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Mixing has long been recognized as having an important role in influencing underwater light and

nutrient budgets and thus regulating phytoplankton bloom. Mixing related to stratification and de-

stratification is a key parameter of the physical environment that can control the timing and magnitude

of blooms. Here we use a high-resolution three-dimensional biogeochemical model in the Mid-Atlantic

Bight (MAB) to study phytoplankton bloom dynamics for the years 2004–2007. We present a simulated

fall-winter bloom in the shelf region and spring bloom in the shelf-break front region. The ratio of light

over mixed layer depth (MLD) was used to determine the trade-off effects of mixing (increase mixing

will increase nutrients availability but decrease light availability). We find that the critical light value

(I0chl mas) is around 60 (W m�2) for the shelf region and 150 (W m�2) for the shelf-break front region.

There is a predictable linear regression relationship between I0chl mas and depth. A sensitivity run with

no wind forcing was used to test the role of wind-induced mixing on the balance between light and

nutrient terms and its influence on timing and magnitude of the bloom. The phytoplankton dynamics in

the shelf-break front region are found to be more sensitive to the wind-induced mixing.

Published by Elsevier Ltd.
1. Introduction

Broad continental shelves are highly productive systems that
are globally significant zones for the biogeochemical cycling of
elements (Longhurst, 1998). This is especially true for the Mid-
Atlantic Bight (MAB), which has an extremely productive ecosys-
tem that is fueled by large seasonal phytoplankton blooms
(O’Reilly and Busch, 1984; O’Reilly et al., 1987). This has moti-
vated numerous observational studies on the physical forcing of
phytoplankton blooms in the MAB. These studies have documen-
ted the spatial and temporal variability in phytoplankton biomass
in the MAB and have hypothesized about the key physical
processes that underlie the observed variability. The 12 yr
(1977–1988) NOAA NMFS Marine Resource Monitoring and Pre-
diction (MARMAP) survey of the Northeast of US continental shelf
found the highest phytoplankton concentrations during the
winter-spring (O’Reilly and Zetlin, 1998). This was consistent
with previous results from the Coastal Zone Color Scanner (CZCS)
and Sea-viewing Wide Field of view Sensor (SeaWiFS) imagery
that showed a fall-winter maximum of chlorophyll concentration
in the middle and outer shelf waters and a spring maximum in
the shelf-break/slope waters (Ryan et al., 1999; Xu et al., 2011;
Yoder et al., 2001). Despite these large data sets, the observational
studies did not have the spatial and temporal data required to
Ltd.
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link the environmental factors that underlie the phytoplankton
dynamics. This has prompted the development of coupled eco-
system models to test hypotheses about the physical regulation of
the MAB phytoplankton communities (Fennel et al., 2006).

Models describing phytoplankton dynamics must reconcile a
phytoplankton’s need for light and nutrients, both of which are
related to the overall mixing in the water column. The limitation
of light to support phytoplankton growth builds on the (Sverdrup,
1953) ‘‘critical depth’’ model which predicts the initiation of
phytoplankton blooms only after cells reside at a the critical
depth where photosynthesis is larger than respiration allowing
for the build-up of biomass. The maximum depth suitable for
phytoplankton photosynthesis is most often defined as the depth
where photosynthetic available radiation (PAR) is 1% of its surface
value. While the absolute lower limit of light capable of support-
ing photosynthesis is still a subject of debate (Dubinsky and
Schofield, 2010), estimates of the compensation depth irradiance
based on Sverdrup’s theory suggest it is relatively uniform
throughout many regions of the ocean (Siegel et al., 2002). If
light is present in sufficient quantities, the magnitude and
duration of the bloom is then a complex function of mixing,
nutrient availability (Tilman, 1982) and grazing pressure (Fasham
et al., 1990; Gentleman et al., 2003; Martin, 1965; Turner and
Tester, 1997). The flux of nutrients to the euphotic zone is
determined by mixing across the nutricline, which can happen
with mixed layer depth (MLD) increase if it is associated with
entrainment. MLD thus has been demonstrated to be a key factor
in determining phytoplankton abundance (Behrenfeld et al.,
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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2002; Field et al., 1998); however while vertical mixing in the
upper-ocean boundary layer can increase productivity in the
surface waters through enhanced nutrient supply from deep
waters it can also decrease productivity due to mixing phyto-
plankton below the critical depth and therefore introducing the
possibility of light limitation (Dutkiewicz et al., 2001). To para-
meterize the relative roles of mixing and light availability the
ratio of Zmld (mixing layer depth) to Zeu (euphotic depth) has been
used to describe the regulating primary production (Huisman
et al., 1999; Irigoien and Castel, 1997); however, this ratio only
reflects the relationship between surface light condition and MLD.
Therefore, the ratio of integral of light in the euphotic zone and
MLD ð

R 0
�Zeu

IðzÞdz=zmldÞ might be a preferred value to compare the
balance between light limitation and nutrient limitation.

