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Abstract Results from first observational program of biolu-
minescence (BL) potential in the Delaware Bay area are pre-
sented. During the field program July 30–August 1, 2015, the
satellite Visible Infrared Imaging Radiometer Suite (VIIRS)
imagery shows the development of the submesoscale filament
with elevated chlorophyll-a in the area of interaction of lighter
water masses of the Bay outflow with denser upwelled water.
We have shown that ageostrophic secondary circulation
(ASC) cells contributed to the development of this filament.
Analysis of BL potential observations have shown elevated
values of BL potential in the area of the submesoscale fila-
ment. Analysis of observed temperature, salinity, sigma-t, and
BL potential along the stations crossing the Bay mouth have
shown a presence of a strong frontal structure separating
colder, more saline, denser offshore water from the bay water
masses. Over 3 days of sampling, this frontal structure moved
onshore to the entrance of the bay, and brought offshore BL
plankton communities with higher values of BL potential. We
compared two surveys (at the end of July and in the middle of
August) of water masses located in the area where the buoyant
outflow of the Delaware Coastal Current is turned around and
taken to the north up the shelf by upwelling favorable winds.
Analysis of observations shows that the survey at the end of
July has fresher water masses (due to higher river runoff

before and during survey) and higher values of BL potential
in comparison to the survey at the middle of August.

Keywords Coastal processes . Upwelling . Submesoscale
processes . Bioluminescence . River outflow . Numerical
modeling

1 Introduction

Bioluminescence (BL) is a light produced by a photo-
chemical reaction in organisms. The major groups of
marine organism known to be bioluminescent are bacte-
ria, dinoflagellates, radiolarians, cnidarians, ctenophores,
cephalopods, ostracods, copepods, euphausiids, decapod
shrimps, and fishes (Haddock et al. 2010; Widder 2010;
Moline et al. 2013). Most bioluminescent organisms in
the marine environment generate light in response to
mechanical stimulation, like in the wakes of moving
ships or other bodies. BL potential is defined as the
flash potential measured inside of a chambered pump-
through bathyphotometer (Herren et al. 2005; Moline
et al. 2005), which mechanically stimulates organisms
to produce light as seawater is pumped through a detec-
tion chamber.

Recent reviews of observational and modeling studies
of BL potential can be found in (Haddock et al. 2010;
Moline et al. 2013; Marcinko et al. 2013). The model
of BL potential based on empirical relationships be-
tween BL potential and other biogeochemical environ-
mental variables such as chlorophyll was proposed in
Ondercin et al. (1995). Seasonal patterns in BL potential
by explicitly modeling the population dynamics of bio-
luminescent dinoflagellates within the North Atlantic re-
gion were presented in Marcinko et al. (2014). In our
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previous research in the Monterey Bay area, we have
shown that dynamics and changes of BL potential are
controlled by the interaction of physical processes (up-
welling/downwelling, advection, submesoscale dynam-
ics) with biochemical processes, as for example the
growth and accumulation of bioluminescent motile spe-
cies in convergence zones (Moline et al. 2009, 2013;
Shulman et al. 2011, 2012, 2015). Our modeling efforts
were focused on evaluating the short-term (1–3 days)
predictions of the BL potential. Combining dynamical,
predictive physical, biochemical, and bioluminescence
intensity models, we were able to produce one of the
first pictures of BL potential for the Monterey Bay re-
gion (Shulman et al. 2011).

In the present paper, we present the first (to our knowledge)
observational and modeling studies of BL potential dynamics
in the Delaware Bay area to evaluate BL potential at the inter-
face of an estuary-shelf system. Among the species observed
in the Delaware Bay area and known to produce light are
dinoflagellates, centropages, copepods, amphipods,
caldocerans, shrimp, larvaceans, and stenophores (J. Cohen,
personal communications).

