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Abstract

Profiling floats equipped with bio-optical sensors well complement ship-based and satellite ocean color measurements by
providing highly-resolved time-series data on the vertical structure of biogeochemical processes in oceanic waters. This is
the first study to employ an autonomous profiling (APEX) float in the Gulf of Mexico for measuring spatiotemporal
variability in bio-optics and hydrography. During the 17-month deployment (July 2011 to December 2012), the float mission
collected profiles of temperature, salinity, chlorophyll fluorescence, particulate backscattering (by,), and colored dissolved
organic matter (CDOM) fluorescence from the ocean surface to a depth of 1,500 m. Biogeochemical variability was
characterized by distinct depth trends and local “hot spots”, including impacts from mesoscale processes associated with
each of the water masses sampled, from ambient deep waters over the Florida Plain, into the Loop Current, up the Florida
Canyon, and eventually into the Florida Straits. A deep chlorophyll maximum (DCM) occurred between 30 and 120 m, with
the DCM depth significantly related to the unique density layer p=1023.6 (R’=0.62). Particulate backscattering, bops
demonstrated multiple peaks throughout the water column, including from phytoplankton, deep scattering layers, and
resuspension. The bio-optical relationship developed between b, and chlorophyll (R?=0.49) was compared to a global
relationship and could significantly improve regional ocean-color algorithms. Photooxidation and autochthonous
production contributed to CDOM distributions in the upper water column, whereas in deep water, COOM behaved as a
semi-conservative tracer of water masses, demonstrating a tight relationship with density (R’=0.87). In the wake of the
Deepwater Horizon oil spill, this research lends support to the use of autonomous drifting profilers as a powerful tool for
consideration in the design of an expanded and integrated observing network for the Gulf of Mexico.
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Introduction for heterotrophic microbial populations and provides nutrients for
autotrophs. Marine DOM represents the largest oceanic pool of
reduced carbon, estimated to hold greater than 200 times the
carbon inventory of marine biomass [4]. Given the importance of
both the marine particulate and dissolved organic matter pools,
improved methods are required for jointly assessing and monitor-
ing long-term changes due to perturbations, especially given
linkages between the two components.

Autonomous profiling floats represent an emerging capability
for monitoring biogeochemical properties of the world’s oceans at
unprecedented scales. Technological advances in float platforms
and sensor technologies allow deployments of longer duration (=5
years), to greater depths (up to 2,000 m), and with higher sampling
frequencies as smaller, lower-power sensors are developed [3].
Optical instrumentation recently developed specifically for float
applications allows measurement of a suite of biogeochemical
parameters, including concentrations of chlorophyll, particulate
matter, colored dissolved organic matter (CDOM), dissolved

Long-term monitoring of carbon cycling in the oceans is
required to understand oceanic ecosystem response to natural and
anthropogenic perturbations, including distinguishing trends due
to storm events, climate cycles, oil spills, and global warming.
Ocean primary production, as largely contributed to by phyto-
planktonic carbon fixation, accounts for approximately half of the
global estimated net primary production, an amount roughly
equivalent to that on land [1]. This primary production represents
the base of the marine food web, supporting nearly all oceanic life
and significantly affecting global biogeochemical cycles, including
atmospheric COy uptake. Thus, significant changes in phyto-
plankton biomass as linked to perturbations, such as climate
forcing [2-3], can have major implications for marine ecosystem
functioning all the way up the food chain. Photosynthetic
phytoplankton are also largely responsible for the production of
oceanic dissolved organic matter (DOM), which serves as substrate
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oxygen, and nutrients. Recent miniaturization of sensors now
allows for joint measurement of multiple parameters from floats,
providing the ability to collect important baseline measurements
and repeat monitoring for assessing long-term trends, such as
climate-related impacts on ocean productivity, carbon cycling,
oxygenation, and acidification [3]. Thus far, optically-equipped
floats have been successfully used to provide broad spatial
(horizontal and vertical scales) and highly time-resolved measure-
ments of particle types and fluxes, including in the Pacific,
Atlantic, and Mediterranean oceans [6-8], providing information
on optical variability at previously unobserved scales. However,
there are fewer examples of the simultaneous measurement of both
particulate and dissolved organic matter cycling from floats, given
only recent advances in the technology [9].

Deep waters of the Gulf of Mexico (GOM) represent an
important frontier for better characterizing biogeochemical
processes using autonomous platform technologies. Deep GOM
waters provide valuable ecosystem services, including essential
habitats for large pelagic species, deep sea corals, and marine
mammals [10]. However, these waters are also heavily utilized by
various industries, including commercial fisheries, shipping, and
oil and gas production, with potentially harmful effects on the
environment, such as the Deepwater Horizon oil spill. Previous
work has suggested that a variety of environmental forcing factors
can influence biogeochemical cycling in these deep waters,
including seasonal mixing, Loop Current (LC) and eddy interac-
tions, distant transport of riverine waters, and upwelling along the
shelf edge [11-13]. However, thus far, an understanding of
biogeochemical processes in deep GOM waters has been mostly
limited to traditional shipboard sampling techniques and remote
sensing studies of surface waters. More highly resolved sampling,
in both time and 3-D space, is required to tease apart the various
processes driving optical variability due to phytoplankton,
particulates, and CDOM. To our knowledge, this is the first
publication to describe the high-resolution measurements obtained
from a bio-optical profiling float in deep waters of the Gulf of
Mexico, including collection of both particulate and dissolved
organic matter properties.

