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Oil slicks and sheens reside at the air-sea interface, a regi of the ocean that is
notoriously dif cult to measure. Little is known about the elocity eld at the sea surface in
general, making predictions of oil dispersal dif cult. TheShip-Tethered Aerostat Remote
Sensing System (STARSS) was developed to measure Lagrangigelocities at the air-sea
interface by tracking the transport and dispersion of bambo dinner plates in the eld
of view of a high-resolution aerial imaging system. The camea had a eld of view of
approximately 300 200 m and images were obtained every 15 s over periods of
up to 3 h. A series of experiments were conducted in the northen Gulf of Mexico
in January-February 2016. STARSS was equipped with a GPS anihertial navigation
system (INS) that was used to directly georectify the aeriahages. A relative recti cation
technique was developed that translates and rotates the plkes to minimize their total
movement from one frame to the next. Recti ed plate positios were used to quantify
scale-dependent dispersion by computing relative dispelien, relative diffusivity, and
velocity structure functions. STARSS was part of a nested odervational framework,
which included deployments of large numbers of GPS-trackedsurface drifters from
two ships, in situ ocean measurements, X-band radar observations of surfaceuwrrents,
and synoptic maps of sea surface temperature from a manned airaft. Here we
describe the STARSS system and image analysis techniqueshd present results from
an experiment that was conducted on a density front that was pproximately 130 km
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offshore. These observations are the rst of their kind andhe methodology presented
here can be adopted into existing and planned oceanographicampaigns to improve
our understanding of small-scale and high-frequency varklity at the air-sea interface
and to provide much-needed benchmarks for numerical simuligons.

Keywords: surface ocean dispersion, air-sea interface, aero stat, Gulf of Mexico, oil spill, particle tracking

1. INTRODUCTION because it is on these scales where nonhydrostatic turbulent

e ects rst become important, which dynamically delineates
In April 2010, the explosion of the Deepwater Horizon (DWH) the beginnings of the three-dimensional turbulence that is
oil platform in the DeSoto Canyon of the Gulf of Mexico smaller than the submesoscaldahadevan and Tandon, 2006;
(GoM) resulted in the largest accidental marine oil spill inHamlington et al., 2014; Haney et al., 2015; Mensa et al.,; 2015
hiStOl'y (Crone and Tolstoy, 2030“’1 the aftermath, a great need Suzuki and FOX_Kemper, 20)']_G_arge Eddy Simulations (LES)
for transport and dispersion forecasts at the air-sea int&rfa show that intense localized submesoscale restrati catiorurs
over a large range of spatial (100s of m to 100s of km) angtermittently on these scales in competition with mixing by
temporal (hours to months) scales became clean (et al.,  three-dimensional turbulence when forced with winds, wave
2011; Mariano et al., 20).1Hydrocarbons were present in a and/or convective cooling ahadevan et al., 2010; Smith
range of environments, from the open ocean to the shorelinest a|., 2016; Bachman et al., 2017; Whitt and Taylor, pddut
complicating the problem of predicting their motion. Putting observations of this regime are rare and challenging in gene
aside the complexities of the fate of hydrocarbons in wateand are particularly relevant to the study of the dispersion
speci cally, even the prediction of the transport of near-suwé of buoyant substances like oil. These interactions between
water masses over such a range of scales and environmeBtsundary layer turbulence, surface forcing, and submesdesc
has been impeded by a lack of observations of scale-dependeatrati cation are not captured in the standard submesdsca
dispersion that span the relevant spatio-temporal scafege( parameterizations Rox-Kemper et al., 2008, 2011; Bachman
et al., 2013 While recent observational campaigns have beegt a|., 2017; Whitt and Taylor, 2017; Callies and Ferrari,
devoted to submesoscale transport and mixiegi{roeder etal., 2019. Their e ects on near-surface dispersion are therefore
2012; Poje et al., 2014; Berta et al., 2015; Coelho et al;; 203fso missing from regional models needed to capture larger
Shcherbina etal., 2015; Ohlmann et al., 2017; Pascual20&¥; submesoscale and mesoscale phenomeétard et al., 2014;
Petrenko et al., 20)/relatively fewin situ studies (e.g.Miyao  Mensaetal., 20)5

and Isobe, 2016; Matsuzaki and Fujita, 20have quanti ed Boundary layer turbulence observations are common from
near-surface velocities at oceanic boundary layer scedesiids many platforms: the Floating Instrument Platform (FLIP;
to hours and meters to 100 s of m). Sutherland and Melville, 20),5Lagrangian oats (e.g)'Asaro