The variability of atmospheric forcing and interaction with
river runoff and tides are major contributors to the dynamics
of physical and bio-optical properties in the Delaware Bay
(Pennock and Sharp 1986; Sanders and Garvine 2001; Fong
and Geyer 2001; Houghton et al. 2004; Whitney and Garvine
2005, 2006; Muscarella et al. 2011; Wang et al. 2012; Joesoef
et al. 2015). The greatest amount of the river discharge in the
area occurs during the spring months due to snow melt and
spring rains (Sanders and Garvine 2001). Downwelling favor-
able winds tend to accelerate downshelf flow of the river out-
flow to the south, while upwelling favorable winds counter the
buoyancy-driven downshelf flow and take buoyant waters
offshore and up the shelf to the north (Whitney and Garvine
2005, 2006).

We conducted BL potential surveys during 2–3 consecutive
nights in June–August of 2015. It is clear that 2–3-day durations
of ship surveys do not provide enough spatial and temporal cov-
erage to establish relations between physical, bio-optical process-
es and BL potential dynamics in the Delaware Bay. The objec-
tives of this study were to describe the first ever survey of the BL
potential in the area, to provide the first ever quantitative and
qualitative information on the status of BL potential changes in
the area, to investigate the sustained BL potential sampling time
at a particular depth, and to relate (when possible) the BL poten-
tial observations and dynamics to the satellite-observed phyto-
plankton filaments and corresponding atmospheric conditions.

The paper is organized as follows: Section 2 describes
methods which include observations, models used in this
study, and investigation of the optimal duration of BL poten-
tial sampling at a particular depth. Results are presented in
Section 3. Section 4 is devoted to discussions and conclusions.

2 Methods

2.1 Observations

Ship surveys of BL potential were conducted using the
Underwater Bioluminescence Assessment Tool (UBAT;
WetLabs, Inc., Philomath, OR) at set stations shown on
Fig. 1. The UBAT temporal resolution is 60 Hz (60 samples
per second). During downcast surveys, BL potential was sam-
pled at specific depths (1, 6, 11, and sometime at 16 m) for
extended periods, while the upcasts were done at a continuous
rate (Fig. 1, see also Section 2.3). In addition to the UBAT, the
ship profiler was equipped with SBE 37 CTD (SeaBird
Electronics Inc., Bellevue, WA).

Surface current observations were downloaded from the
Mid-Atlantic Regional Association Coastal Ocean
Observing System (MARACOOS). Surface currents are de-
rived from a network of SeaSonde-type Coastal Ocean
Dynamics Applications Radars (CODAR) instruments de-
ployed in the Delaware Bay region. SeaSonde-type HF radar
instruments exploit information in the radiowave backscatter
from the ocean surface to infer movement of the near surface
water. Surface currents derived from the Delaware Bay HF
radar network validated in Muscarella et al. (2011).

Wind velocity data for the NOAA station at Lewes, DE
(Fig. 1), were downloaded from the NOAA station website:

http://tidesandcurrents.noaa.gov/stationhome.html?id=
8557380#obs

Level-1B imagery from the Suomi National Polar-orbiting
Partnership (SNPP) Visible Infrared Imaging Radiometer Suite
(VIIRS) was processed to levels 2 (sensor grid), 3 (mapped grid),
and 4 (composites) using the Naval Research Lab’s Automated
Processing System (APS) (http://www7333.nrlssc.navy.mil/
docs/aps_v6.4/html/user/aps.xhtml). APS estimates chlorophyll-
a by the OCI algorithm (Hu et al. 2012) at 0.75-km pixel reso-
lution. Numerous validation studies of VIIRS imagery against in
situ observations were conducted along the east coast of USA
(Arnone et al. 2012; Ladner et al. 2014).The diffuse attenuation
coefficient Kd (488) was estimated in accordance with (Lee et al.
2005). The Kd (488) was used to estimate the euphotic depth
(noted Eu); the Eu was estimated as the depth where photosyn-
thetic available radiation (PAR) is 1% of its surface value (Lee
et al. 2007):