Methods

The measurements presented here were collected as part of the
Bureau of Ocean Energy Management (BOEM)-funded “La-
grangian Study of the Deep Circulation in the Gulf of Mexico”,
which is measuring currents at depth in both U.S. and Mexican
waters. In totality, the study has deployed ~120 acoustically-
tracked RAFOS floats [14] at depths of 1500-2500 m to map the
deep circulation and its variability, as well as 8 autonomous
profiling APEX floats [15], the majority of which (at the time of
writing this paper) are still collecting measurements. However, one
of the APEX floats has now finished its mission, after 17 months of
deployment, and is the topic of this paper (Fig. 1A; Dataset S1).
The deployment of the profiling float for this study did not require
permits for the following reasons: 1) it was deployed in federal
waters of the US or inside the Exclusive Economic Zone and not
in State waters, and 2) it was deployed under a study for the
BOEM of the US Dept. of the Interior, under the authority of the
Outer Continental Shelf Lands Act. This Act requires the Agency
to conduct studies to evaluate the potential impacts of the oil and
gas industry on the environment.

The APEX float was equipped to provide profiles of both
physical and bio-optical measurements. The profiling float was
built by Teledyne-Webb Research, Inc. (with float dimensions of
16.5 cm diameter by 127 cm long; Fig. S1) and was interfaced
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with a pumped conductivity-temperature-depth (C'TD) instrument
(SBE41-CP, SeaBird), bio-optical sensors (ECO FLbbCD-AP2,
WET Labs, Inc.), and two-way Iridium communications, which
allowed for both real-time data transmission and sampling plan
adjustments. The instrument was controlled to float at a specified
depth and to profile at set time intervals throughout the water
column. While the profiler was at its specified park depth, it acted
as a passive, quasi-Lagrangian current follower. The vertical
resolution of float bio-optical sampling was set to provide
increasing resolution towards the surface, as follows: 5 m from
0-200 m water depth, 10 m from 200-500 m water depth, 25 m
from 500-1,000 m water depth, and 50 m below 1,000 m water
depth.

The float profiled in the southeastern Gulf of Mexico, traveling
from deep waters of the Florida Plain, along the West Florida
Escarpment, and into the Florida Straits (Fig. 1A). It collected a
total of 61 water column profiles (equaling 5,514 discrete
measurements) of bio-optical and physical properties during a
17-month period. The float was deployed from the R/V Pelican
on July 19", 2011 over the Florida Plain, where the water depth
was ~3,200 m, and transmitted high-quality data through
December 18™, 2012 when it left the GOM through the Florida
Straits and was not retrieved. During its first 140 days of
deployment (through Dec. 6™, 2011), the float collected measure-
ments down to 1,500 m in deep GOM waters highly impacted by
the LC. After traveling significantly to the southeast of its initial
deployment, the float began moving into shallower waters of the
West Florida Escarpment and up the Florida Canyon. As the float
moved into shallower waters, it likely rested on the bottom
between profiles. Then, as the float rose to the surface and
descended again, it was advected by the currents, thus landing in a
slightly different spot on the bottom. While profiling was initially
set to every 14 days (7/19-8/17/2011), it was quickly decreased to
every 5 days to upload data more often and clear out the memory
backlog (8/17-4/9/2012). Finally, sampling was increased again to
every 14 days in the Florida Straits to maximize float time sitting
on the bottom, in order to delay its leaving the GOM (4/9-12/18/
2012).

The bio-optical sensor suite on the float measured proxies of
phytoplankton abundance (chlorophyll fluorescence), total particle
concentration (optical backscattering), and dissolved organic
matter (CDOM fluorescence). Calibration of the sensors (serial
# FLBBCDAP2-2140) was performed by the manufacturer (WET
Labs, Inc.) prior to shipping for installation on the floats. Dark
counts were determined by the manufacturer using the signal
output of the sensor in clean water with black tape over the
detector. Sensor scaling factors were determined for each sensor
using appropriate standards (i.e., a mono-culture of phytoplankton
for chlorophyll fluorescence, microspherical beads for backscat-
tering, and a quinine sulfate dihydrate solution for CDOM
fluorescence). A separate field characterization was not performed
on the sensors and thus, it is possible that some variation from the
dark counts and scale factors determined by the manufacturer may
have occurred due to factors in the field. Data from each of the
sensors, output in counts, was converted to engineering units using
the laboratory calibrations, resulting in chlorophyll concentration
(Chl; pg 17, the volume scattering function at a centroid angle of
140° and a wavelength of 700 nm (f(140°, 700 nm); m™~ ' st ),
and CDOM concentration (ppb). Volume scattering data
contained significant spikes (perhaps associated with particulate
aggregates), and the data was despiked by applying a 3-point
running minimum filter followed by a 3-point running maximum
filter to separate spikes from the baseline, similar to Briggs et al.
[16]. The volume scattering function of seawater, f,(140°,
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Figure 1. Map of float surface position in the Gulf of Mexico and T-S diagram for the deployment. (A) Float surface position, starting
with its deployment on July 19", 2011 and showing each surfacing (circles), until its last useful profile on December 18, 2012. Note that profiles are
not evenly spaced in time (see Methods). (B) T-S diagram for the float deployment demonstrating characteristic shape for the GOM, including profiles
associated with the LC, Florida Straits, and all other water masses sampled. The T-S relationship compares well with an example profile from the

historic Hidalgo (1962) cruise.
doi:10.1371/journal.pone.0101658.g001

700 nm) was calculated following Zhang et al. [17] and subtracted
from f(140°, 700 nm) to yield the scattering due to particles,
B,(140°, 700 nm), which was converted to integrated particulate
backscattering, b,,(700 nm), according to:

by (700) =277B,(140°,700nm)

where % =1.132 for this optical configuration (James Sullivan
[WET Labs, Inc.], personal communication). While the instru-
ments were not re-calibrated during the deployment, sensor drift
was considered to be relatively small given the observed temporal
stability of sensor output in the field. For example, at a reference
depth of 400 m where low variability was generally observed in
optical properties, only small differences were observed between
the first and second half of the deployment (differences for Chl,
bbp, and CDOM of 0.006 ug 17", 6x10"°m™", and 0.01 ppb,
respectively).

