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ABSTRACT. Spatial ocean-observing technologies are permitting researchers to

collect data for sustained periods on broad continental shelves. Key technologies used

are satellites, high-frequency (HF) radar, and autonomous underwater gliders, which
together have allowed study of Mid-Atlantic Bight (MAB) dynamics for the past

decade. MAB stratification is the dominant feature regulating annual phytoplankton

productivity. Stratification begins in the spring, and by early summer forms one of

the worldis sharpest thermoclines (temperatures range from ~ 30° to 8°C in just a few

meters). Strong stratification deprives the euphotic zone of nutrients until it erodes

later in the year. Therefore, it is not surprising that during late autumn and winter,

when stratification has eroded, the largest and most recurrent MAB phytoplankton

blooms are observed. These fall/winter blooms occur on the inner shelf; the offshore

extent of the phytoplankton appears to be limited by light. Comparison of data from
the 1970s and1980s to the last decade suggests phytoplankton bloom size on the MAB

has changed, with the magnitude of the fall and winter blooms declining. Declines

in the fall are consistent with the hypothesis that erosion of MAB stratification

is occurring later in the season. Declines in winter appear to be associated with

an increase in winter winds that enhance winter mixing, which in turn increases

the light limitation of the phytoplankton. The increase in winter winds occurred

during transition to a positive phase of the Atlantic Multidecadal Oscillation.

Our experience emphasizes the importance of spatial time series for studying

broad continental shelves.

INTRODUCTION

The coastal ocean reflects a combination
of local, regional, and global processes,
many of which are impacted by human
activity. Currently, close to 1.2 billion of
the worldis people (23% of the human
population) live within 100 m of sea level
and 150 km from the coasts (Small and
Nicholls, 2003; Small and Cohen, 2004;
Figure 1). These coastal communities are
disproportionately important to their
national economies (NOAA, 1998), and
their significance will increase (Vitousek
et al., 1997), given current projections
that human populations will continue to
migrate there (Boesch et al., 2000; Small
and Nicholls, 2003). Built infrastructure,

pollution, and other pressures associ-
ated with large human populations will
even more severely impact local coastal
ecosystems. Thus, it will be increasingly
important to improve coastal manage-
ment to ensure sustainability of ocean-
related economic activity (Boesch et al.,
2000). Despite these increasing pres-
sures, current coastal ocean sampling
strategies are not sufficient to document,
much less manage, human-induced
changes, especially when such changes
are difficult to discern because they are
embedded in long-term secular and
cyclical trends in the ocean system.
Many of the most densely populated
coastal regions on Earth are found on

western continental boundaries, which
tend to be characterized by broad con-
tinental shelves that experience large
seasonal cycles (Figure 1). The inner
shelves are often river dominated. They
are also recycling shelves character-
ized by tides, wind-driven flows, and
elemental cycling dynamics that are
often biologically mediated with long
exchange times (greater than a month)
(Chen et al., 2003). These regions are
extremely productive, and shelf ecology
is strongly coupled to shelf seasonal-

ity. Climate change is likely to alter the
seasonal dynamics of these systems and
thus has significant ecological implica-
tions. Studying these seasonal dynamics
is difficult using traditional sampling
techniques, which are prohibitively
expensive for use over long time periods.
Technical limitations, the interdisciplin-
ary nature of the problems, and the need
for sustained time series have made it
difficult to fund large interdisciplinary
efforts to resolve these issues.

The Coastal Ocean Processes (CoOP)
program was unique, as it encouraged
large interdisciplinary field campaigns
beyond the scale of traditional grants,
while simultaneously encouraging devel-
opment of new technologies that will
provide a path forward for the coastal
ocean science community for decades to
come. This philosophy was particularly
rare when the program was initiated, and
the programis support has been critical
to our team (Rutgers University Coastal
Ocean Observation Lab; see http://
rucool.marine.rutgers.edu), which has
focused on developing a shelf observa-

tory over the last 15 years (Glenn and
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Figure 1. Global ocean temperature contrast between winter and summer months, which were designated based on the mean seasonal
temperatures measured with the AVHRR satellite. Data were measured between 1995 and 2005. The grey shades on the land masses indicate

human populations (dark grey = high human populations).