We use time series of satellite chlorophyll and 3-D biophysical
model simulations to investigate the relative importance of
mixing rates and light availability for phytoplankton populations
in the MAB.
Fig. 1. Model domain (light gray). Dark gray and gray highlight the Zone 1 and

Zone 2 region identified by Xu et al. (2011). Red and green lines show the glider

transects. Red and green square symbols represent the grid point used for

calculation in Zone 1 and Zone 2. The black lines with number show the

bathymetry. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
2. Methods

For this project we utilized data collected by the Mid-Atlantic
Regional Coastal Ocean Observing System (MARCOOS) that is part
of the United States Integrated Ocean Observing System (IOOS)
(Schofield et al., 2010). MARCOOS provided an extensive data set to
validate biological model simulations. In this effort we used surface
data provided by ocean color satellite imagery and in situ data
collected by Webb Slocum gliders (Schofield et al., 2007).
2.1. The biogeochemical model

In this study we used the Regional Ocean Modeling System
(ROMS, http://www.myroms.org) (Haidvogel and Beckmann, 1999;
Wilkin et al., 2005) which was configured to the continental shelf of
the Middle Atlantic Bight (MAB) (the model domain is shown in
Fig. 1). The model has a horizontal grid resolution of approximately
5 km, and uses 36 vertical layers in a terrain-following s-coordinate
system. The biogeochemical model was developed and described in
Fennel et al. (2006). The model here assumes nitrogen is the major
limiting nutrient, which is a reasonable assumption as nutrient
budgets indicate nitrogen limitation is frequently observed in the
MAB (Ryther and Dunstan, 1971; Sharp and Church, 1981). Also
nitrogen availability in the MAB is found the key nutrient to
accurately simulating primary production (Fennel et al., 2006).
The basic structure of this model follows a classical Fasham model
(Fasham et al., 1990) and is constructed using seven state variables:
phytoplankton, zooplankton, nitrate, ammonium, small and large
detritus, and chlorophyll. The time rate change of phytoplankton is
influenced by the growth rate of phytoplankton, grazing by zoo-
plankton, mortality, aggregation of phytoplankton to small and
large detritus, and vertical sinking of the aggregates. This model
drives phytoplankton growth (m) through variations in temperature
(T) (Eppley, 1972), incident light intensity (I) (Evans and Parslow,
1985), and the availability of nutrients (Parker, 1993), following:

m¼ mmaxf ðIÞðLNO3
þLNH4

Þ ð1Þ

mmax is the maximum growth rate which depends on tem-
perature. I is the photosynthetically available radiation and
decreases with water depth due to absorption by seawater
(assumed constant) and the time and spatially varying chloro-
phyll computed by the model.

I¼ IðzÞ ¼ I0par exp�zðKwþKchl

Z 0

z
ChlðzÞdzÞ ð2Þ
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where I0 is the surface incoming light and is the shortwave
radiation flux from NCEP reanalysis data, par is the fraction of
light that is available for photosynthesis and equals 0.43. Kwand
Kchl are the light attenuation coefficients for water and chlor-
ophyll, and are set to 0.04 m�1 and 0.025 (mg Chl)�1 m�2

respectively (Fennel et al., 2006). Thef ðIÞ represents the
photosynthesis-light (P–I) relationship. The parameter a is the
initial slope of the P–I curve. The terms LNO3

and LNH4
represents

the nutrients limitation.