Analyses in silico were performed to describe observed
variability in the bio-optical datasets, including comparison to
the physical datasets collected. In addition to temperature (T) and
salinity (S) measured by the float, an ancillary dataset of sea surface
height anomalies (SSHA) was also employed. For the period
corresponding to float deployment, SSHA fields were determined
from remotely-sensed altimetric data obtained from the Colorado
Center for Astrodynamics Research (CCAR, courtesy of Robert
Leben). The criterion used for LC waters was defined as SSHA =
17 em [18]. All analyses of physical and bio-optical datasets,
including creation of figures, were performed using the MATLAB
software package (The MathWorks).

Results and Discussion

Float physical and remote sensing data indicated the various
unique water masses sampled, including Loop Current and
Florida Straits waters. Over all float measurements, temperatures
and salinities ranged between 4.2-31.2°C and 34.8-36.9 psu,
respectively (Fig. 1B). Float temperature and salinity data
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compared well to historical data from the Hidalgo (1962) cruise
in the GOM [19], showing the same distinctive T-S relationship.
Profiles were often associated with the LC in the upper layer,
especially over the Florida Plain, demonstrating unique T-S
characteristics, which were distinct from other profiles. In
particular, the LC was associated with the maximum temperatures
sampled in surface waters, and generally defined the outer
envelope of the T-S diagram (Fig. 1B). In contrast, waters in the
Florida Straits typically did not retain the unique LC signature and
rather defined the inner envelope of the T-S diagram, likely due to
mixing with ambient waters (Fig. 1B). In the realm below ~17°C,
deeper waters had highly uniform physical properties, fitting a
tight T-S relationship. The interaction of the float with the LC was
also apparent through comparison with altimetry data, with
several crossings of the LC boundary observed, especially during
the first part of the deployment in deep waters over the Florida
Plain (Fig. 2). Values of SSHA, matched up to float surfacings,
ranged from a minimum of —14 cm on September 3™, 2011 to a
maximum of 58 cm on October 9, 2011.

During the sampling period, variable chlorophyll concentrations
contributed evidence supporting a heterogenous picture of deep
Gulf of Mexico oligotrophic waters, as punctuated by spatial hot
spots and temporal peaks in biomass. The majority of variability in
Chl occurred in the upper water column (above 200 m; Fig. S2A)
where concentrations ranged from 0.01 to 2.38 ug 17", Average
values observed near-surface (0.14+0.09 pg 17'; Fig. 3A) were
similar to those previously reported in offshore GOM waters
[13,20]. However, the highly-resolved float measurements dem-
onstrated a greater degree of variability in Chl, with concentra-
tions in the Deep Chlorophyll Maximum (DCM) on average 10
times higher than at the surface, and as much as 3040 times
higher in some locations. The DCM ranged in depth from 30 to
120 m (Fig. 3A), with the average depth greater in deep GOM
waters (91+18 m) versus in the Florida Straits (65*18 m).
Notably, the depth of the DCM approximately doubled as the
float twice moved from outside to inside the LC during the first
five months of the deployment (Figs. 2, 3A), indicative of a deeper

July 2014 | Volume 9 | Issue 7 | e101658



07-20-2011

08-17-2011

Bio-Optical Variability in the Deep Gulf of Mexico

N
(03]

28

J

Y

N
o

26

24

Latitude °N)

N
N

22
-88 -86 -84

09-03-2011

22

-82 -88 -86 -84

28+

§

10-09-2011

-82

28/6/

O

26

N
(o]

.

N
N

24

Latitude °N)

N
N

22
-88 -86

86 -84 -84

Longitude CW)

-82

Longitude (W)

-82

Figure 2. Example comparisons of SSHA fields to float surfacing locations on four dates. (A) July 207, (B) August 17", (C) September 3',
and (D) October 9", 2011. The float location (blue star) is identified relative to the Loop Current boundary, as determined by the 17-cm isopleth (thick

black line).
doi:10.1371/journal.pone.0101658.g002

nitracline in the LC compared to ambient waters [13]. Pycnocline
shoaling and resulting subsurface upwelling events offshore of the
Southwest Florida Shelf punctuated surface Chl with relatively
high values, such as in the deep GOM during 8/29-9/3/2011 and
in the Florida Straits during 12/17/2011-2/12/2012 when
surface Chl reached ~0.3-0.4 pg 17" (Fig. 3A). Across the entire
deployment, DCM depth was highly correlated to the depth of the
density layer p=1023.6 (Fig. 4a; R*=0.62, $<<0.001), which
corresponded to a mean temperature of 25.4°C and salinity of
36.4 psu and roughly to the depth of the pycnocline (Fig. S4).
As an indicator of the total particulate pool, backscattering
demonstrated significant complexity throughout the water column,
with contributions from diverse particle types. Natural particle
assemblages contain a range of living and non-living particles,
which can all contribute to optical backscattering in the ocean,
depending on their composition and size distribution, including
phytoplankton, heterotrophic organisms (mostly bacteria), viruses,
detritus, and minerals [21-22]. While backscattering often peaked
with chlorophyll (Figs. 4b, S3), it also demonstrated high values at
other depths in the water column, indicative of the unique
dynamics of the total particulate pool (Fig. 3B). Across the entire
float deployment, peak particle concentrations typically occurred
at the following depths: (1) coincident with chlorophyll peaks in the
upper layer (Fig. 5A), (2) just below the DCM (Fig. 5A), (3) in a
surface layer (Fig. 5B), (4) at intermediate depths (200 to 1000 m;
Fig. 5C), and (4) near-bottom (Fig. 5D). Elevated b;, values in the
upper water column (above 200 m) often occurred at the same
locations as high values of chlorophyll (Figs. 5A, S3A-B), as
evidenced by the significant relationship between b,, and Chl
(Fig. 4b; R?=10.49, p<<0.001). The smaller observed slope between
by, and Chl for most of the dataset (ChI>0.03 mg m™~?) compared
to other oceanic regimes (Fig. 4B, [23]), suggests a lower
backscattering efficiency for phytoplankton and associated parti-
cles in the GOM due to differences in particle size distribution
and/or composition. As indicated by ocean color imagery,
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anomalously high b;, on July 30", 2012 (Fig. S3b, 4b) appears
to have been linked to a plume of terrigenous origin advected
offshore into the float’s path, introducing a water mass with a
significantly ~different particulate and dissolved composition.
Future studies analyzing individual particle characteristics, in
addition to bulk optical properties [22], would contribute better
understanding of the roles that distinct particle types and
characteristics play in determining the optical field in deep
GOM waters.

