May).

Fig. 9. Monthly and spatial averaged chlorophyll concentration (gray line) for area

(zone 1 in Fig. 4(B)) depicted by the EOF mode 1 (mg m�3). The triangle marked

black line represents the monthly mean river discharge in m3 s�1.
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Huisman et al. (1999), that phytoplankton blooms are initiated in
nutrient replete waters when vertical mixing rates are slow so
that phytoplankton photosynthetic rates are sufficient to support
significant phytoplankton growth. Thus light regulation is central
to both the winter and spring phytoplankton blooms on the MAB.

The winter blooms over the middle and outer shelf spanned
the 20–60 m isobath as delineated by EOF mode 1. We hypothe-
size that this depth range reflected the zone where a significant
fraction of the water column had sufficient light to support
phytoplankton growth. We used the satellite chlorophyll and
the Hydrolight radiative transfer model to estimate the depth of
the 1% light level for EOF mode 1 region. In the EOF mode 1 region,
the mean water depth was 41 m and the calculated mean 1% light
depth was close to 20 m; therefore 49% of the water column was
above the 1% light levels (Table 1). This is significant as the winter
blooms occur during the dimmest months of the year and
incident light levels on the ocean surface are low. Even on the
offshore side of the winter bloom at around 60 m a significant
fraction of the water column resides above the 1% light level,
which allows for significant photosynthesis (Falkowski and
Raven, 2007). These calculations assume that the attenuation of
light is only due to water and chlorophyll. In the MAB, especially
when Hudson River water is present, there are other optical
constituents (CDOM, detritus) that attenuate the light (Johnson
et al., 2003). To assess the potential impact of the presence of Case
II waters on the estimates of the 1% light depth, we combined the
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
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available optical measurements made in the Hudson River with
Hydrolight. The turbidity of the Hudson River during the LaTTE
experiment decreased as the water flowed offshore; therefore
we calculated the impact for two scenarios. Scenario 1 was using
data collected within the Hudson shelf valley where influence
of Hudson River runoff was small. Scenario 2 was the offshore
Hudson River, which represented turbid conditions within the
Hudson River plume on the MAB. For these waters where river
water was present, the depth 1% light level decreased to 10–20 m
depending on the rivers turbidity; however despite the increase
in turbidity 25–50% of the water column in EOF mode 1 would
remain above the 1% light level (Table 1). Thus in winter,
phytoplankton appears to have sufficient light to grow when
storm activity remains below the critical threshold of mixing.

The spring bloom occurred further offshore than the winter
bloom and extended inshore of the MAB into shelf-break/slope
area. Climatological temperature and salinity observations gen-
erally placed the foot of the front at the 80 m isobaths (Wright,
1976); however, the front location can vary by as much as 20 km
(Linder et al., 2004). Therefore, the shelf-break front can possibly
affect the offshore extent of the winter bloom and generally
coincides with offshore extent of the spring bloom. The shelf-
break and slope area range from 200 to 681 m water depths and
based upon the mean satellite measured chlorophyll the 1% light
depth was 33 m. This euphotic zone represents 5–17% of water
column. Therefore the phytoplankton blooms occur only after the
solar radiation began to increase which increases the flux of light
to the surface ocean and also helps stabilizing the water column
by warming the surface water. This allows the cells to overcome
chronic light limitation in a deeply mixing water column
(Sverdrup, 1953).

The temporal amplitude of the EOF analysis (Fig. 5) demon-
strates the seasonal timing of chlorophyll blooms was consistent
between years; however, there was considerable inter-annual
variability in the magnitude of the winter and spring blooms. The
variability in the magnitude of the blooms was associated with
factors that alter the water column stability. Winters with low
storm activity were characterized by having large winter phyto-
plankton blooms. Additionally the middle and outer shelves can
be significantly influenced by the Hudson River that can deliver
large buoyant plumes (Castelao et al., 2008a). These buoyant
plumes stabilize the water column and transports chlorophyll
from estuaries onto the shelf (Moline et al., 2008). In contrast, the
spring bloom requires the shelf-break/slope water to stratify
before the bloom can occur. Once the system is stratified, the
pycnocline on the MAB is extremely strong and is generally not
disrupted until later autumn when wind mixing and surface cool-
ing lead to convective overturn (Biscaye et al., 1994). Given this,
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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Fig. 11. (A) Percentage of stormy days against maximum SeaWiFS chlorophyll concentration (mg m�3) in the area depicted by EOF mode 1, (B) Percentage of stormy days

against maximum SeaWiFS chlorophyll concentration (mg m�3) in area depicted by EOF mode 2. In panel (A), wind observations are from NDBC 44025 during Dec.–Jan.,

while in panel (B), winds are from NDBC 44014 during Feb.–Mar.; the star for 2003 marks it as an outlier.