Schofield, in review). The scientific com- and societal return. Thus, in this article,

munity is currently embroiled in rigor- we highlight a decadeis worth of data
ous discussion regarding to what degree collected using our continental shelf
observatory (Glenn et al., 1998; Schofield

et al., 2002). Based on this experience,

it should invest in sustained ocean-
observing capabilities. We believe these

investments will have a large intellectual ~ we believe observatory approaches will
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offer the community the ability to study
continental shelves in a sustained man-
ner, which is critically important because
many continental shelves are exhibiting

significant changes now, in our lifetimes.

MAB HYDROGRAPHY AND
CIRCULATION

We established a cross-shore time series
using Webb Slocum gliders in the fall of
2003 (Schofield et al., 2007; Figure 2).
The Webb gliders documented the sea-
sonal evolution of shelf stratification,
which began in spring and deepened to
30 m by autumn (Figure 2; Castelao et al.,
2008). Buoyancy frequency, computed
from the difference between the shallow-
est and deepest density measurements
(Figure 3), was used to assess water-col-
umn stability. The glider-derived buoy-
ancy frequency confirmed that the water
column was vertically homogeneous
early in the year. The region close to the

coast became stratified first (April/May),



soon after the spring freshet. By early
June, stratification was strong over the
entire shelf. Waters inshore of the 40-m
isobath remained more stratified than
the offshore region, primarily due to the
influence of low-salinity water from the
Hudson River, which also helped trap
surface heating in a thin surface layer,
further increasing its buoyancy. Those

conditions persisted until late September/
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early October, when the increase in the
frequency of storms in the MAB rapidly
destroyed stratification. This stratifica-
tion is a dominant physical feature for
the MAB ecosystem and determines the
nutrient availability, which ultimately sets
overall system productivity.

The mean MAB circulation, described
by Beardsley and Boicourt (1981), using

a few current meter arrays, suggested

10 15 20 250

an annual mean downshelf flow on the
order of 5 cm s to the southwest. They
also noted, however, that the instanta-
neous alongshelf flow could be an order
of magnitude larger and in either direc-
tion, depending on wind forcing. Using
an extensive HF radar array (Schofield
et al., 2002; Glenn and Schofield, 2003),

we continuously measured the spatial

seasonal surface currents for the entire
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Figure 2. Seasonal climatologies built with Webb-glider measurements. The glider occupied a cross-shore line
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Longitude

(lower right panel) across the Mid-Atlantic Bight. The time series was initiated in late October 2003. All gliders

are equipped with a conductivity-temperature-depth sensor; however, only some gliders are outfitted with optical sensors. The data presented
include salinity (salinity units) in column 1, temperature (°C) in column 2, optical backscatter at 532 nm (m™), and chlorophyll a (mg chl a m?3)
measured by in situ fluorescence. Black lines on the winter backscatter panel indicate the range of the 1% light level based on measured chloro-
phyll values. The arrow indicates the edge of the winter chlorophyll bloom.
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Figure 3. The annual cycle of buoyancy frequency (s) measured by the Webb gliders.
The buoyancy frequency (N =—-g /9 /9z 0 p p) was computed based on the differ-

ence between the shallowest and deepest density measurement at a site.

shelf for almost a decade. We used this
data set to derive surface-current clima-
tologies (Gong et al., in review).

Given the importance of wind-driven
shelf circulation, two-dimensional his-
tograms of wind speed and direction
(Figure 4a—c) were calculated for the
stratified summer (June-September), the
well-mixed winter (December—March),
and the transitional seasons (April-May,
October-November). The dominant
wind during the stratified season
was alongshore from the southwest
(Figure 4a) and associated with the
persistent high-atmospheric-pressure
system located offshore Bermuda. The
winter is dominated by cross-shore
winds from the northwest (Figure 4b).
The major winds during the transition
seasons are split between alongshore
winds from the southwest and the