In the oligotrophic waters of the open Gulf of Mexico, the deep
chlorophyll maximum and associated biological community play a
significant ecological role in structuring the food web. Evidence
presented here demonstrates consistently elevated chlorophyll
concentrations at depth in the Southeastern GOM (Fig. 3A), and
an associated particle assemblage as evidenced by high backscat-
tering values (Fig. 4B). These hot spots of chlorophyll and related
primary production occur where nutrient availability is locally
enhanced, such as at the pycnocline depth, and are a significant
contributor to water column primary production, recently
estimated at a median value 0.28 gC m™>d ™" for the open Gulf
[24]. On an areally-integrated basis, this median estimate resulted
in the open Gulf having a larger regional primary production
budget than the shallower Gulf regions (i.e., West Florida Shelf,
Louisiana Shelf, Texas Shelf, and Mexican Shelf). In terms of the
carbon pump, the net result of physical and biological factors in
the open Gulf is such that it is also one of the largest net sinks of
CO, of all Gulf regions, estimated at —0.48 mol C m~ %y~ ' [25].
The export of organic matter (marine snow) from this biological
pump in the open GOM helps support a diverse benthic habitat of
bacteria, meiofauna, megafauna, fishes, and deep water corals
[26-27]. In addition to phytoplankton, productivity hot spots are
also associated with higher stocks of zooplankton and micronekton
in the deepwater GOM [20,28]. Grazing of algal cells by
zooplankton may be responsible for pheophytin peaks observed
in previous studies just below the chlorophyll maxima, and thus,
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may explain the by, peaks observed in the present study just below values near-bottom. The majority of profiles contained backscat-

the DCM (Fig. 5A). Virus and bacterial concentrations can also be
highly correlated with chlorophyll in the oligotrophic southeastern
GOM [29]. Together, the association with phytoplankton of these
diverse particle types likely contributed to the high backscattering
signal observed in and around the DCM in the present work.

In the lower layer of the water column, backscattering often
peaked in deep scattering layers (DSL) and demonstrated highest

tering peaks in DSL between 200 to 1,000 m, with layer thickness
ranging from 10’s to 100’s of meters (e.g., Figs. 3B, 5C). These
layers may have contributions from a variety of sources, including
aggregations of zooplankton and micronekton at depth, as
previously observed using acoustics in other parts of the GOM
[30], and/or horizontal advection of particles seaward from the
continental slope [31]. Zooplankton and related particles are a
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Figure 4. Bio-optical and bio-physical relationships determined based on float profile dataset. (A) depths of DCM vs. density layer
p=1023.6, (B) Chl vs. by, in the upper 200 m, and (C) CDOM vs. potential density over the entire water column. In panel B, comparison is shown to
results from the algorithm of Morel and Maritorena ([23], dashed line) [2001]. The anomalously high by, values correspond to the float profile from
July 30", 2012, during which time a plume of terrigenous origin was advected offshore into the float’s path.
doi:10.1371/journal.pone.0101658.g004
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likely explanation, especially for profiles in deeper waters away
from the slope, and are indicative of a potential prey source for
higher trophic levels, including cetaceans, which frequent these
waters. Due presumably to contributions from non-living particles,
the highest values of by, occurred near the bottom as the float
profiled into shallower waters and close to the maximum water
depth (Fig. 3B, 5D), with values as high as 0.01-0.05 m~'. These
high near-bottom &, values are indicative of either natural
resuspension in a bottom nepheloid layer or resuspension by the
float itself landing on the bottom and disturbing the top sediment
layer, while it sat at the bottom in shallower depths between
profiles. However, the latter possibility of resuspension by the float
landing would likely have been localized in space and would not
explain the high backscattering observed 100’s of meters above the
bottom (e.g., Fig. 5D). If natural resuspension is the cause, then
these measurements indicate currents strong enough at the
bottom, at depths of 700-1,200 m, to resuspend particulate
matter. Such resuspension events in this region are plausible given
the predominance of mud as a bottom type [32] and maximum
near-bottom current speeds of 40-60 cm s ' (unpublished data
from BOEM “Loop Current Dynamics Study”). However, the
true cause of high bottom backscattering would need to be further
investigated in the future to remove the potential for sampling
artifacts. Further bottom boundary layer experiments could also
help elucidate environmentally-relevant mass (sediment) flows and
net fluxes of resuspended materials. Based on previous research, it
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is most likely that the dense water of these particle-laden lower
layers in the Florida Straits cannot pass through the shallower
sections further downstream [33].