Eu ¼ −ln 0:01ð Þ
.
Kd 488ð Þ

2.2 Models

The fine-resolution model around the Delaware Bay (named
FDEL) is based on the Navy Coastal Ocean Model (NCOM),
which is a primitive-equation, 3D, hydrostatic model. It uses
the Mellor-Yamada level 2.5 turbulence closure scheme, and
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the Smagorinsky formulation for horizontal mixing. The
FDEL model is set up with 0.5-km horizontal resolution,
and the model domain extends to 73.36 W offshore and from
37.96 N to 39.8 N (Fig. 1). Open boundary conditions for the
FDEL model are derived from the coarser resolution (3 km)
and larger domain regional model (CDEL) which extends
offshore to 72.77 Wand from 37.4 N to 40.4 N. Open bound-
ary conditions for the CDEL model are derived from the
HYCOM global model, which has 1/12° horizontal resolution
(Chassignet et al. 2009; Metzger et al. 2014). The tidal forcing
for the CDEL model is applied by superimposing tidal eleva-
tion and transport for eight tidal constituents (K1, O1, P1, Q1,
K2, M2, N2, and S2) on the (non-tidal) boundary data from
the global HYCOM using a Flather open boundary condition
(Flather 1976). The tidal data are from the OSU global tidal
database (Egbert and Erofeeva 2002). Both FDEL and CDEL
models are forced with surface fluxes from the CoupledOcean
and Atmospheric Mesoscale Prediction System of the North
West Atlantic (COAMPS_NWATL). According to Sanders
and Garvine (2001), the US Geological Survey (USGS)
Delaware River discharge record at Trenton, NJ, provides a
goodmeasure of river outflow and it is proportional to outflow

at the bay mouth. The USGS daily river discharge record at
Trenton, NJ, is used to simulate river inflow in the models.
The FDEL and CDEL models use the Navy Coupled Ocean
Data Assimilation (NCODA) system (Cummings 2005) for
the assimilation of available satellite-derived SST and SSH
data, as well as available in situ temperature and salinity ob-
servations from the NAVOCEANOdata streams. In this study,
a depth of mixed layer (MLD) is derived from the FDEL
model. The MLD is computed as the depth at which temper-
ature deviates by 0.3 °C from the temperature at the near
surface at 2-m depth (Kara et al. 2003).

2.3 Investigation of sustained BL potential sampling time
at a particular depth.

During the first survey (Fig. 1, night of June 12, 2015) we
investigated the optimal duration of BL potential sampling at a
particular depth in order to account for the variability in or-
ganisms’ abundance. We considered all possible sub-
segments of 0.5-min duration from ~3-min segment taken at
6-m depth at station BL8 (Fig. 1), each of the possible 0.5-min
sub-segments was numbered and for each of possible 0.5-min
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sub-segment, we estimated the ratio of standard deviation (std)
of observed BL potential to the mean of BL potential. Then,
we performed the same statistics for each possible 1-, 1.5-, 2-,
and 2.5-min sub-segments. Figure 2a shows plots of estimated
ratios of the std /mean as a function of the sub-segment
number. It shows that sampling with duration around 2 to
2.5 min is flattening the ratio of standard deviation to themean
of the BL potential. Deviation from the flattening is deter-
mined by a few high-intensity flashes (Fig. 2b) which are
likely associated with bioluminescent jellies (Widder and
Johnsen 2000; Moline et al. 2010; Johnsen et al. 2014;
Cronin et al. 2016). The same analysis was conducted for
the station BL2 (Fig. 1) which is located inside the bay. As
for station BL8, Fig. 2c also shows the flattening of the ratio of
standard deviation to the mean for the duration of sampling at
a particular depth around 2 to 2.5 min. BL potential flashes for
the BL2 at 1 m (Fig. 2d) are more uniform than BL potential
flashes for the station BL8 at 6 m (Fig. 2b). This explains why
the ratio of standard deviation to the mean is more flattened for
sampling from 2- to 2.5-min duration in case of station BL2 in
comparison to the station BL8. Based on the described anal-
ysis, we stayed within 2 to 2.5 min at each depth during
downcasts for other surveys conducted during July–August
of 2015.