northeast (Figure 4c). The corresponding
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conditionally averaged seasonal surface
current responses (Kohut et al., 2004;
Gong et al., in review) for the dominant
winds are plotted for each season in
Figure 4d-f. During the stratified season,
the observed response to the dominant
alongshelf wind was weak surface
currents (< 12 cm s!) that flow to the
northeast on the inner shelf and then
turn offshore at midshelf. The cross-
shelf currents are strongest just south of
the Hudson Shelf Valley. In winter, the
dominant surface flow is cross shore.
During the transition seasons, along-
shore winds are equally dominant from
the northeast and the southwest. The
southwest wind response is again weaker,
with typical values in the 8-10 cm s™
range, and it is similar to the stratified
response, but with a weaker cross-shelf
transport. The averaged current response

to the stronger winds from the northeast

reaches 20 cm s over much of the shelf,
and it is predominantly alongshelf over
much of the region. The Hudson Shelf
Valley again has an influence, with
currents to the north being deflected
shoreward, and very small currents
being observed on the leeward side

on the inner to midshelf. Correlations
between the cross-shore and along-
shore winds and currents (Figure 4g-i)
were calculated along a cross-shelf line
plotted on the maps in column 2 of
Figure 4, which corresponded to the
glider time series (Figure 2). This region
was not influenced by the complicated
flows associated with the Hudson Shelf
Valley. During the summer stratified
season, the alongshore winds are highly
correlated with cross-shelf transport
over most of the mid to outer shelf
(Figure 4g). During winter, the correla-
tion between cross-shore currents and
alongshore winds was very small across
the entire shelf. During this period,
cross-shore currents were highly corre-
lated with cross-shore winds (Figure 4h).
Alongshore currents over the inner half
of the shelf are correlated with along-
shore winds. During the fall and spring
transitions, the high correlation extends

over much of the shelf (Figure 4i).

PHYTOPLANKTON BIOMASS
ON THE MAB

The major physical feature regulating
overall annual primary productivity of
the MAB is the seasonal stratification
of the shelf. Phytoplankton biomass
on the MAB is low after the shelf has
stratified and nutrients are depleted in
the euphotic zone (Figure 2). Only the
nearshore productivity remains high
throughout the summer months due

to recurrent coastal summer upwelling
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Figure 4. (Column 1) Two-dimensional histogram of wind speed and direction from the Delaware Bay buoy with colors indicating the number of occurrences
observed between 2002 and 2007 for (a) stratified, (b) mixed, and (c) transitional seasons. (Column 2) Conditionally averaged 17 CODAR surface current
maps for the dominant wind direction for (d) stratified, (e) mixed, and (f) transitional seasons. (Column 3) Correlations between the cross and alongshore
components of the buoy winds and the CODAR surface currents along the cross-shelf line shown on the maps in Column 2 for (g) stratified, (h) mixed, and
(i) transitional seasons. Station numbers correspond to the dots along the line, with Station 1 on the inner shelf and Station 8 on the outer shelf.

(Glenn et al., 2004; Figure 2). During the
stratified season, phytoplankton popula-
tions on the outer shelf are confined to
the top of the pycnocline as cells rely on
the diffusive fluxes of nutrients across
this density barrier, given the strong
stratification (Figure 3). The MAB pyc-
nocline is sufficiently intense that even

tropical storms and hurricanes cannot

erode it (see Figure 2 in Glenn et al,,
2008). Therefore, it is not surprising that
the largest and most recurrent phyto-
plankton blooms on the MAB occur dur-
ing the late fall and winter seasons (Ryan
etal,, 1999; Yoder et al., 2002; Xu et al,,
in review) when frequent storms and

the seasonal convective overturn disrupt

shelf stratification, and nutrients in the

euphotic zone are replenished.