In the upper water column and near-bottom, vertical variability
in CDOM profiles demonstrated the various biological and
physical sources and sinks that can impact this optically-active
dissolved organic matter pool, including autochthonous produc-
tion, photobleaching, and resuspension. The fast turnover, most
bioavailable forms of dissolved organic carbon occur in the surface
ocean, in contrast to the longer-lived and more recalcitrant
materials which circulate in deep oceanic waters [34]. In the open
ocean, possible sources of CDOM production include excretion by
organisms, viral lysis, and remineralization of sinking particulate
matter, which variously contribute to both the deep CDOM
reservoir and mixed layer CDOM; the major sink in the latter is
photobleaching as controlled by irradiance and mixed layer depth
[35-36]. Across all profiles in our dataset, CDOM was lowest in
surface waters ranging from 0.3 to 1.9 ppb (Fig. 3¢, S3c), with
photobleaching as the major sink in the upper mixed layer,
especially during the non-winter months when the water column
was more stratified. Similarly, low CDOM has previously been
reported in surface Sargasso Sea waters, where stratification and
high solar radiation levels lead to bleaching countering local
production of CDOM [37]. The high vertical resolution in our
profiles did provide evidence of localized contributions from
autochthonous production, with CDOM peaks in the upper layer
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corresponding to peaks in particles. For example, more than half
of the profiles clearly demonstrated CDOM peaks co-occurring
with elevated chlorophyll concentrations (e.g., Fig. 5B-D), and
occasionally coinciding with b, peaks as well. A steep increase in
CDOM of 2-6x was observed between the surface and the
pycnocline (Fig. S3c), with such increases also observed in the
Sargasso Sea [37]. In our dataset, highest CDOM values were
observed near-bottom, reaching a maximum of 4.0 ppb (Fig. 3C),
presumably corresponding to resuspension events, though sam-
pling artifacts again can not be ruled out. In New England shelf
waters, Boss et al. [38] collected data supporting that bottom
sediments can act as a source of dissolved organic carbon during
sediment resuspension events. However, this is the first time
measurements have suggested this phenomenon in deep GOM
waters.

At intermediate depths and greater, changes in CDOM were
largely consistent with physical mixing and water mass distribu-
tions, suggesting its utility as a semi-conservative tracer at depth in
the Gulf of Mexico. CDOM concentrations in deep GOM waters
roughly followed the same depth patterns previously observed for
nutrients, such as nitrate and phosphate [39], in each of the
primary deep water masses, which include: 18°C Sargasso Sca
water (depths 200400 m), Tropical Atlantic Central water
(TACW, depths 400-700 m), Antarctic Intermediate Water
(AAIW, depths 700-1,000 m), and Upper North Atlantic Deep-
water (UNADW, depths ~1,000 m and greater) [19]. Below
200 m, CDOM continued to increase with depth to 1,000 m,
though with a much smaller rate of change than in the upper
water column; below 1,000 m, CDOM was approximately
constant with depth (Fig. 6). Average CDOM concentrations
equaled the following values in each of the water masses: 2.5 ppb
in 18°C Sargasso Sea water, 2.7 ppb in TACW, 3.0 ppb in AAIW,
and 3.1 ppb in UNADW. Below 200 m, CDOM concentrations
were strongly and positively related to potential density (R?=0.87,
$<0.01; Fig. 4c) and temperature (R°=0.81; not shown),
indicating physical mixing as an important determinant of
variability and the role of CDOM as a semi-conservative
oceanographic tracer in GOM deep waters. Past studies in the
North Atlantic have supported the potential of CDOM as a tracer
of ocean circulation processes for subducted water masses [35],
and our present results lend evidence for a similar role in the Gulf
of Mexico.

During and following the Deepwater Horizon oil spill, a ship-
based dataset of CDOM fluorescence was collected in the
northcentral Gulf of Mexico in order to track the presence of
the subsurface hydrocarbon plume. This dataset spanned the time
period from just after the oil spill started until several months after
the well was capped (May to October, 2010, [40]). While those
CDOM profiles were generally in a similar range of values and
demonstrated a similar depth increase to our dataset, many of the
profiles showed large spikes in CDOM at depths of ~800—
1,200 m corresponding to the presence of the subsurface
hydrocarbon plume [41]. However, as expected given the location
of the present float dataset (=400 km to southwest of spill site) and
length of time since the oil spill (=1 year), the deepwater
hydrocarbon fluorescence anomaly evidenced in the oil spill
dataset was not present in this float data. During future oil spill
events, bio-optically equipped profiling floats could prove a useful
tool for improved detection of subsurface hydrocarbon plumes, in
addition to traditional ship-based measurements.
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Figure 6. CDOM from all float profiles overlaid with the major
Gulf of Mexico water masses below 200 m. The primary deep
water masses include: 18°C Sargasso Sea water (200-400 m), Tropical
Atlantic Central water (TACW, 400-700 m), Antarctic Intermediate
Water (AAIW, 700-1,000 m), and Upper North Atlantic Deepwater
(UNADW, ~1,000 m and greater) [19]. Mean CDOM values for all
profiles is indicated (solid black line). Note that all CDOM >3.5 ppb
were removed from this figure and associated mean, to remove
anomalies due to high near-bottom values.
doi:10.1371/journal.pone.0101658.g006