f ðIÞ ¼
aIffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
maxþa2I2

q , ð3Þ

LNO3
¼

NO3

KNO3
þNO3

1

1þNH4=KNH4

, ð4Þ

LNH4
¼

NH4

KNH4
þNH4

ð5Þ

The rate of grazing by zooplankton is represented by a Holling
type s-shaped curve (Gentleman et al., 2003). The mortality loss
term has linear relationship with phytoplankton. The aggregation
rate is assumed to scale with the square of small particle
abundance for more details see Fennel et al., 2006. The model
was driven by atmospheric forcing provided by the North Amer-
ican R (NAM) forecast regional Reanalysis (NARR) from the
National Centers for Environmental Prediction (NCEP). We used
a 3-hourly re-analysis of surface air temperature, pressure,
relative humidity, 10 m vector winds, precipitation, downward
long-wave radiation, and net shortwave radiation to specify the
surface fluxes of momentum and buoyancy using bulk formulae
(Fairall et al., 2003). In the open boundary, we specified tempera-
ture, salinity, nitrate (NO3), total inorganic carbon (TIC), alkalinity,
and oxygen. Because the focus of this study is the influence of
wind forcing on phytoplankton dynamics, the open boundary
inputs are specified by the climatology input based on the Fennel
ROMS model simulation of the Northeast North American (NENA)
shelf (Fennel et al., 2006). We included the inputs of seven rivers
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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(Hudson, Connecticut, Delaware, Susquehanna, Potomac, Chop-
tank, and James River) on the boundary. River outflow was
provided by the daily mean outflow from the United States
Geological Survey (USGS) gauges (available online at http://water
data.usgs.gov/nwis/). The riverine inputs of temperature, salinity,
dissolved and particulate biological constituent concentrations
were derived from the total nitrogen in the nitrate pool after
Howarth et al., (1996). Here the inputs were multiplied by the
freshwater transport to give discharge rates, which for our
simulations was treated as time invariant. The model is initialized
with model output in this domain described in Hofmann et al.
(2011). The 4 yr (2004–2008) duration simulations were con-
ducted with the first year used as a spin-up period; results
presented here are from the analysis of the final three-years of
simulation.
2.2. Satellite imagery

Seasonal cycles in MAB phytoplankton were characterized
using four-day averaged nine-year time series of surface chlor-
ophyll concentration derived from Sea-viewing Wide Field of
view Sensor (SeaWiFS) ocean color imagery from January 1998
to December 2006. Images with more than 20% cloud coverage
were excluded. Therefore we utilized the 4-day composite, which
was the minimum time interval that minimized cloud contam-
ination and provided a reasonable time series that could define
seasonal phytoplankton dynamics on the shelf. Even using the 4-
day average 43% of imagery was eliminated from the data set. The
missing data was largest in the fall-winter in each year. The
monthly SeaWiFS Level 3 photosynthetically available radiation
(PAR) data from 1998 to 2006 were downloaded from http://
oceancolor.gsfc.nasa.gov. We used the spatial mean for both
chlorophyll-a and PAR for the shelf and shelf-break front regions
(Zone 1 and Zone 2, as showed in Fig. 1 dark gray and gray area
respectively) identified in Xu et al. (2011). The two zones were
defined by a decadal Empirical Orthogonal Function analysis of
ocean color imagery, which identified two major modes of
variability. The first mode (Zone 1) was associated with the inner
Fig. 2. The 9-year record of SeaWiFS chlorophyll (bar) compared to photosynthetically a

Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
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continental shelf of the MAB spanning the 20–60 m isobaths.
Zone 1 was defined by the fall-winter bloom of phytoplankton
(Xu et al., 2011). Zone 2 was located in the 80–150 m isobaths
located at the edge of the MAB continental slope and was
associated with the spring phytoplankton bloom.

2.3. Glider Observations

We utilized Webb Slocum gliders for this study (Schofield et al.,
2007). The data was collected as part of local and regional glider
time series in the MAB (Schofield et al., 2010, Fig. 1). The time series
is not formally funded and thus is not a complete monthly time
series; however the time series is a large data base providing
vertical profiles of temperature and salinity. A smaller subset of
chlorophyll data was available, however it should be noted that not
every glider is equipped with a fluorometer. The data base used for
this study spans from 2006 to 2008. During the periods, there are
three missions (June 2006, July 2006, and July 2007) along Rutgers
University Glider Endurance Line (RUEL) and three missions (March
2007, April 2007, and March 2008) along Multidisciplinary Uni-
versity Research Initiative Line (MURI). For the RUEL transect, it
takes approximately 5–10 days to be completed, while for the MURI
transect, it takes 12–25 days to be completed. The majority of the
glider observations provide data for spring and summer time. These
efforts provide over 8257 vertical profiles with temperature, salinity
and chlorophyll data that were included in this study. All gliders are
equipped with a Sea-Bird conductivity-temperature-depth (CTD)
sensor. The MLDis based on the measurement of temperature and
salinity and is defined using the criterion of a 0.125 kg m�3 density
increase from the surface.
3. Results

3.1. Model simulation and observations of MAB phytoplankton

We have focused our analysis of the seasonal variability in
phytoplankton in Zone 1 and Zone 2 as identified in Xu et al.
(2011). Time series of the 4-day average spatial mean SeaWiFS
ctive radiation (PAR, black line) from the spatial mean in (A) Zone 1 and (B) Zone 2.

ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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chlorophyll for both zones is shown in Fig. 2. Generally, the
chlorophyll in Zone 1 showed a persistent phytoplankton bloom
in the late fall and winter that typically lasted several weeks despite
the solar illumination being lowest during this time of year. The
timing of this bloom has been related to the seasonal destratifica-
tion of the MAB, which replenishes nutrients to the surface waters.
The magnitude of bloom has been related to the overall wind-
induced mixing with the frequency of winter storms determining
the overall seasonal light-limitation of the phytoplankton (Xu et al.,
Fig. 3. Time series of surface chlorophyll concentration (black line) and net heat

flux (gray line) of spatial mean in Zone 1 and Zone 2 calculated from model output.

Fig. 4. Comparison between the log-transformed surface chlorophyll concentra-

tions provide by SeaWiFS and mode output from spatial mean of Zone 1 and Zone

2. The linear correlation of the chlorophyll before log-transformed is 0.42 and 0.75

(P valueo0.001) for Zone 1 and Zone 2 respectively. The climatology of surface

water temperature from the NDBC buoy 44009 (the red line with error bar) was

used to compare with the simulated SST at the same location (blue line) in Fig. 4C.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
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2011). In contrast, the phytoplankton blooms in Zone 2 occur in the
spring and are associated with the onset of stratification in the
deeper waters of the outer shelf (Fig. 2B). The spring bloom is
shorter and has lower concentrations of chlorophyll than the fall-
winter bloom. These seasonal cycles of chlorophyll are consistent
with the in situ MARMAP data (Yoder et al., 2001, shown in Fig. 6),
that show peak chlorophyll values occur during fall-winter in
middle and outer shelf water and a distinct spring maximum in
shelf-break slope waters (Yoder et al., 2001).

The satellite measured chlorophyll dynamics were successfully
reproduced by the biological model (Fig. 3). The simulated sea
surface temperature was also in the standard deviation range when
compare with the climatology measurement from NDBC buoy
44009 (Fig. 4C). The simulated chlorophyll in Zone 1 increased in
late fall and lasted through the winter. The correlation found
between simulated chlorophyll and SeaWiFS chlorophyll was 0.48
(po0.001, Fig. 4A) which was mainly due to the winter bloom. The
bloom showed a bimodal peak with lower concentrations found
during the darkest periods of winter which was not readily evident
in the satellite data that perhaps reflect the relatively low avail-
ability of ocean color images during the cloudy winter (Xu et al.,
2011). The model also successfully simulated the timing and
magnitude of spring bloom in Zone 2, which could explain �74%
of the log-transformed variance of the observed chlorophyll
(po0.001, Fig. 4B).

The model overestimated observed chlorophyll and likely
reflects the poor prediction of zooplankton grazing for the
following reasons. During the SEEP II experiments in this area
(Flagg et al., 1994), zooplankton concentrations ranged from 0.4–
28.6 mmol N m�3. Our modeled zooplankton concentrations var-
ied from 0 to 2 mmol N m�3, which is within the range observed
during SEEP II (Flagg et al., 1994) but at the lower end the
observations. If grazing pressures were too low, then major factor
regulating the termination of the spring bloom in the model
would be the depletion of nutrients. This would result in the
modeled spring bloom lasting longer than the satellite observa-
tions if zooplankton is significant in driving bloom senescence.
The spring bloom based on the 4-day average SeaWiFS data
typically lasted 12–20 days over a 10-year data set (Fig. 2B).
The spring bloom in the model simulations typically lasted for
30–40 days (Fig. 3B), which would be consistent with the model
that underestimating grazing pressure.
3.2. Environmental regulation of phytoplankton

Accepting that the model describes the general variability
observed for chlorophyll (Fig. 4), we used the model simulations
to analyze the physical factors regulating phytoplankton biomass
on the MAB. Time series of the modeled chlorophyll and key
environmental variables (temperature, upper mixed layer, light,
nutrients, and zooplankton) for both zones are shown in Figs. 5 and
6. In Zone 1(Fig. 5), water column cooling resulted in destratifica-
tion, which was reflected as an increase in the upper mixed layer
depth from 10 m at the beginning of October to 30 m deep at the
end of February. The deepening of the upper mixed layer depth was
associated with an increase of nitrate within the euphotic zone.
Nitrate exhibited considerable variability within the upper 20 m
showing that convective overturn and entrainment processes were
effective increasing nutrients in surface waters. Nitrate within the
mixed layer was consumed rapidly by phytoplankton from Decem-
ber to March. Phytoplankton growth was significant even during
the dim winter months as 450% of the water column was above
the 1% light level depth. Phytoplankton biomass remained high
until the upper mixed layer depth began to shallow and nitrate was
rapidly depleted and grazing pressure increased. After surface
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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Fig. 5. Model simulated vertical distribution of temperature (A) chlorophyll concentration (B), light (C), NO3 (D) and zooplankton (E) at a point located in Zone 1 (dot