Spatially, winter blooms are confined
to the inner half of the MAB shelf
(Figure 5), and the magnitude of the
winter bloom appears to be inversely
correlated with the number of stormy
days on the MAB (Xu et al., in review).
We hypothesize that this relationship
reflects the increasing light limitation of
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Figure 5. Spatial and temporal dynamics of the chlorophyll a measured on the MAB. The panels on the left-hand side are the amplitude
time series of an empirical orthogonal function (EOF) decomposition for chlorophyll (green lines, mg Chl m=). The EOF consisted of the
decomposition of the SeaWiFS and CZCS time-series data set collected for the MAB. Two major EOF modes were identified, associated
with the winter and spring/fall blooms. The dotted green line is based on the data collected with the SeaWiFS system, and the solid
green line is the decomposition for the CZCS data. Black lines are the mean photosynthetically active radiation (PAR; black line in the
upper panel, mW cm? pm™), and sea surface temperature (black line in the lower panel, °C). The right-hand panels show the spatial
modes of the chlorophyll EOFs measured for SeaWiFs. For the spatial maps, the EOFs are expressed as a percentage of the local variance
explained by each mode, and the panels show the percentage of the local variance explained by each mode (winter and spring) of the
chlorophyll EOF decomposition. There was not a large difference in the spatial maps between the SeaWiFs and CZCS satellite data.

the phytoplankton with storm-induced
mixing in the dark winter months (Xu et
al., in review). The winter bloom extends
from nearshore to a mean depth of

41 m, which, based on the average cli-
matological chlorophyll concentrations,
suggests that close to 50% of the water
column is above the 1% light level (i.e.,
sufficient to support photosynthesis; see
Xu et al., in review). For deeper waters,
the spring bloom is associated with

the onset of stratification. This spring
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bloom is smaller and shorter than the
winter bloom and is strongest on the
outer shelf, which stratifies in the late

spring (Figure 5).

CHANGES IN THE MAB
ECOSYSTEM?

Reports indicate that MAB temperature
and salinity have changed over the last
decade (Mountain, 2003); however,
assessing whether there have been corre-

sponding changes in the MAB ecosystem

has been difficult, given the lack of sus-
tained decadal time series. To determine
whether any potential changes can be
discerned, we calculated the mean sea-
sonal differences in the chlorophyll mea-
sured by the Coastal Zone Color Scanner
(CZCS; mission span = 1978-1986) and
the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS, mission span = 1998-
2006). We acknowledge the difficulties
in comparing different satellite systems.

For example, aerosol parameterization



represents only one uncertainty when
comparing CZCS versus SeaWiFS; how-
ever, given our relatively large temporal
and spatial scales, we estimate the bias
due to continental aerosols (dust, sul-
fates) on CZCS-derived chlorophyll is
approximately 20%. Overall, terrestrial
aerosols result in an overestimate of
CZCS chlorophyll values, which would
result in smaller values in the winter and
larger values in the summer.

Comparing the data, we found that
the summer values measured by both
satellites were comparable (Figure 5),
which suggests that this approach is
promising. The MAB chlorophyll bio-
mass changed in the MAB over the last
few decades (Figure 6). The fall and win-
ter seasons show declines (43 and 29%,
respectively), while the spring and sum-
mer months show small increases (8 and
14%, respectively) (Table 1). The annual
change in the MAB chlorophyll con-
centration is close to -14%. This figure
is significant given that the fall/winter
blooms account for close to 63% of the
annual chlorophyll and also represent
the most recurrent blooms on the MAB
(Ryan et al., 1999; Yoder et al., 2002; Xu
et al., in review). Declines in chlorophyll
during the fall appear to be distributed
over the entire shelf, which implies that
any of the underlying processes driving
the changes must operate over the entire
MAB. A likely candidate is seasonal con-
vective overturn in the autumn, which is
associated with ocean cooling and which
may have shifted to later in the year.

What climate scale forcing might
underlie these changes? The Atlantic
Multidecadal Oscillation (AMO) is a
measurement of the basin-scale vari-
ability of sea surface temperature (SST)

in the northern hemisphere (Kerr, 2000).

The AMO index for the past 60 years has
completed one cycle with temperature
oscillations of +/- 0.5°C and a multi-

decadal low frequency amplitude of

+/- 0.3°C (Figure 7). The AMO was in a
cool phase from the mid 1960s until the
mid 1990s; however, since the mid 1990s,
the AMO has entered a warm phase. The
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Figure 6. Seasonal chlorophyll differences measured by the CZCS and SeaWIFS satellites. Red
colors indicate regions where chlorophyll has increased. The blues indicate where the chloro-
phyll values have decreased.