3 Results

During the field program of July 30–August 1, 2015, stations
shown on Fig. 1 were sampled for three consecutive nights to
study temporal and spatial variability in BL potential. These
are the same stations sampled during the night of June 12 plus
stations BL1 deeper inside the bay, the more offshore station
BL9, and a station called BBLP^ indicating the location of the
station in the area of the buoyant Delaware Bay outflow.
Hourly averaged 10-m wind velocities from the NOAA sta-
tion at Lewes, DE, are shown in Fig. 3. During three consec-
utive nights of sampling, there were upwelling favorable
winds, with somewhat weaker winds during the night of
July 31, and there was a short reversal of winds between
nights of July 31 and August 1. Figure 3 also shows 10-m
w ind ve l o c i t i e s f r om t h e a tmo sph e r i c mode l
COAMPS_NWATL (used to force the FDEL model, see
Section 2.2) at the NOAA Lewes, DE, station location. We
estimated the magnitude of the complex correlation coeffi-
cient and angular displacement (Kundu 1976; Shulman et al.
2010) between observed and COAMPS_NWATL model 10-
m wind velocities presented on Fig. 3. The complex correla-
tion between observed and model wind velocities is estimated
over 4 days using hourly data. In this case, the correlation

04:24 04:25 04:26 04:27
0

5

x 10
10

F
L

A
S

H
E

S
 (

p
h

/s
)

(b)

0.4

0.7

1

(a)
0.5 min 1 min 1.5 min 2 min 2.5 min 3 min

01:46 01:47 01:48
0

5

x 10
10

F
L

A
S

H
E

S
 (

p
h

/s
)

(d)

0.3

0.4

0.5(c)
0.5 min 1 min 1.5 min 2 min 2.5 min 3 min

Fig. 2 a Estimated ratios of the std/mean as a function of the sub-
segment number for 0.5-, 1-, 1.5-, 2-, and 2.5-min possible segments
for station BL8 at 6-m depth. b BL potential flashes at 6-m depth for
station BL8. c Estimated ratios of the std/mean as a function of the sub-

segment number for 0.5-, 1-, 1.5-, 2-, and 2.5-min possible segments for
station BL2 at 1-m depth. d BL potential flashes at 1-m depth for station
BL2

386 Ocean Dynamics (2017) 67:383–396



around 0.2 is considered as significant at a 95% confidence
level for the number of degrees of freedom around 96 (see,
e.g., Wilks 1995). The estimated value of complex correlation
between observed and model wind velocities is 0.55, which is
significant at a 95% confidence level. The angular displace-
ment between model and observed wind velocities is small
and equals −9.64°. Figure 3 also shows reasonably good
agreement in magnitudes and directions between the HF radar
and FDEL model surface currents (currents are 33 h low-pass
filtered), which is probably a result of significant correlation
and small angular displacement in the observed and
COAMPS predicted 10-mwind velocities. HF radar and mod-
el surface currents show typical surface circulation patterns as
observed previously during the upwelling events in the
Delaware Bay (Whitney and Garvine 2005, 2006;
Muscarella et al. 2011). It is known that a buoyant outflow
through the south of the Delaware Bay mouth is transported
up the shelf by northward currents during the upwelling fa-
vorable winds (Whitney and Garvine 2006).