shown in Fig. 1). The 1% light level depth is plotted with light (in C, red line) and the MLD is plotted with NO3 (in (D), white line). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Model simulated vertical distribution of temperature (A) chlorophyll concentration (B), light (C), NO3 (D) and zooplankton (E) at a point located in Zone 2 (square

shown in Fig. 1). The 1% light level depth is plotted with light (in C red line) and the MLD is plotted with NO3 (in D, white line). (Here, we only show the upper 150 m of the

water column). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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nitrate was depleted, a significant subsurface phytoplankton peak
was maintained at the nutricline throughout the year.

In contrast, phytoplankton blooms in Zone 2 were found
primarily in the spring with a smaller secondary bloom in the
fall when stratification began to weaken (Fig. 6). No winter
phytoplankton bloom was observed as the upper mixed layer
was deep and the majority of the water column was below the 1%
light level (Xu et al., 2011). The spring phytoplankton bloom
Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
Research (2012), http://dx.doi.org/10.1016/j.csr.2012.09.011
formed in March every year during the simulation as the upper
mixed layer depth decreased and nitrate concentrations were
high. The nutrients were consumed in several weeks and nutrient
depletion resulted in the termination of the bloom. As observed
in Zone 1, a subsurface phytoplankton bloom formed, however
the nutricline was deep and the subsurface concentrations
of chlorophyll were less than half then observed on the inner
continental shelf.
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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Fig. 7. Vertical distribution of limitation function of light (A) and nutrient (B) at a point located in Zone 1 (dot shown in Fig. 1). The 1% light level depth is plotted with

function of light (in A, red line) and the MLD is plotted with nutrient limitation function (in (B), white line). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 8. Simulated time series of spatial mean surface chlorophyll concentration in

Zone 1(A) and Zone 2(B). Black line represents the result under normal wind

conditions; gray line represents the ‘‘no wind’’ forcing result.
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The relative limitation of phytoplankton by light and nutrients
is tightly coupled to the depth of the upper mixed layer as is
illustrated in Fig. 7. The threshold for light limitation is described
as Eq. (3). The threshold for nutrient limitation in the model is
calculated as Eqs. (4) and (5). Value of 1 indicates no limitation.
During winter months, when the upper mixed layer is deep, the
majority of the phytoplankton in the water column are light
limited (o0.8, Fig. 7A). During this period, nutrient limitation is
low (40.8, Fig. 7B). As solar illumination increases in spring, the
mixed layer depth shallows and light limitation is decreased;
however the entrainment of nutrients to surface waters is
decreased and nitrate limitation begins to increase as the phyto-
plankton grow rapidly. In the euphotic zone, where there is
sufficient light for photosynthesis, the reduction of CO2 to organic
carbon fuels the rate of cell doubling and population growth.
Thus, the availability light drives the flux of carbon, and other
elements, into cells and thereby determines the rate at which
nutrients are utilized by photoautotroph for growth (Dubinsky
and Schofield, 2010).

To test the role of mixing in regulating phytoplankton bloom
dynamics we conducted a series of model simulations where we
compared the models driven by measured wind (as above) to
hypothetical simulations where no wind was applied to the
ocean. Comparisons of the simulations for both Zone 1 and Zone
2 are shown in Fig. 8. In Zone 1, the ‘‘no wind’’ condition resulted
in fall blooms later in the season, which reflects the importance of
wind-induced mixing combined with seasonal cooling to drive
the convective overturn on the MAB. The ‘‘no wind’’ condition
does not show convective overturn and replenishment of nutri-
ents to the surface waters until several weeks later in the season
(Fig. 9D). The mid-winter depression in the winter bloom is not
present in the ‘‘no wind’’ simulation. The magnitude and timing of
the winter bloom is strongly tied to storms, which induce mixing
during the dim winter months leading to increased light limita-
tion of the phytoplankton (Xu et al., 2011); therefore the ‘‘no
wind’’ condition diminishes mixing and light limitation and
allows for larger winter blooms. The decline in the winter light
limitation is also visible in the ‘‘no wind’’ plot (Fig. 10A, black
line). Finally, as the spring transition begins and the water column
begins to stratify due to increased radiant heating, the phyto-
plankton in the ‘‘no wind’’ experiment showed a more rapid
biomass decrease reflecting an earlier onset of nutrient limitation
(Fig. 10A). For Zone 2, the ‘‘no wind’’ condition resulted in an
earlier spring bloom (Fig. 8B) reflecting the earlier onset of
Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
Research (2012), http://dx.doi.org/10.1016/j.csr.2012.09.011
stratification of the offshore waters. This is consistent with
satellite analyses that suggested pre-spring storms strongly
influenced the timing and magnitude of the spring bloom in the
MAB (Xu et al., 2011). The other major differences in Zone 2, is
that the spring phytoplankton activities were higher under the
normal windy conditions (Fig. 8B), which alleviated the early
onset of nutrient limitation as the MLD became shallower
(Fig. 10B). Finally the fall bloom observed in Zone 2 was not
present (Fig. 8B), as the convective overturn on the MAB was
delayed and cells were nutrient limited (Fig. 10B).