Table 1. The integrated change in seasonal chlorophyll over the different seasons
(g Chl a m? per season) for the Mid-Atlantic Bight derived from CZCS and
SeaWiFS ocean color satellite sensor measurements.

Spring 2.52 2.74 0.21 8

Summer 173 2.02 0.29 14
Fall 3.89 273 -1.16 -43
Winter 3.61 2.80 -0.81 -29
Total 13.00 11.35 -1.66 -14
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previous warm phase lasted from the
mid 1920s to the early 1960s.

The AMO shift from the cool phase to
the warm phase in the mid 1990s coin-
cides with a shift in the cross-shelf wind
strength measured by NOAA (NDBC
Buoy 44009) just outside Delaware
Bay. The buoy wind measurement is
representative of wind over the MAB.
Cross-shelf wind blowing offshore is
maximum during winter (Figure 7).
During the time period from 1987 to

1995, the two-month low-pass, mean

wintertime wind speed was 3.54 m s. In
the years following, from 1996 to 2007,
the mean wintertime wind speed was
4.72 m s’. The velocities correspond to
wind stress of 0.02 N m?and 0.035 N
m?, respectively (Large and Pond, 1981).
The low-frequency cross-shelf winter-
time wind stress increased 75% over the
period of a decade. Storm intensity is the

key variable determining the magnitude

of the winter bloom (Xu et al., in review).

Therefore, the declines in MAB winter

blooms are likely associated with the
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Figure 7. (A) The AMO Index from 1948 to 2008. Periods of CZCS and SeaWiFsS satellite operations are

highlighted in gray. (B) Cross-shelf (top) and along-shelf (bottom) wind measured at NOAA NDBC Buoy
44009 from 1987 to 2008. Two-month low-pass filtering was applied to the data. The red box indicates
the wind levels associated with enhanced winter mixing.
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increase in storminess associated with
the positive phase of the AMO.

CONCLUSIONS

The ability to resolve the spatial vari-
ability of multiple parameters over
seasonal scales is a significant advance
for coastal ocean research. On the MAB,
spatial time series have documented that
there is winter cross-shore transport of
large phytoplankton blooms driven by
northwest winds. The offshore extent

of the winter blooms appears to be
constrained by water-column depth.

In the spring transition season, the

onset of stratification allows for phyto-
plankton blooms in the deeper waters

of the continental shelf. These spring
blooms are then advected alongshore by
alongshore winds. During the summer
months, the shelf is highly stratified and
has low primary productivity except for
nearshore waters, as southwest winds
drive coastal upwelling. The productivity
of the autumn transition season largely
reflects the timing of the breakdown of
shelf stratification. We observed large
seasonal changes in primary productivity
over the last few decades. Declines are
evident in the fall and winter seasons.
For winter blooms, the AMOis positive
phase is associated with an increase in
the number of winter storms that would
decrease winter phytoplankton produc-
tivity by increasing water-column mixing
and decreasing upper water-column light
availability. We hypothesize that declines
in fall productivity reflect later seasonal
breakdowns in MAB stratification.
Understanding these factors will require
a more complete three-dimensional time
series then we presently have; however,
autonomous underwater vehicle technol-

ogy has matured to a point where it will



be a critical tool for ocean observing.
Measuring the timing of stratification
erosion is difficult using traditional
ship strategies because this transition
appears to happen quickly when sea-
sonal cooling preconditions the shelf,
which is then mixed by large storms
(Glenn et al., 2008).

Spatial time series will enable new
insights into continental shelf processes
as researchers will be able to resolve both
the mean and fluctuating properties of
the system. Fluctuating properties are
distinctly different from mean proper-
ties; they are energetic and spatially
variable. Climate change is altering both
the mean and fluctuating properties
of the coastal ocean. Many biological
responses occur over the temporal and
spatial scales of the fluctuating proper-
ties. New enabling technologies will
allow sampling of these changing fluctu-
ating properties in the coming decade.
There is an urgent need for this research,
as communities will be increasingly
impacted by local ocean changes, and
oceanographers will be asked to provide
insight and guidance toward managing

the changing coastal ocean.
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