Conclusions

We observed highly dynamic biogeochemistry in both the
particulate and dissolved matter pools in deep waters of the
southeastern Gulf of Mexico, using an APEX profiling float
equipped with bio-optical sensors. Understanding such variability
in the open ocean is important because the particulate and
dissolved pools play a key role in determining underwater light
availability and the resulting impact on biogeochemical cycling. As
well, in deeper layers of the water column, bio-optical variability
provides insight into the various oceanographic and biological
processes at play. However, there are few previous examples of
deepwater bio-optical studies in the Gulf of Mexico, in comparison
to numerous studies in shallow and shelf regions [42—44]. The
present study demonstrated complex variability in the particulate
matter pool in deep GOM waters, as measured by chlorophyll
fluorescence and optical backscattering (b, (700 nm)), with peaks
observed at various depths throughout the water column. This
dataset provided evidence for a dynamic DCM in the GOM
impacted by mesoscale processes, as well as evidence for the
formation of deep scattering layers between 200—1,000 m, likely of
biological origin, and the potential importance of sediment
resuspension at depths >500 m. As well, backscattering was
significantly related to chlorophyll concentration in the upper
water column (Fig. 4B), a parameterization which could improve
ocean color, satellite-based retrievals of phytoplankton biomass, as
it has in other oceanic regimes [45].

Additionally, the present study provided evidence of the
important role that water column density structure, as impacted
by water mass variability and vertical mixing, plays in structuring
both particulate and dissolved concentrations in the deep GOM in
addition to other processes (e.g., photo-oxidation, autochthonous
production, grazing, etc.). While previous studies have suggested
such a role in the GOM [28], the large number of observations
afforded by the present float deployment allowed actual param-
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eterization of the relationships of both chlorophyll and CDOM
versus water column density (Fig. 4), including in the wintertime
when ship-based measurements are typically rare. Such relation-
ships could significantly improve the current emerging generation
of Gulf-wide coupled, biogeochemical models, which aim to
capture the spatiotemporal variability in particulate and dissolved
matter pools [46-47]. For example, the present float measure-
ments help fill an important deepwater gap in model validation
data, with the predominance of data currently in shallow waters,
such as the Louisiana-Texas shelf [47].

The emerging role of autonomous underwater vehicles (AUVs)
promises to be a critical asset in future ocean observing systems, as
they provide economical, long-term deployments and measure-
ments at unprecedented resolution. As well, such autonomous
platforms allow for sampling during high-wind periods, when
traditional oceanographic methods are impracticable. The present
study demonstrates the utility and feasibility of optically-equipped
profiling floats for providing new understanding of biogeochemical
processes in deep GOM waters, at a critical time for the future of
ocean observing in this region. Following the Deepwater Horizon
oil spill, in 2012 the U.S. Congress passed the RESTORE Act,
which was created to invest oil spill funds into recovering GOM
ecosystems that were affected by the disaster. Marine ecosystem
monitoring is amongst the activities that can be funded by this
legislation, with the oil spill having acutely demonstrated the need
for improved oceanographic observing systems [48]. Looking
towards the future, our research lends support to the use of
autonomous drifting profilers as a powerful tool for consideration
in the design of such an integrated observing network for the Gulf
of Mexico.

Supporting Information

Figure S1 Picture of APEX float being deployed in the
Gulf of Mexico. The antenna and pumped C'TD are located at
the top of the float, whereas the optical sensors are located near
the bottom of the instrument (Photo Credit: CANEK group,
CICESE).

(TIF)

Figure S2 Contour plots of bio-optical profiles over the
entire depth range the float transited. (A) Chl, (B) ;,, and

References

1. Field CB, Behrenfeld MJ, Randerson JT, Falkowski P (1998) Primary production
of the biosphere: Integrating terrestrial and oceanic components. Science 281:
237-240.

2. Boyce DG, Lewis MR, Worm B (2010) Global phytoplankton decline over the
past century. Nature 466: 591-596.

3. Gruber N (2011) Warming up, turning sour, losing breath: ocean biogeochem-
istry under global change. Phil Trans R Soc A 369: 1980-1996.

4. Hansell DA, Carlson CA, Repeta DJ, Schlitzer R (2009) Dissolved organic
matter in the ocean—A controversy stimulates new insights. Oceanography 22:
202-211.

. Barnard AH, Mitchell TO (2013) Biogeochemical monitoring of the oceans
using autonomous profiling floats. Ocean News Technol 19: 16-17.

6. Boss E, Swift D, Taylor L, Brickley P, Zaneveld R, et al. (2008) Observations of
pigment and particle distributions in the western North Adantic from an
autonomous float and ocean color satellite. Limnol Oceanogr 53: 2112-2122.

7. Xing X, Morel A, Claustre H, D’Ortenzio F, Potecau A (2011) Combined
processing and mutual interpretation of radiometry and fluorimetry from
autonomous profiling Bio-Argo floats: Chlorophyll a retrieval. J Geophys Res
116, doi:10.1029/2010JC006899.

8. Lstapa ML, Buesseler K, Boss E, Gerbi G (2013) Autonomous, high-resolution
observations of particle flux in the oligotrophic ocean. Biogeosciences 10: 1229~
1265.

9. Xing X, Morel A, Claustre H, D’Ortenzio F, Poteau A (2012) Combined
processing and mutual interpretation of radiometry and fluorometry from
autonomous profiling Bio-Argo floats: 2. Colored dissolved organic matter
absorption retrieval. ] Geophys Res 117, doi:10.1029/2011JC007632.

o

PLOS ONE | www.plosone.org

Bio-Optical Variability in the Deep Gulf of Mexico

(C) CDOM. Bottom depth is shown for reference (shaded grey).
Note that profiles are not evenly spaced in time (see Methods).
(TIF)

Figure 83 Contour plots of bio-optical profiles for the
upper 200 m to emphasize upper-water column dynam-
ics. (A) Chl, (B) 44, and (C) CDOM. The reference density layer
p=1023.6 is shown (black line). Note that profiles are not evenly
spaced in time (see Methods). The times corresponding to SSHA
imagery in Fig. 1 are indicated in panel A (white dashed lines) to
show where the float was located relative to the LC boundary.