Fig. 10. (A) SeaWiFS chlorophyll 4-day composite image (January 25th–28th, 2006). The white line on this panel indicates the location of the glider transect. (B) Salinity

cross-section measured with a glider along the transect shown in panel (A). The glider measurement is from 2006 January 18th to 23rd.

Table 1
Chlorophyll (mg m�3) and light environment for the two regions defined by the

EOF analysis in the MAB. For the shelf waters the 1% light depth was calculated

using Hydrolight combined with optical data collected during the LaTTE experi-

ment (Chant et al., 2008b, Moline et al., 2008).

Parameter Shelf
(zone 1)

Shelf-break
(zone 2)

Mean Chl a (mg m�3) 1.7 0.7

Maximum Chl a (mg m�3) 4.9 2.1

Minimum Chl a (mg m�3) 0.6 0.2

Mean 1% Light depth (m) 20 33

Maximum 1% Light depth (m) 12 27

Minimum 1% Light depth (m) 36 55

Mean Water Depth (m) 41 200–681a

Percent of water column above the 1% light (%) 49 5–17

Shelf valley ac-9 data 1% light depth (m) 20

Offshore Hudson River ac-9 data 1% light depth (m) 10

a Much of zone 2 occurs over the continental slope. Therefore we show the

depths at the inner edge of the continental slope and the mean depth of zone 2.
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the factors influencing the stratification rate are the key variables
to predicting the shelf-break/slope phytoplankton bloom. In the
work of Lentz et al. (2003), they suggest that the direction,
magnitude, and timing of spring wind stress events play an
important role in inter-annual variations in stratification. For
the unique year 2003, precipitation, river runoff, sea surface
temperature, and air temperature were not unusual and could
not account for the high spring time chlorophyll concentration.
Please cite this article as: Xu, Y., et al., Seasonal variability of chlo
(2011), doi:10.1016/j.csr.2011.05.019
The late winter 2003 were characterized by strong southwest
winds; however, by early spring the winds shifted northeast. This
resulted in predominately down-shelf and onshore transport.
These northeast winds were not extremely strong in magnitude
but they were sustained throughout the spring. Compared with
other years, the 2003 spring had higher frequency of down-shore
(53 days compared with the 11 year mean of 41 days) and
towards-shore (48 days compared with the 11 year mean of 41
days) winds. Under such wind conditions, there was convergence
in the bottom waters at the shelf/slope, which can result in
upwelling conditions that promote phytoplankton blooms
(Siedlecki et al., 2008). Therefore, while regional pre-spring wind
does impact the magnitude of the spring bloom, this relationship
is not particularly robust as it can be overcome by local winds.
The correlation between storminess and bloom magnitude was
consistent with open ocean sites (Henson et al., 2006) where
storms delay the stratification of the upper ocean.

Since the MAB hydrography strongly influences the spatial and
temporal patterns in satellite chlorophyll, understanding these
processes is critical as the shelf water of MAB is experiencing
significant changes in its temperature, salinity (Mountain, 2003).
Since the 1990s, the shelf water, which is the primary water mass
in the MAB, has become warmer, fresher, and more abundant
than during 1977–1987. This has been correlated with transport
of Scotian Shelf water and slope water and local atmospheric heat
flux (Mountain, 2003). These changes are likely to influence the
stratification dynamics on the MAB. The freshening of the ocean
can enhance vertical stratification that has been shown to be
critical to the timing and magnitude of phytoplankton blooms
(Ji et al., 2007). Additionally winter wind stress has increased in
rophyll a in the Mid-Atlantic Bight. Continental Shelf Research
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the last decade on the MAB and these changes have been
associated with decadal declines in chlorophyll biomass in the
fall and winter (Schofield et al., 2008). Given this, future work
should focus on determining the critical thresholds between
water stability and phytoplankton growth. While maximum
chlorophyll concentration was affected by storm frequency and
river plume, other biological factors such as nutrient concentra-
tions or grazing may also be important. This requires new data
collected for sustained periods of time to complement satellite
imagery. The use of gliders as observational platforms allowed for
shelf waters to be sampled frequently over long periods of time.
Therefore, we recommend gliders and satellite observations be
focused during the transition season and provide the basis for
evaluating the relationship between stratification/destratification
and the blooms in the future.
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