Figure 4 shows the FDEL model sea surface temperature
(a) and sea surface salinity (b) on 00Z of July 31, 2015. There
is a fresher water outflow through the southern portion of the
Delaware Bay mouth. This less-saline water mixes with cold,
more saline upwelled offshore water. The satellite VIIRS im-
age (Fig. 4c) indicates development of the filament with ele-
vated chlorophyll-a content. Because of a predominantly

northward flow during the upwelling (Fig. 3), we can suspect
that the advection of the Delaware Bay outflow with relatively
high chlorophyll water masses contributed to the development
of the filament in Fig. 4c. At the same time, Figs. 4a–c show
that the filament is maintained in the frontal area of interaction
of lighter water masses of the outflow with denser upwelled
water. Due to this interaction, the surface frontogenesis de-
velops (Hoskins 1982; Calil and Richards 2010; Levy et al.
2012; Shulman et al. 2015), which leads to an ageostrophic
secondary circulation (ASC). These ASC cells are generated
in a plane perpendicular to the density front (Hoskins 1982),
which are upward (upwelling) on the light side of the front and
downward on the dense side of the front. In such regions, the
Rossby number is O(1), and the ASC cells lead to a
restratification flow from the light side to the dense. This is
well-illustrated in Figs. 4d–g, which show the model subsur-
face profiles of the temperature, salinity, vertical (w), and me-
ridional (v) velocities at 00Z of July 31 along the meridional
section noted AA at longitude 74.9 W. There is the develop-
ment of the ASC cell, with the ascending part of this cell
coinciding with the warm, fresher part of the front, and de-
scending part of this cell coinciding with the colder, more
saline part of the front. Profiles of w (Fig. 4f) and v (Fig. 4g)
show: mostly northward and toward the front flow in the hor-
izontal direction (v is positive, which is typical during upwell-
ing) and with the upwelling flow (w is positive) on the warm
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side of the front (in accord with ASC cells). There is the much
weaker northward and away from the front horizontal flow
and downwelling (w is negative) on the dense side of the front
(again in accord with ASC cells). The model results are in
agreement with what would be expected from the surface
frontogenesis (Hoskins 1982) and with subsurface circulation
patterns and mixing reported in previous studies of the
Delaware Bay outflow dynamics during upwelling favorable
winds (Houghton et al. 2004; Fong and Geyer 2001).

In Hoskins (1982), the Q vector is used to qualitatively
diagnose ageostrophic vertical motion due to frontogenesis:

Q ¼ −
∂ug
∂x

∂b
∂x

−
∂vg
∂x

∂b
∂y

;−
∂ug
∂y

∂b
∂x

−
∂vg
∂y

∂b
∂y

� �
ð1Þ

where ug and vg are the horizontal geostrophic velocities, and
∂b
∂x and

∂b
∂y are the horizontal gradients of buoyancy:

b ¼ −g
ρ*

ρ0
ð2Þ

with ρ∗being the deviation from the reference density ρ0, and
g is the acceleration due to gravity. The local maximum of Q
creates a vertical circulation with associated upwelling/
downwelling ASC cells. In the present study, we use the mag-
nitude of the vector Q estimated from the model outputs as an
indicator where strong vertical motion and ASC cells might
occur. Note that the vector Q has been used to estimate corre-
sponding vertical motions (see for example, Rudnick 1996;
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Pollard and Regier 1992), which is not needed in our case
because the circulation model gives us vertical velocity
directly.

It is known (Calil and Richards 2010; Levy et al. 2012;
Shulman et al. 2015) that ASC cells impact phytoplankton
growth and increase productivity in a variety of ways, as for
example, by modulating the vertical supply of nutrients into
the euphotic, lighted layer, or by changing the light exposure
of phytoplankton by modulating the strength of vertical
mixing.

Figure 5 shows observed and modeled-predicted prop-
erties plotted along the meridional section AA crossing
the submesoscale filament at longitude 74.9 W. The vec-
tor Q magnitude (1) and the mixed layer depth (MLD)
were estimated by using the FDEL model fields of tem-
perature, salinity, and velocity averaged over a period of
48 h centered on 00Z of July 31, 2015. Estimated values
of Q were also averaged over the top 5-m depth. Location
of the local maximum of Q (1) coincides with the location
of the chlorophyll filament (Fig. 5) which indicates pres-
ence of ASC cells in the area of the filament. Also, the
MLD estimated from the FDEL (see the end of

Section 2.2) is around 7–10 m, and it is shallower than
the estimated euphotic depth (Eu, see Section 2.1) in and
around the filament (Fig. 5). In this case, the developed
ASC cells kept phytoplankton in the lighted area and sup-
ported photosynthesis and phytoplankton growth. The fil-
ament is formed during the upwelling, and the ASC cells
support a vertical supply of nutrients into the euphotic
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area and facilitate consumption of nutrients (however, we
do not have observations supporting this).