(TIF)

Figure S4 Comparison of two physical-mixing indica-
tors: the depth of the density layer p=1023.6 and
pycnocline depth. The pycnocline depth was calculated for
each profile based on the maximum gradient in density in the
upper 300 m of the water column.

(TIF)

Dataset S1 Float data used in this analysis. Text file
contains the following columns: year, month, day, depth (m), T

(°C), S (psu), Chl (ug 17", by, (m~"), and CDOM (ppb).
XY

Acknowledgments

The authors appreciate the support of the US Department of Interior,
Bureau of Ocean Energy Management, Gulf of Mexico OCS Region
during the preparation of this manuscript. The opinions expressed by the
authors are their own and do not reflect the opinion or policy of the US
government. The authors gratefully acknowledge Heather Furey and Terry
McKee of WHOI for the setup and maintenance of the data download
system for the APEX floats described in this paper. Thank you also to the
captain and crew of the R/V Pelican for assisting with the field
deployment. Constructive comments from 3 anonymous reviewers helped
to improve this manuscript.

Author Contributions

Conceived and designed the experiments: REG ASB ALF. Performed the
experiments: ASB. Analyzed the data: REG ASB ALF. Contributed
reagents/materials/analysis tools: REG ASB ALF. Contributed to the
writing of the manuscript: REG ASB ALF.

10. National Research Council (2013) An ecosystem services approach to assessing
the impacts of the Deepwater Horizon oil spill in the Gulf of Mexico. National
Academies Press, ISBN 978-0-309-28845-3. 350.

11. Miiller-Karger FE, Walsh JJ, Evans RH, Meyers MB (1991) On the seasonal
phytoplankton concentration and sea surface temperature cycles of the Gulf of
Mexico as determined by satellites. ] Geophys Res 96: 12645-12665.

12. Biggs DC, Miiller-Karger FE (1994) Ship and satellite observations of
chlorophyll stocks in interacting cyclone-anticyclone eddy pairs in the western
Gulf of Mexico. J Geophys Res 99: 7371-7384.

13. Qian Y, Jochens AE, Kennicutt I MC, Biggs DC (2003) Spatial and temporal
variability of phytoplankton biomass and community structure over the
continental margin of the northeast Gulf of Mexico based on pigment analyses.
Cont Shelf Res 23: 1-17.

14. Rossby T, Dorson D, Fontaine J (1986) The RAFOS System. J Atmos Oceanic
Technol 3: 672-679.

15. Davis RE, Sherman JT, Dufour J (2001) Profiling ALACEs and Other Advances
in Autonomous Subsurface Floats. J Atmos Ocean Technol 18: 982-993.

16. Briggs N, Perry MJ, Centini¢ I, Lee C, D’Asaro E, Gray AM, Rehm E (2011)
High-resolution observations of aggregate flux during a sub-polar North Atlantic
spring bloom. Deep-Sea Res I 58: 1031-1039.

17. Zhang X, Hu L, He M-X (2009) Scattering by pure seawater: Effect of salinity.
Optics Express 17: 5698-5710.

18. Leben RR (2005) Altimeter-derived Loop Current metrics. In: Sturges W, Lugo-
Fernandez A, editors. Circulation in the Gulf of Mexico: Observations and
Models. Washington, DC: American Geophys Union. 181-202.

19. Nowlin WD Jr., McLellan HJ (1967) A Characterization of the Gulf of Mexico
Waters in Winter. J Mar Res 25: 29-59.

July 2014 | Volume 9 | Issue 7 | e101658



20.

21.

24.

26.

27.

28.

29.

30.

31

32.

33.

Biggs DC, Ressler PH (2001) Distribution and abundance of phytoplankton,
zooplankton, ichthyoplankton, and micronekton in the deepwater Gulf of
Mexico. Gulf Mex Sci 1: 7-29.

Stramski D, Bricaud A, Morel A (2001) Modeling the inherent optical properties
of the ocean based on the detailed composition of the planktonic community.

Appl Opt 40: 2929-2945.

. Green RE, Sosik HM, Olson RJ (2003) Contributions of phytoplankton and

other particles to inherent optical properties in New England continental shelf
waters. Limnol Oceanogr 48: 2377-2391.

. Morel A, Maritorena S (2001) Bio-optical properties of oceanic waters: A

reappraisal. ] Geophys Res 106: 7163-7180.

Lohrenz S, Chakraborty S, Huettel M, Herrera Silveira J, Gunderson K, et al.
(2014) Primary production. In: Benway HM, Coble PG, editors. Report of the
U.S. Gulf of Mexico Carbon Cycle Synthesis Workshop, March 27-28, 2013.
Ocean Carbon and Biogeochemistry Program and North American Carbon
Program, 28-38. Available: http://www.us-ocb.org/publications/ GMx_report_
FINAL.pdf. Accessed 2014 April 28.

. Robbins LL, Wanninkhof R, Barbero L, Hu X, Mitra S, et al. (2014) Air-sea

exchange. In: Benway HM, Coble PG, editors. Report of the U.S. Gulf of
Mexico Carbon Cycle Synthesis Workshop, March 27-28, 2013. Ocean Carbon
and Biogeochemistry Program and North American Carbon Program, 17-23.
Available: http://www.us-ocb.org/publications/ GMx_report_FINAL.pdf. Ac-
cessed 2014 April 28.