3.3. Light, upper mixed layer depth, and chlorophyll

There is an inverse relationship between the MLD and the
average light levels within the MLD (Fig. 11). Deeper mixed layers
are associated with lower irradiance (r¼�0.84, po0.001; r¼0.72,
po0.001 for Zone 1 and Zone 2 respectively). This relationship
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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Fig. 9. Without wind forcing, the simulated vertical distribution of temperature (A) chlorophyll concentration (B), light (C), NO3 (D) and zooplankton (E) in a dot located in

Zone 1(dot shown in Fig. 1). The 1% light level depth is plotted with light (in C, red line) and the MLD is plotted with NO3 (in (D), white line). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Difference in light (black line) and nutrient (gray dashed line) limitation

function between normal wind and no wind forcing condition in (A) Zone 1 and

(B) Zone 2.

Fig. 11. Scatter plot of modeled mean light value in the mixed layer with MLD.

The color represents the chlorophyll concentration in Zone 1 (dots) and Zone 2

(plus sign).
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varies between Zone 1 and Zone 2, with offshore waters having a
higher mean irradiance in the MLD. This reflects that the waters on
the continental shelf are more turbid due to the enhanced attenua-
tion of light by chlorophyll, colored dissolved organic matter and
non-algal particles found in the shelf waters of the MAB (Schofield
et al., 2004). While peak phytoplankton biomass (44 mg m�3) is
found over a 5-fold range of MLDs, there is a narrow range (50%) of
mean irradiances associated with peak phytoplankton concentra-
tions (Fig. 8). Peak chlorophyll values in Zone 1 were associated
with lower mean light intensities compared to Zone 2. In order to
parameterize both the MLD and light critical threshold of light to
Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
Research (2012), http://dx.doi.org/10.1016/j.csr.2012.09.011
induce phytoplankton blooms we calculated mixing-light value (I0)
as the ratio of integral of light (I) in the euphotic zone (Zeu) divided
by the MLD (Zmld) as

I0 ¼

Z 0

�Zeu

IðzÞdz=Zmld ð6Þ

The I0 term incorporates both the incident light and the mixing
environment through the depth of the MLD. The MLD also
contains information on the probability of nutrient availability.
We assessed if there is a critical I0 value associated with both the
observed and simulated chlorophyll maximum (I0chlmax). The I0

values derived from the model were integrated into 20 W m�2

bins for Zone 1 and Zone 2 (Fig. 12). There is an increase in
chlorophyll with increasing I0 up until 60 and 160 W m�2 (I0chlmax)
for Zones 1 and Zone 2 respectively. Under these conditions,
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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Fig. 12. Simulated mixed depth mean chlorophyll concentration and I0 in every

20 W m�2. I0 value bins in Zone 1 (gray circle line) and Zone 2 (gray plus line),

chlorophyll and I0 based on glider observation are shown in black line with dots.

Fig. 13. The critical light value (I0chlmax) in each grid of model domain.

Fig. 14. Change of the critical light value with depth of all grids in Zone 1 (circle)

and Zone 2 (triangle). Black line represents the linear regression of water depth

and critical light value.