Traditional ocean observation tools (e.g., drifters, shgvel et al., 201), microstructure pro lers (e.g.Sutherland et al.,
satellites) are limited in their ability to both measurea@ties 2014, and moorings (e.g.Prytherch et al., 20)3 However,
at the air-sea interface, where slicks and sheens of oifleesi they have not been connected, conceptually or technoldgjcal
and to resolve dispersion at oceanic boundary layer scales. Tto the larger scales observed by surface drifters. To Ik thi
drifter trajectory data collected during the Grand Lagr&my observational gap, the classic tools of messages in bottles
Deployment (GLAD) in 2012 was successful in improving(e.g., Williams et al., 1977 and drift cards (e.g.Yeske and
velocity estimatesHerta et al., 2015; Coelho et al., 2)idata-  Green, 197pwere brought into the modern era: Continuous
assimilating modelsGarrier et al., 2014; Jacobs et al., 9014 quantitative visual monitoring, as in the famous parsnip
and understanding of turbulence through dispersion statsst experiments ofRichardson and Stommel (1948yf buoyant
(Poje et al., 2014, 201 However, due to uncertainties in GPS and biodegradable bamboo dinner plates from a ship-tethered
positioning of the drifters Klaza et al., 20)4and the initial  aerostat equipped with a high-resolution camera and positignin
drifter separation distances, this technology was capable g{stem.
accurately sampling only the larger submesoscale and n&eosc  Section 2.1 andTable 1 outline the minimum operating
features.Haza et al. (2014Dep0rt that statistics on scales 20— requirements for observations of Lagrangian transport at
60 times larger than the 5 m GPS position uncertainty may behe air-sea interface in the open ocean that resolve the
contaminated (i.e., 100-300 m). spatiotemporal scales relevant to oceanic boundary layer

Recent developments in modeling and theory haveyrbulence. We argue that a low-altitude aerial remote sensi
emphasized the importance of the connections betweep|atform satis es these requirements and section 2.2 dessri
submesoscale fronts, laments, and eddies and the morge ship-tethered aerostat remote sensing system (STARSS)
isotropic scales of traditional boundary layer turbulengey(or  and its deployment during the Lagrangian submesoscale
and Ferrari, 2009; Hamlington et al., 2014; McWilliams et al.experiment (LASER). Supporting datasets from the LASER

2015; Smith et al., 2016; Suzuki et al., 2016; McWilliams()201 experiment are brie y described in section 2.3. Image ariglys
The smallest scales of the submesoscale are also of ge¥asint techniques are presented in section 2.4. Results from a
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TABLE 1 | Design requirements.

1. Region of Interest and Resolution

Region
Conditions

Area

Duration
Individual motions

Offshore, surface ocean

Wind speeds in excess of 10 ms 1
100 m 100 m

10%s

1-100 m; 1-16s

2. Patch dispersion and trajectories

Simulate small-scale
patch

Cost & effort

Material

Visibility

Release 100-1,000 s of drifting objects

Commercially available in large quantities
Easy to transport and deploy
No need to recover

Biodegradable and non-toxic

Robust (do not degrade during experiment)
Buoyant

Low windage

Large enough to be detected in optical imagery
Suf cient color contrast with surface ocean

3. Camera and positioning system

Resolution

Image quality
Memory

Computer Interface

Positioning System

Data Management

Operating Conditions

Battery life
Cost

Suf cient to detect individual drifting objectghat
satisfy requirement 2

Low distortion (no sh-eye effects)

Suf cient storage for up to 104 high-resolution
images

Communicate with computer

Set frame rate to satisfy requirement 1
Adjust camera settings

Record Lat/Lon, altitude, heading, pite, and roll of
camera

Backup data locally
Transmit data to ground station

Water resistant
Satisfy requirement 1

Meet or exceed duration in requirement 1
Re ects risks incurred in offshore operations

4. Aerial platform
Lift

Endurance

Altitude

Logistics

Cost

Suf cient for camera and positioning system that
satisfy requirement 3

Safely carry onboard equipment for duration in
requirement 1

Operating altitude produces images that 1) satigf
area in requirement 1 and

2) Have suf cient ground resolution to detect drifting

objects that satisfy requirement 2

Simple, safe, and reliable in operating region @h
conditions established in requirement 1

Re ects risks incurred in offshore operations

2. METHODS

2.1. Design Requirements

Observations of Lagrangian transport and dispersion on the
surface of the ocean at the spatiotemporal scales relevant to
oceanic boundary layer turbulence present a unique challenge
especially in an oshore environment. To understand the
transport and evolution of the patches and laments of olil
observed during the Deepwater Horizon spill (see, e.g., Eigar

in Lumpkin et al., 201); an observing system must be able to
monitor an area of the surface ocean that is approximately @(10

100 m) while also resolving motions over spatial and temporal
scales of O(1-100 m) and O(1-4), respectively (s@able 1).