There are no available bio-optical, physical observations
and mature bio-optical models to quantify the advection ver-
sus local processes in the formation of the observed
submesoscale filament. For this reason, we compare here the
time scales of considered processes.

With the MLD around 10 m and vertical velocities of order
10−4 m/s (Figs. 4f and 5), the time scale of ASC cells is around
1.1 days. This time scale is in the ranges of observed time
scales of phytoplankton growth rates (Feng et al. 2007) in
the Delaware Bay. With spatial scales of 10–40 km, the time
scale for horizontal advection by typical surface velocities of
order 0.2–0.4 m/s (Fig. 3) is around 0.3–2.4 days. Therefore,
ASC cells, horizontal advection, and phytoplankton growth
rates have similar time scales during the development of the
observed chlorophyll-a filament.

Figure 6 shows the dynamics of the BL potential over
3 days of sampling at stations BL5, BL6, BL7, and BL8.
Stations BL5 and BL6 are located at the entrance of the bay,
while stations BL7 and BL8 are located offshore in the

submesoscale filament (Fig. 4c). During the first two nights
of surveys, values of BL potential at stations located in the
submesoscale chlorophyll-a filament (stations BL7 and BL8)
are lower at 1-m depth but higher at 6- and 11-m depths than at
stations located at the entrance of the bay (stations BL5 and
BL6). There are increases in BL potential values at the en-
trance of the bay during the third day (stations BL5 and BL6,
night survey of August 1). To better understand the observed
increase over 3 days in BL potential values at the entrance of
the bay, we analyzed the observed temperature, salinity, sig-
ma-t, and BL potential along the stations crossing the Bay’s
mouth (Fig. 7). Profiles are binned into 1-m bins (all data from
downward and upward profiles were combined together and
binned), and then bins are interpolated along the line
connecting stations (from BL2 to BL8). Figure 7 shows the
presence of a strong frontal structure in the area of station BL6
during surveys of July 30 and 31. This front separates colder,
more saline, denser offshore water with elevated BL potential
values (stations BL7 and BL8 in the area of submesoscale
filament) from the bay water masses. This correlates with
the also observed elevated values of BL potential in the
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submesoscale filaments in the Monterey Bay, CA, where the
productive filaments incubate bioluminescent plankton popu-
lation (Shulman et al. 2015). Figure 7 indicates that by August
1, this front and offshore water masses (from stations BL7–
BL8) moved to the entrance of the bay toward stations B3–
B4. This onshore movement can be explained by the short
reversal of winds from upwelling to downwelling favorable
during the second half of July 31, as indicated by the Fig. 3a. It
is known (e.g., Whitney and Garvine 2006) that upwelling
favorable winds (blowing up shelf) drives the offshore
Ekman transport, while downwelling favorable wind (blow-
ing down the shelf) drives inshore Ekman transport. Figure 8
shows the daily averaged subsurface horizontal velocities cen-
tered at 12Z of July 30 versus the daily averaged subsurface
horizontal velocities centered at 12Z of July 31. On July 30
(when upwelling winds dominate), Fig. 8a, b shows a strong
offshore and northward flow in the surface, and up to 10-m
depth between offshore stations BL7 and BL8 (zonal (U) and
meridional (V) components of velocity are positive). Also,
there is a very weak inshore flow below 10 m from the off-
shore stations (BL7 and BL8) toward the entrance to the bay
(stations BL5–BL6). In contrast, on July 31 (when short
downwelling event was present during second half of