Fig. 15. Under no wind forcing, simulated mixed depth mean chlorophyll
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deeply mixed layers limited phytoplankton growth as overall
light levels were low. For the waters of Zone 1 with shallow water
depths, the mixed layer only need to decrease slightly to ensure
that the majority of the water column is within the euphotic zone
and phytoplankton have sufficient light to grow. In Zone 2, the
deeper water depths require the MLD to decrease significantly in
order to overcome light limitation. After this threshold has been
reached, increasing I0 is associated with declining chlorophyll.
Here cells are maintained under high light but a shallow MLD
does not allow for replenishment of the nutrients from depth.
These chlorophyll and I0 relationships were compared to chlor-
ophyll data measured with Slocum gliders outfitted with fluo-
rometers (Fig. 12, black line with dots). Despite that the glider
data set is smaller and does not include many transects during
the winter months, the relationship between I0 and chlorophyll
is similar showing an increase at low I0 values to a value of
50 W m�2 and then decreasing values as I0 increases. The glider
chlorophyll values are lower than model estimates which is not
surprising as the data set does not include many transects during
the winter bloom. Calculations of I0for the ‘‘no wind’’ simulation
show similar patterns except that it takes a high magnitude of I0to
reach the peak chlorophyll values for Zone 2 (Fig. 15 plus line).

Is I0chlmax predictable? Spatial maps of I0chlmaxassociated with the
chlorophyll maximum for the MAB are shown in Fig. 13. Gen-
erally, I0chlmax is low and relatively constant on the continental
shelf and increases in magnitude out over the continental slope
and deep sea. The one shallow water exception was associated
with the Hudson River plume, which is extremely turbid and
mixing rates in the buoyant plume water must be high enough to
overcome chronic light limitation for phytoplankton bloom
Schofield et al., submitted for publication. Excluding this river
zone, the relationship between I0chlmax and bottom depth were
robust (Fig. 14). Bottom depth could explain 70% of the variability
in I0chlmax (po0.001).
concentration and I0 in every 20 W m�2 I0 value bins in Zone 1 (red circle line)

and Zone 2 (blue circle line), chlorophyll and I0 based on glider observations are

shown in black line with dots. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

4. Discussion

The late fall-winter bloom is the most recurrent and largest
phytoplankton bloom in the MAB (Xu et al., 2011; Yoder et al.,
2001). The fall-winter bloom is fueled by the replenishment of
nutrients to the euphotic zone once the summer thermal strati-
fication has been disrupted. This thermal stratification is dramatic
(summer thermoclines on the MAB exhibit a temperature gradi-
ent of over 15 1C in only 5 m water depth, cf. Castelao et al., 2010)
and this stratification deprives the surface phytoplankton of
macro and micronutrients throughout the late spring, summer
and early autumn. Observational studies have documented there
is a great deal of inter-annual variability in the timing of the late
fall-winter bloom (Yoder et al., 2001). The variability in the timing
of the bloom has been related to the timing of destratification,
Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
Research (2012), http://dx.doi.org/10.1016/j.csr.2012.09.011
which is driven by seasonal cooling of the surface waters and the
passage of large storms that induce mixing (Beardsley et al., 1985;
Glenn et al., 2008; Lentz et al., 2003). The magnitude of the fall-
winter bloom is thought to be regulated by factors that stabilize
the water column (Xu et al., 2011). In the MAB, these processes
include the frequency of winter storms and the presence of low
salinity buoyant plumes (Xu et al., 2011). While the observational
data is compelling it has been insufficient to confirm the
hypothesized forcing of the late fall-winter phytoplankton bloom.

To test the hypothesized physical forcing of the MAB phyto-
plankton we utilized the physical–biological ROMS model to
conduct a series of simulations where we varied the physical
forcing and analyzed the source and sinks of the phytoplankton.
ytoplankton blooms on the Mid-Atlantic Bight. Continental Shelf
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The model which used realistic forcing was able to simulate the
timing and spatial extent of the phytoplankton dynamics observed
in SeaWiFS data. The model did a quantitatively good job of
predicting the winter bloom; however the model had a more
difficult time in reproducing the magnitude of the spring bloom.
For the spring bloom region, there are large horizontal and vertical
gradients in water properties and are associated with the shelf-
break front, a feature susceptible to nonlinear instabilities and
strong interactions with Gulf Stream warm-core rings
(Gawarkiewicz et al., 2001, 2004). As a result, this region has
complicated physical background that the mixing by wind cannot
really be isolated. The discrepancy for the spring bloom likely
reflected both by underestimated in chlorophyll by satellite-derived
chlorophyll in this region (Fennel et al., 2006) and underestimated
zooplankton grazing (Flagg et al., 1994). For the late fall-winter
bloom, our numerical experiments explicitly demonstrated the role
of wind-induced mixing in winter phytoplankton dynamics when
all the other forcing factors were held constant. For the initiation of
the late fall-winter bloom the no wind-induced mixing simulation
demonstrated that wind was a secondary factor; therefore seasonal
cooling and the corresponding convective overturn on the MAB is
the dominant feature initiating the phytoplankton bloom. This is
consistent with observations that tropical storms on the MAB can
only induce water column turnover if the summer thermocline had
been previously weakened by seasonal cooling (Glenn et al., 2008).
After destratification, the frequency of high wind regulates the size
of the phytoplankton bloom. Strong winds result in high mixing
rates or less solar radiation because of cloudy weather, which
results in the light limitation of the phytoplankton (Xu et al., 2011),
which is confirmed by the model as an increased wind forcing
resulted in smaller phytoplankton blooms.