Existing oceanographic instrumentation and techniquedaou
not satisfy these operational requirements in an open ocean
setting. Land-based observing systems that are typicallgt use
to produce maps of surface currents, like high frequency (HF)
radar (e.g.Carlson et al., 20)0cannot resolve the spatial and
temporal scales of interest at distances that exceed 100 km fro
land. Similarly, satellite remote sensing has su cient sgadrad
temporal resolution to investigate submesoscale dynamiesi(
etal., 2014; Vanhellemont and Ruddick, 2014; Delandmeter, et al
2017; Marmorino et al., 2017; Rascle et al., 2®UT currently
lacks the necessary temporal resolution to track dispersi@todu
boundary layer turbulence. Frequent cloud cover is an adidéi
limitation imposed on passive satellite imagery. Marine rda
radar can also be processed to estimate surface currentddut t
spatial and temporal binning required to reduce uncertaigtie
means that the smaller spatiotemporal scales of interestaire n
resolved (see section 2.3.4 and references therein).

Trajectories of particles that are advected by the velocity
eld are sometimes easier to observe than the full ow
eld itself (Salazar and Collins, 20D9Surface drifters are
commonly used for this purpose, but standard GPS accuracy
is insu cient to resolve the smaller spatial scales of instre
here Haza et al., 20)4 Di erential GPS (DGPS) and real-
time kinematic (RTK) GPSSuara et al., 20)5an produce
position estimates with accuracies O(10 cm) and O(1 cm),
respectively, but accuracy degrades with distance from base
station measurements. Furthermore, most DGPS and RTK GPS
sensors typically log positions internally, requiring eacfit to
be retrieved to download data, which complicates eld logsst

Recently Matsuzaki and Fujita (2017gnd Miyao and Isobe
(2016) used a balloon to track objects in optical imagery.
A similar system capable of tracking many (100 s-1,000)
objects drifting on the surface of the ocean over periods of
seconds to hours could be used. The use of drifting objects
introduces additional design requirements that relatenotthe
properties of the objects and the capabilities of the aeriaginmg
system. The drifting objects must be readily available myda
numbers, low-cost, biodegradable, subject to minimal \aigel
and detectable in aerial imagery (Sesble 1). Historically, drift

STARSS experiment at an oshore density front in thecards, or computer punch cards, and bottles have been used
northern Gulf of Mexico are presented in section 3 andto study surface Lagrangian transport for well over a century
discussed in section 4. The performance of STARSS is asseg&edrstang, 1893 In the past, drift cards typically provided

in the discussion and improvements to the system ar@nly information about initial and nal locations (e.gWilliams

suggested.