July 31), there is a much weaker offshore flow only up to 5-
m depth between offshore stations BL7 and BL8. At the same
time, there is a much stronger onshore flow below 5-m depth
from offshore stations toward stations at the entrance to the
bay. This supports the observed inshore translation of offshore
water masses toward the entrance of the Bay on Fig. 7. This
onshore migration of offshore water brought with it offshore
BL plankton communities with higher BL potential. These
dynamics of BL potential changes during 3 days of surveys
are well supported and illustrated by plots of histograms of BL
potential on Fig. 9. For July 30, at stations BL5 and BL6, the
BL potential values associated with maxima of flash counts
(for 6- and 11-m depths) are lower in comparison to the BL
potential values associated with maxima of flash counts for
the offshore station BL7. Two days later, on August 1, the BL
potential values associated with maxima of flash counts (for 6-
and 11-m depths) are aligned and comparable for all three
stations. This supports the conclusion that the BL communi-
ties which were offshore on July 30 are the source of the
increase in BL potential at the entrance of the bay 2 days later.
Based on the histogram for BL7, we can speculate that there
are two communities of bioluminescent organisms: likely di-
noflagellates with lower BL potential at 1 m (Fig. 9) and
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zooplankton communities in deeper waters at 6 and 11 m
(Fig. 9). This is in agreement with studies to provide fine-
scale resolution of populations of zooplankton and dinoflagel-
lates by using BL potential and intensity of flashes (Widder
and Johnsen 2000; Moline et al. 2010; Johnsen et al. 2014;
Cronin et al. 2016).

The BLP station is located in the area of the Delaware
Coastal Current (DCC; Fig. 1), which flows downstream
from the mouth of Delaware Bay (Whitney and Garvine
2006) and where upwelling favorable winds reverse the
southward flow of DCC and take the buoyant outflow to
the north up the shelf. In accord with Fig. 4c, the station
BLP is also located at the base of the productive
submesoscale filament. The area around the BLP station
was sampled again on the night of August 19 (see stations
locations on Fig. 1). During the survey, there were weak
upwelling favorable winds (Fig. 10), and the HF radar
surface currents for August 19 show weaker but similar
upwelling circulation patterns observed during the
July 30–August 1 surveys of the BLP station (Fig. 3).
As during the first survey (Fig. 4c), the satellite VIIRS
image for August 17 (Fig. 10c) shows a development of
the submesoscale filament with elevated chlorophyll-a
content. The chlorophyll-a values in this submesoscale
filament on August 17 are lower than in the submesocale
filament observed during the first survey (July 31,
Fig. 4c). Figure 11 shows a temperature versus salinity

diagrams where points are colored with the values of BL
potential. For points with the same values of temperature
and salinity, values of BL potential are sorted where
higher values appear above lower values. There is a dis-
tinct separation of the July 30–August 1 survey from the
August 19 one. The water masses from the August 19
survey are more salty with the difference in salinity
reaching more than 1 ppt for some points with the same
temperature. Figure 11 also shows temperature versus sa-
linity diagrams (also colored with the corresponding BL
potential values) for different depth bins. It shows that for
all depth bins (for the entire water column), the water
masses from the August 19 survey have greater salinity
than water masses from the July 30–August 1 survey.
Figure 10d shows the USGS Delaware River daily dis-
charge record at Trenton, NJ. The record indicates that
river discharges before and during the first survey
(July 30–August 1) were stronger than before and during
the August 19 survey. This explains the presence of the
more saline water masses during the August 19 survey.
Based on Figs. 11, comparisons of points below 2.5-m
depth with the same temperature for both surveys show
that for most of them, the maxima of BL potential from
the July 30 to August 1 survey are higher than the max-
ima of BL potential for the August 19 survey. Therefore,
the submesoscale filament of July 30–August 1 with low-
er salinity and higher biomass (Figs. 4c and 10c)
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incubates bioluminescent communities which have higher
values of BL potential in comparison to the August 19
filament.