Wind forcing also has a significant role on the timing and
magnitude of the offshore spring bloom. Observational efforts
have related the size and timing of the spring phytoplankton to
the amount of wind-induced mixing present in the late winter
(Xu et al., 2011). Wind-induced mixing in the late winter delays
the thermal stratification of the MAB, which influences the spring
bloom as cells require water column stabilization to overcome
light limitation. During the no wind simulation, the spring bloom
was dominated by a single event that occurred earlier in the
season compared to normal wind conditions. This bloom was
short lived as the cells rapidly consumed available nutrients. In
contrast, the model simulation that used natural wind forcing
resulted in a spring bloom that lasted longer throughout the
season compared to the no wind condition as wind-induced
mixing replenished the supply of nutrients and enhanced the
overall amount of chlorophyll on the MAB. The SeaWiFS observed
bloom in the shelf-break front region commenced in late March
and lasted up to late April. In our simulated case with wind, the
spring bloom in the shelf-break front region initiated in early
March and lasted up to early April. It looks like that although the
model simulated spring bloom start a little bit earlier under
normal wind condition, it can better capture the both spring
and fall bloom in this region compare with no wind forcing
condition.

Is there a relatively predictable light condition that promotes a

maximum chlorophyll concentration? Photosynthetic activity is
confined to the euphotic zone, which is nominally defined as
the depth where the light levels are 1% of the surface light
intensity.

The depth of the euphotic zone is poor at predicting the
initiation of phytoplankton blooms as any mixing to depth limits
phytoplankton biomass accumulation in the upper mixed layer.
This is due to the high respiratory costs to build cells (Falkowski
and Raven, 2007). This discrepancy is accounted by Sverdrup’s
(1953) ‘‘critical depth’’ for bloom initiation (Obate et al., (1996);
Please cite this article as: Xu, Y., et al., Role of wind in regulating ph
Research (2012), http://dx.doi.org/10.1016/j.csr.2012.09.011
Smetacek and Passow, 1990). This framework has been highly
effective for the open ocean where the compensation depth for
phytoplankton growth appears to be relatively constant (Siegel
et al., 2002). In MAB, the light regime is tied closely to mixing
regime as light is rapidly attenuated by high phytoplankton
biomass and significant inputs from buoyant turbid plumes
(Cahill et al., 2008; Castelao et al., 2008). As mixing determines
not only the light but also the nutrient availability, there is need
to parameterize the relative impacts of both. To parameterize the
relative tradeoffs of mixing and light availability the ratio of Zmld

to Zeu has been used to describe the regulating primary produc-
tion (Huisman et al., 1999; Irigoien and Castel, 1997); however,
this ratio only reflects the relationship between surface light
condition and MLD. We suggest that it is more appropriate to use
I0 which is the ratio of integral of light in the euphotic zone and
MLD to compare the balance between light limitation and
nutrient limitation. When I0 is low, phytoplankton are light-
limited due to low surface irradiance and deep mixed layer. The
variability shows a single peak in both the offshore and nearshore
conditions. At high values ofI0, the mixed layer is shallow,
coincident with the seasonal increase in solar illumination, which
allowed the photosynthetic activity to consume the available
nutrients. This in turn results in low biomass. We used the model
to define this integral and then assess when it results in the
maximum chlorophyll biomass (I0chlmax). Model simulations sug-
gest that on MAB, I0chlmax varied by a factor of three and were
spatially variable. The spatial variability was positively correlated
with water depth, suggesting that this term can be parameterized.

Our results based on numerical simulation and glider observa-
tions confirm the SeaWiFS observation of seasonal phytoplankton
bloom in the MAB. The modified light values are used to describe
the balance between light and nutrients limitation and so as the
influence the timing and magnitude of bloom. Sensitivity study of
no wind forcing simulation proves that the mixing plays a
significant role in regulating the nutrient and light field and thus
influences the phytoplankton dynamics.
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