Rowe GT, Wei C, Nunnally C, Haedrich R, Montagna P, et al. (2008)
Comparative biomass structure and estimated carbon flow in food webs in the
deep Gulf of Mexico. Deep-Sea Res II 55: 2699-2711.

Cordes EE, McGinley MP, Podowski EL, Becker EL, Lessard-Pilon S, et al.
(2008) Coral communities of the deep Gulf of Mexico. Deep-Sea Res I 55: 777~
787.

Hobson LA, Lorenzen CJ (1972) Relationships of chlorophyll maxima to density
structure in the Atlantic Ocean and Gulf of Mexico. Deep-Sea Res 19: 297-306.
Bochme J, Frischer ME, Jiang SC, Kellogg CA, Pichard S, et al. (1993) Viruses,
bacterioplankton, and phytoplankton in the southeastern Gulf of Mexico:
distribution and contribution to oceanic DNA pools. Mar Ecol Prog Ser 97: 1
10.

Kaltenberg AM, Biggs DC, DiMarco SF (2007) Deep scattering layers of the
Northern Gulf of Mexico observed with a shipboard 38-kHz acoustic Doppler
current profiler. Gulf Mex Sci 25: 97-102.

Gardner WD, Walsh ID (1990) Distribution of macroaggregates and fine-
grained particles across a continental margin and their potential role in fluxes.
Deep-Sea Res 37: 401-411.

National Oceanographic and Atmospheric Administration (2013) Gulf of
Mexico Data Atlas: Bottom sediments — dominant bottom types and habitats.
Available: http://www.ncddc.noaa.gov/website/DataAtlas/atlas.htm. Accessed
2014 March 19.

Montgomery RB (1941) Transport of the Florida Current off Habana. J Mar
Res 4: 198-220.

PLOS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42,

44,

46.

47.

48.

Bio-Optical Variability in the Deep Gulf of Mexico

Hansell DA (2013) Recalcitrant dissolved organic carbon fractions. Annu Rev
Mar Sci 5: 421-45.

. Nelson NB, Siegel DA (2002) Chromophoric DOM in the open ocean. In:

Hansell DA, Carlson CA, editors. Biogeochemistry of Marine Dissolved Organic
Matter. San Diego: Academic Press. 547-578.

Swan CM, Siegel DA, Nelson NB, Carlson CA, Nasir E (2009) Biogeochemical
and hydrographic controls on chromophoric dissolved organic matter
distribution in the Pacific Ocean. Deep-Sea Res I 56: 2175-2192.

Nelson NB, Siegel DA, Michaels AF (1998) Seasonal dynamics of colored
dissolved material in the Sargasso Sea. Deep-Sea Res I 45: 931-957.

Boss E, Pegau WS, Zaneveld JRV, Barnard AH (2001) Spatial and temporal
variability of absorption by dissolved material at a continental shelf. J Geophys
Res 106: 9499-9507.

El-Sayed S (1972) Primary productivity and standing crop of phytoplankton. In:
Bushnell VS, editor. Serial Atlas of the Marine Environment, Folio 22:
Chemistry, Primary Productivity, and Benthic Marine Algae of the Gulf of
Mexico. New York: American Geographical Society, 8-13.

Operational Science Advisory Team (2010) Summary report for sub-sea and
sub-surface oil and dispersant detection: Sampling and monitoring, Deepwater
Horizon Unified Area Command, December 17, 2010. Available: http://www.
restorethegulf.gov/sites/default/files/documents/pdf/ OSAT_Report_FINAL_
17DEC.pdf. Accessed 2014 March 19.

National Oceanographic and Atmospheric Administration (2011) Joint Analysis
Group, Deepwater Horizon oil spill: Review of preliminary data to examine
subsurface oil in the vicinity of MC252#1, May 19 to June 19, 2010. NOAA
Technical Report NOS OR&R 25. Available: http://www.ncddc.noaa.gov/
activities/healthy-oceans/jag/reports/. Accessed 2014 March 19.

Conmy RN, Coble PG, Chen RF, Gardner GB (2004) Optical properties of
colored dissolved organic matter in the Northern Gulf of Mexico. Mar Chem 89:
127-144.

. D’Sa EJ, Miller RL, McKee BA (2007) Suspended particulate matter dynamics

in coastal waters from ocean color: Application to the northern Gulf of Mexico.
Geophys Res Lett 34, doi:10.1029/2007GL031192.

Green RE, Gould Jr RW (2008) A predictive model for satellite-derived
phytoplankton absorption over the Louisiana shelf hypoxic zone: Effects of
nutrients and physical forcing. ] Geophys Res 113, doi:10.1029/2007JC004594.

. Huot Y, Morel A, Twardowski MS, Stramski D, Reynolds RA (2008) Particle

optical backscattering along a chlorophyll gradient in the upper layer of the
eastern South Pacific Ocean. Biogeosciences 5: 495-507.

DeRada S, Arnone RA, Anderson S (2009) Bio-physical ocean modeling in the
Gulf of Mexico. In: Oceans 2009, MTS/IEEE Biloxi-Marine Technology for
Our Future: Global and Local Challenges. ISBN: 978-1-4244-4960-6, 1-7.
Xue Z, He R, Fennel K, Cai W-J, Lohrenz S, Hopkinson C (2013) Modeling
ocean circulation and biogeochemical variability in the Gulf of Mexico.
Biogeosciences 10: 1-16.

Jochens AE, Watson SM (2013) The Gulf of Mexico Coastal Ocean Observing
System: An integrated approach to building an operational regional observing
system. Mar Tech Soc J 47: 118-133.

July 2014 | Volume 9 | Issue 7 | e101658