et al., 1977; Levin, 1983though in rare cases they have
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been used to quantify short-term transportdske and Green, The tethered aerostat was selected as an aerial platform for
1979. ease of regulatory compliance, persistence, high lift capacity,
Computer punch cards have not been used for decademnd stable ight characteristics. Tethered aerostats aaltbbns
so other products were evaluated, including cardboard pizzhave a long history: They have been used as an aerial imaging
boxes, plywood, and bamboo dinner plates. These materiagd reconnaissance platform for over 100 ye&rse(ver, 1902;
were subjected to tests in the SUrge STructure Atmosphericrawford, 1924; Vierling et al., 200&nd have also seen extensive
INteraction (SUSTAIN) facility and in coastal waters nearuse in studies of the planetary boundary layer (séerling
the Rosenstiel School for Marine and Atmospheric Sciences al., 2006or a review). Tethered aerostats and balloons have
(RSMAS) of the University of Miami. The bamboo platesbeen used at sea and in coastal areas to provide situational
produced the most promising results as they did not degradawareness during oil spill exercisé&(isen, 2015; Jacobs et al.,
quickly, like cardboard, and were easily and cheaply availabP015, to study melt ponds on sea ic®¢rksen et al., 1997
for purchase in large quantities, non-toxic, and biodegtdda to measure toxin levels duringn situ oil burning operations
The bamboo plates were 2 mm thick and had a draft of 1.78uring the DwH spill Aurell and Gullett, 201)) to study surf-
cm and oated in the upper few cm of the water column for zone dynamicsEezerra et al., 19)7to quantify macro-debris
periods in excess of 6 h without a change in buoyancy or lossn beaches\akashima et al., 20} and on the sea surfacEgko
of structural integrity. Following the successful deployinef  etal., 201}, to monitor marine mammalsKlamm et al., 2000to
bamboo plates for STARSS, they have been adopted for drorgtudy shoreline changegi((lie et al., 2003 and to track oating
based observations near the mouth of the Mississippi Rivesuoys on the surface of the ocealliyao and Isobe, 20)6
(Laxague et al., 20).8The plates were 28 cm in diameter andWhile Miyao and Isobe (2016and Kako et al. (2012used a
their natural color provided su cient contrast with surfacecean  ship-tethered balloon to track drifting buoys and marine deb
waters in test images. A subset of the plates were painted witespectively, their overall scienti ¢ goals and their metblod)y
natural, non-toxic paint by students in Miami-area schools adli ered from those of LASER and STARSS. Speci callyyao
part of an outreach program by the Consortium for Advancedand Isobe (201@ndKako et al. (2012)sed a blimp-style balloon
Research on Transport of Hydrocarbon in the Environmentthat was only suitable for ights in light winds to track O(LO
(CARTHE; http://carthe.org ) and to test whether such drifting objects.
color dierentiation could help in the linking step of the Modern aerostats are equipped with a sail that keeps the nose
trajectory reconstruction (see section 2.4.4). of the envelope pointed into the wind and also causes tether
Imaging system requirements are summarizediable 1 One tension to increase with wind speed. As a result, aerostaibiéx
of the main requirements was the ability to resolve indivatlu relatively stable ight characteristics even in wind speedsr 10
bamboo plates. Cost, power consumption, weight, memory, anais 1. Federal regulations governing aerostat ights are oeitin
eld of view (FOV) were also taken into account when evalngti in Part 101, subpart B of the Code of Federal Regulations (see
cameras and lenses. Additionally, the horizontal and ealti http://www.ecfr.gov). In short these regulations permit hig
position of the camera, as well as its orientation (pitch,,ratid  that are conducted at least 8 km (5 miles) from any airport,
heading), must also be recorded to georectify the imagesg (sat a maximum altitude of 150 m (500 ft), with a minimum
section 2.4.2). clearance of 150 m below any cloud base, a minimum of 4.8 km (3
The primary considerations for the aerial platform weremiles) visibility, and the use of an automatic emergencyadien
endurance, reliability, ease of use, and cost Tedxe 1). There device. No licenses or certi cations are required for atbs
are many platforms available for aerial imaging and there areperators.
several "turn-key' commercial options available for moriitg.
The requirement list eliminated manned aircraft, unmanned
aerial systems (UAS), and most turn-key commercial options.
Manned aircraft ights are expensive, especially considetire  2.2. STARSS Development and Deployment
transit time to the o shore experiment location. Additiolg) STARSS was equipped with a Canon EOS 5DSR Mk IIl 50.6
manned aircraft are better suited for synoptic mapping ofmegapixel (8,688 5,792 pixels) digital single lens re ex (DSLR)
surface ocean properties, like sea surface temperature (S$amera that was paired with a Canon 17-40 mm lens. A battery
see section 2.3.5). UAS have become important tools igrip was used to extend the battery life and two 512 GB memory
oceanographic researchVpitehead and Hugenholtz, 2014; cards were installed in the camera. An Inertial Labs GP8ehid
Whitehead et al., 2014; Brouwer et al., 2015; Klemas, 20liertial navigation system (INS) was mounted next to the eaan
Reineman et al., 20)6and were initially considered during with the intention of using the latitude, longitude, altie,
the planning stage. However, planning began in 2013 angitch, roll, and heading output by the INS to perform absolute,
LASER was carried out in January-February 2016, before tlwe direct, recti cation (see section 2.4.2). The INS proeess
FAA simpli ed the regulations for non-recreational use of BA raw position and altitude measurements from a NovaTel global
Most commercial monitoring systems used a tethered aerostatvigation satellite system (GNSS) antenna, pressure data,
or balloon that carried an imaging system and other system&nd accelerations and rotation rates from a micro-eleatric
Many commercial systems were evaluated and ultimatelgtee mechanical systems (MEMS) inertial motion unit (IMU) using
due to the cost and/or the capabilities of the onboard imagindnertial Labs' proprietary extended Kalman Iter (EKF). Thetal
system. weight of the camera, lens, battery grip, INS, and data cables