4 Discussions and conclusions

We present the first (to our knowledge) observational
and modeling studies of BL potential dynamics in the
Delaware Bay area. Analysis of observations and
modeling results show typical patterns for upwelling
surface circulation during the BL potential sampling.
There is a buoyant, less saline water outflow through the south
of the Delaware Bay mouth. This outflow is advected offshore
and to the north by the northward currents. The satellite VIIRS
imagery shows the presence of submesoscale filament with ele-
vated chlorophyll-a content in the area of interaction of the buoy-
ant, less saline outflow with denser upwelled offshore waters.
Observations and model results have shown the generation of

ageostrophic secondary circulation (ASC) cells in the area of the
filament with upwelling on the warm side of the front and
downwelling on the cold side. Because the MLD is shallower
than the estimated euphotic depth in and around the filament, the
developed ASC cells kept phytoplankton in the lighted area and
supported photosynthesis. We have shown that during the devel-
opment of the observed chlorophyll-a filament, time scales of
ASC cells, advection, and observed phytoplankton growth rates
are comparable in the area. Analysis of BL potential observations
has shown elevated values of BL potential in the area of the
submesoscale filament, which indicates that productive
submesoscale filament incubates the bioluminescent plankton.
This is in agreement with our previous findings in the
Monterey Bay area, where observations and modeling studies
have shown that productive offshore submesoscale filaments also
incubate bioluminescent plankton population.

Over 3 days of Bl potential sampling, the onshore (toward
the mouth of the Bay) migration of the offshore filament was
observed. This onshore move of offshore water masses
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brought offshore BL plankton communities with higher
values of BL potential.We have shown that this onshore trans-
lation of the offshore frontal structure is a result of a short
wind reversal event (from upwelling to downwelling) during
the second day of sampling, when the offshore Ekman trans-
port by the upwelling favorable winds weakened and reversed
to the inshore transport.

We have compared two surveys (at the end of July and in
the middle of August) of water masses located in the area
where the buoyant outflow of the Delaware Coastal Current
is turned around and taken to the north up the shelf by upwell-
ing favorable winds. As indicated by satellite imagery, during
both surveys, the sampling areas are located at the bases of the
submesoscale productive filaments extending from the coast
to the north along the shelf. Observations show that the
submesoscale filament of July 30–August 1 has fresher water
masses (result of higher river runoff before and during sur-
vey), higher chlorophyll-a content, and incubates biolumines-
cent communities with higher values of BL potential in com-
parison to the submesoscale filament in the middle of August.

In the present study of the Delaware Bay area, we have
shown that BL potential dynamics are impacted by the
submesoscale processes due to the interaction between buoy-
ant river outflow with cold and saline upwelled water. Our

previous observational and modeling studies in Monterey
Bay have shown that processes such as upwelling/
downwelling, coastally trapped waves (CTW), submesoscale
processes, phytoplankton blooms and plankton migration im-
pact dynamics, and changes in BL potential. As a result, the
sustained presence in the area on time scales of weeks to
months, and with sampling extended to 1000 km, are needed
in order to resolve BL potential dynamics. With this in mind,
sampling is also needed with very high spatial resolution,
because observed de-correlation scales of BL potential can
range f rom 0 .8 to 7 km (Mol ine e t a l . 2010) .
Bioluminescence potential sensors are now integrated into
ship and propeller-driven unmanned underwater vehicles
(UUVs) surveys and into profilers on moorings (Haddock
et al. 2010; Moline et al. 2014). Ship surveys and propeller-
driven UUVs provide synoptic sampling of BL potential.
However, those platforms cannot provide a sustained presence
in the area and sampling on needed temporal and spatial
scales. Gliders have proven their ability to sample oceanic
properties with high spatial resolution, and on time scales of
weeks to months and with spatial coverage extending to
1000 km. Also, with slow-moving gliders with a BL sensor
on board, there is potential for a better account of the variabil-
ity in organisms’ abundance and improved resolution of the
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variability in the BL potential. The development and testing of
new technology using gliders with BL potential sensors is
needed and this will require research and development of
new paradigms for the BL potential sampling, mapping and
modeling.
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