Frontiers in Marine Science | www.frontiersin.org 4 December 2018 | Volume 5 | Article 479


http://www.ecfr.gov
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Carlson et al. Surface Ocean Dispersion Observations

FIGURE 1 | (A) STARSS consists of large aerostat (1), an emergency de atiodevice (2), a 5 GHz WiFi bridge (3), a NovaTel GNSS antenna, @)50.6 megapixel
Canon 5DSR Mk Il DSLR and INS (5), handling lines for launch aretovery (6), a sail (7), and a tether (8). The onboard computand batteries were stored in a

waterproof case on the top of the instrument frame (not visile). (B) An aerial image of a STARSS dispersion experiment. STARSS) (& positioned over a patch of
bamboo plates (2) and is tethered to the tender vessel (M/V Mas VIII; 3).(C) A grid deployment. (D) A patch deployment.

exceeded 2 kg, which prohibited the use of a gimbal for cameiscript using gphoto2 calls (http://www.gphoto.org/). Neagalre
stabilization. time imagery allowed the operators to keep STARSS in position
An Odroid-C1 single board computer (SBC) was used foover the patch of plates-{gure 1B).
camera control and data management. A Ubiquiti Networks 5 All components were mounted on an aluminum frame, with a
GHz WiFi bridge connected the STARSS onboard computer tcombined weight of approximately 10 k§igure 1A). A safety
the ground station computer and allowed images to be viewed ifactor of three, therefore, necessitated an aerostat witlit a
near-real-time. The SBC, WiFi bridge, and INS were powered bgapacity of 30 kg. STARSS was built around a large (4 m diameter,
a 7 Ah, 24 V sealed lead acid battery pack and a custom pow®8 n¥), helium- lled Skydoc model 20 aerostat with a lift capacity
distribution board that was capable of powering the componentsf 30 kg Figure 1A). The instrument frame was suspended from
for periods of approximately 4 hr. STARSS instruments ar¢he aerostat's three control lines and an electric winchugesl to
shown inFigure 1A. A Python script acquired images every 15 scontrol the ascent/descent and maximum altitude of the atb
though infrequent errors occasionally increased the tireen Ten STARSS dispersion experiments were conducted over
successive images to 30-90 s and copied each new image to a 86nonconsecutive days in late January and early February
GB USB drive and to the ground station. Images were saved B016. STARSS was own from the M/V Masco VIII, an o shore
three locations (camera memory card, USB drive, and groundupply vessel chartered by CARTHE for LASERy(re 1). The
station computer) to ensure preservation of data in the evengeographic locations in which aerostat ights were permigsib
of a system failure or a crash. The ground station operatorerere limited by the large expanses of airspace that are
could adjust shutter speed and aperture settings in the Pythodedicated to military training operations in the Gulf of Megic
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combination of observational data provide context for STARSS
observations and these supporting data are brie y summarized
here.

2.3.1. Drifter Deployments

Approximately 1,000 biodegradable surface driftelso\(elli

et al., 201ywere deployed during LASER'@Asaro et al., 2013
The drifters consisted of a donut-shaped oat with the bajgter
and electronics housing in the center, connected to a fourgba
drogue. Drogued drifters were shown to follow the integdate
currents of the top 60 cm of the water column under a wide range
of conditions (Novelli et al., 201)Z Drifters without drogues were
also observed during LASERIgza et al., 20)8these generally
FIGURE 2 | The Gulf of Mexico with the STARSS area of operation, as follow the upper 5 cm of ow but are subject to Stokes drift and
established by agreement with the Federal Aviation Admirtigtion and Gulf . . . .

Coast Helicopter operators, outlined in magenta. A MODIS Acuchlorophylla increased Wmdage_‘ The qlrlfters extend the observatlomge of
image that was acquired on 10 February 2016 reveals a featurdch scale-dependent dispersion to the submesoscale.
submesoscale environment in the area of interest.

2.3.2. Meteorology and Vessel Motion

Wind speed, air temperature, and relative humidity were
) ) ) ) ) ___measured on the M/V Masco VIII at 10 Hz. Quality control

O shore oil and gas installations in the region are servicedyneasures eliminated data that (1) experienced a change in
regularly by helicopters, which presented an additionaldtgal  headings 40 | (2) observed wind coming from the aft quadrants
challenge. Therefore, STARSS ight operations during LASER the ship, or (3) experienced any data interruptions that were

were coordinated over a year in advance with the Federghnqerthan 30 s. All wind data were de-spiked to remove otlie
Aviation Administration (FAA), who then alerted the Gulf Cs& 514 motion corrected to account for vessel translation. The

helicopter companies of our operations and facilitated a Ndtice quality-controlled data were averaged to 1 Hz. Vessel matias

Airmen (NOTAM) for the LASER experiment periodigure 2. 1ecorded at 1 Hz using an IMU, a GPS, and a magnetometer.
A typical STARSS experiment consisted of in ation, launch,

ascent to 150 m altitude, plate release, and image acquisiti@.3.3. Wave Buoys
until the majority of the plates spread out of the FOV or wereThree spherical wave buoys (30 cm in diameter) were deployed
in uenced by the ship. All ights were conducted during dagiit  during most STARSS dispersion experiments. Each wave buoy
hours. Plates were either released from the M/V Masco VIII oiwvas equipped with an IMU, which consisted of a Yost
from a small workboat launched from the R/V Walton Smith. accelerometer, a gyroscope, and a magnetometer, and a GT31
Two plate deployment patterns were employed: a dense, sm@PS. The GPS and IMU recorded data at 1 and 10 Hz,
patch and a grid-like arrayRigures 1C,D). The advantage of respectively. Raw IMU data were motion-corrected following
patch deployments is the short deployment time. However, theénctil et al. (1994and were double integrated to estimate three-
proximity and occasional overlap of plates complicate particleimensional displacements. Stokes drift pro les were computed
tracking. Therefore, patch releases are more amenable td clofollowing Longuet-Higgins (1986(seeClarke and Van Gorder,
dispersion analysis (e.gQkubo, 197), whereas the gridded 2018for a more recent review) and were averaged over 10 min
deployments permit more detailed quantitative analysis based intervals. The horizontal dilution of precision (HDOP) was used
particle tracking velocimetry (PTV, see section 2.4.4) leguire  to remove raw 1 Hz GPS positions that were recorded during
coordination between STARSS operators and the small boat crepoor satellite reception conditions. GPS data were converted
The focal length of the lens was kept constant during eacto universal transverse Mercator (UTM) positions and were
experiment, but di erent focal lengths were used and were get baveraged over 1 min intervals. The velocity of each wave buoy
taping the lens in place. Focal lengths of 17 , 21, and 23 mm wewas computed using a forward di erence of 1 min average UTM
used. At an altitude of 150 m, a focal length of 17 mm resultegositions.
in a nadir-looking FOV of 318 235 m while the 23 mm focal
length resulted in a FOV of 212 157 m. At 150 m, focal lengths 2-3.4. X-band Radar
of 17 and 23 mm resulted in nadir-looking ground resolutiasfs An X-band marine radar was mounted on the R/V Walton
3.67 and 2.7 cm/ pixel, which was adequate to resolve the 28 chinith at a height of 12.5 mi_(ind and Haus, 2018 The marine

diameter bamboo plate¥able 2summarizes these parameters. radar used during LASER was developed at Helmholtz Zentrum
Geesthacht, Germany. It is based on a standard 12 kW X-band

2.3. Supporting Data radar operating at 9.4 GHz with a 2.25 m horizontal transmit
LASER was carried out by in the northern GoM in January-and horizontal receive (HH) polarized antenna, a pulse refoetit
February 2016 Rigure 2). One of the goals of the LASER frequency of 2 kHz, and an antenna rotation period of 2 s. It was
experiment was connecting the oceanic boundary layer scalesodi ed to become a coherent-on-receive Doppler radargun

to the smaller scales of the submesoscale (section 2.3 uset al., 2008 It yields the raw backscatter intensities (and phase
the STARSS and surface drifter observations. An unprecedenteformation) in polar coordinates with a 7.5 m bin size, 1
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TABLE 2 | Image dimensions, ground resolution, pixel area, and the nuber of pixels per 28 cm diameter bamboo plate are presented fiothe focal lengths used during
the LASER experiment.

Focal Length (mm) Width (m) Height (m) Ground resolution (m/pix) P ixel area (m2) Plate resolution (no. pix/plate)
17 317.6 211.8 0.037 1.3 10 3 46
21 257.1 171.4 0.030 88 10 4 70
23 234.8 156.5 0.027 73 10 4 84

These values assume a nadir-looking image at an altitude of 150 m and a 50regapixel (8688 5792 pixels) Canon 5DSR Mk Il camera.

azimuthal resolution, and 13 bit pixel depth. The backscdites plate with approximately 8 pixels across. Custom algorithmswer
been corrected for range decay. developed to detect only plates, while rejecting sun glitteitewh
The near-surface current analysis is performed in circulacaps, boats, and boat wakes. The M/V Masco VIII was located
areas of 0.7 kn? that were evenly distributed over the radar at the top of each image and was, therefore, easy to remove.
eld of view (with up to 40% overlap between neighboring bexe The small work boat moved around in the FOV during the
The marine radar currents have an accuracy better than 4 cimitial stages of the experiment and was manually edited out.
s 1 (Lund et al., 2018 Vessel motion and azimuthal o sets Sun glitter was problematic in many instances and complicated
in the radar image heading were corrected using methodologplate detection. Even imagery acquired at low sun anglesded
described inLund et al. (2015)For details about the operating sun glitter due to re ection of sunlight by surface gravitaves
principles behind techniques to estimate surface curremsifa  (Mount, 2005. During the experiments, an e ort was made to
vessel-mounted X-band radar we refer the readetiteio Borge  position the aerostat relative to the plates and the sun in a way

et al. (2004)Young et al. (1985andSenet et al. (2001) that separated the majority of the plates from the majorityhaf t
_ sun glitter. Therefore, most of the sun glitter could be masked
2.3.5. Aerial SST out before plate detection. Sun glitter also tends to be closer to

Synoptic SST maps were obtained from a long-wave infrareghite in color than the plates, which can be exploited in a color
(LWIR) camera own aboard a Parthanavia P86 dual enginelter. Finally, sun glitter is ephemeral and plates identi edldne
aircraft stationed in Gulf Shores, AlMplemaker and Berta, image without a corresponding plate in the subsequent images
2019. At a typical ight height of 3,000 m, the thermal images can be agged as false positives and removed.

map an area of approximately 3,000 2,250 m at a spatial  When plates are su ciently separated in space to be resolved
resolution of 5 m. The images were directly georecti ed @sin as individual circular shapes in the image, a shape lter can
onboard position and altitude data. They were combined intadi erentiate plates from non-circular sun glitter. For the gri
mosaics, each spanning an area of O(560 km) and typically deployments, a shape lter is then applied by convolving each of
acquired over 4 h. Considerable overlap allowed the avegagi the RGB color components with a shape kerrfg(res 3A,B.

of about 100 observations for each 5 m bin of a mosaic, The convolution kernel mimics the size and shape of a plate: A
reducing the noise by an order of magnitude. A partial cori@tt 2D image, with values set to 1 within a radius from its center

of atmospheric e ects was applied to produce the nal productequivalent to a plate radius (4 pixels for full-resolution iges),
of the radiative skin temperature of the sea surface. Notethti®  set to —1 outside this inner circle and within an annulus of gt

may di er from in situ bulk SST measurements by up taCl pixels, and set to 0 everywhere else, is subjected to a 2Di@&auss
. smoothing Iter with standard deviation 3 pixels. The resust i
2.4. Image Processing used as the convolution kerndfigures 3A,B.

The rst three steps in the image processing work ow are The next step is color- ltering. Relative to the open-ocean
the same for both patch and grid deployments. First, lengeawater, whose hues are dominated by blue, and the sum,glitte
distortion was removed using Agisoft Photoscan (an a ordabl whose colors are close to pure white, the plates are charzeteri
photo processing software package). Second, bamboo plates Wey&sellow, red, and magenta colors. This property is exploited in

detected in the imagery (section 2.4.1). Third, the imageew the conversion of the three RGB color components into a single
recti ed (sections 2.4.2-2.4.3). Grid deployments emplayuath  jntensity value, using the function

step to link the plates and create trajectories (sectior4®.4.

Additionally, the plate detection method was slightly moet FD( g°C(g b2Cb r)? 1)
for detecting individual plates in grid deployments vs. groops

plates in patch deployments, as individual plates often coutd ngvhere r, g, and b are color components of each pixel

be identi ed in patch deployments. (Figures 4A,B.
For the patch deployments, itis sometimes helpful at this stage
2.4.1. Detection to perform a noise lter to eliminate sun glitter. This can be

The key to identifying plates, either individually or as patshe done, e.g., with a bandwidth or a Wiener Iter; here the MATLAB
is the color di erentiation from the mostly blue background implementationwiener2 is used with a 200 200 window.

of the ocean surface and bright sun glitter. Each color imag&nowing the approximate number of plates released and the
(8,688 5,792 pixels 3 colors) resolves each 28-cm diametermpproximate number of pixels per plate, one can estimate the
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FIGURE 3 | (A) Cross-section of the kernel along the x-axis showing the sie
function in blue and the Gaussian smoothed shape in redB) Kernel of the
shape lter used to identify individual bamboo plates(C) Schematic diagram
of the relevant quantities used to rectify STARSS imagery.éte,

p» r:he, X Y)e,, and (x, y)c correspond to pitch, roll, heading, altitude, camera
position, and image center, respectively. See Equation 6 isection 2.4.2.

total number of plate pixels. A binary image is created by sgtti
the brightest pixels to 1 and others to Bigure 4C). The best
threshold value depends on the particular experiment, but $end
to be around 0.05 or 0.025%.

The last step is to identify the approximate plate centers. This
is done following the method ofrocker and Grier (1996)in
an implementation based on that by Blair and Dufresne (http://
site.physics.georgetown.edu/matlab/). After all locakima are
found within a local neighborhood of approximate plate size,
the collection is thinned with a minimum imposed separation
of one plate radius. The center position is then re ned as
the intensity-weighted centroids of the pixels within thecédb
neighborhoods of the local maxima. For patches, this procedur
yields a nearly uniform distribution of identi ed plates withi
each patch. In some applications, it is preferred to deal with
these bright areas in the image as a single patch instead of as a
collection of “plates” whose number is highly dependent on the
chosen exclusion radius. In these cases, the MATLAB funstion
bwconncomp and regionprops  can extract the properties
of the individual contiguous areas, including their centt®and
their areas, which are estimates of the number of plates withi
each patch.

2.4.2. Absolute Recti cation

Absolute recti cation, or direct georectication, uses the
horizontal position, altitude, orientation (pitch, roll, and
heading), and camera parameters (sensor size and resolrin
lens focal length) to assign a geographic location to each ipixe
the image {lostafa and Schwarz, 200Here we summarize the
basic principals of direct/absolute georecti cation of loltitade
aerial imagery as they relate to an unstabilized camera sdspen
from an aerostat.

Since the camera was mounted on an aerostat, which was
tethered to a heaving, surging, and swaying ship, the camera
was always in motion (translating, and rotating about alletar
axes). The position, altitude, and orientation data recarbg the
INS were collected with the intention of using them to dirgctl
georectify the images. However, the magnetometer on the INS
malfunctioned and incorrect heading data were recordedhedt
variables output by the EKF used by the INS, i.e., horizontal
position, altitude, pitch, and roll, depend on the accuracy of al
the input data and, therefore, may have been aected as well.
Figure 3Cshows a diagram of the aerostat and camera relative
toits eld of view and the variables required to directly geotify
aerial imagery.

Ideally, one can calculate the absolute position of each plate i
an image given complete information about the camera motion.
First, in pixels relative to the center of the image,Y;) plate
coordinates are converted to look angles at the camera ():

X||x
D atan co — 2
x $INT 2)

iy

D atan co
y % x Nyf

®3)

Ix, ly are sensor dimensions (3624 mm for the full-frame sensor
in the Canon EOS 5DSR Mk Iy, Ny are image dimensions in
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FIGURE 4 | (A) A raw RGB image excerpt showing the patch of bamboo plates(B) A grayscale image produced after the color Itering step (se&quation 1 in
section 2.4.1) clearly separates the patch of plates from th background and removes sun glitter(C) The binary image (plates = 1 and background = 0) that results
after the thresholding step.(D) The recti ed patch of plates, with the major axis oriented alog the x-axis due to lack of heading data.

pixels (8,688 5,792), and is the focal length of the lens (17-21 minimized. Even when absolute recti cation is possible,sthi
mm). relative recti cation may be used to improve the performance of
These angles, after adjustment for camera pitgh, foll ( 1),  the plate linking algorithm (see section 2.4.4).
and heading () are then converted to position relativle to the Given plate positionst x; (t)g ?t time t, the following
camera f ), whichis in turn converted to absolute positiory).  minimization determines translationT and rotation to be
applied to plate position!éxi (t C 1t)gin the next image from

hetan( «C 1) (4) timetC1t:

r

cog yC p)

hetan( y C ) 5) NGELY) ' | |
P o€ xC ) min - mnROXECIHCT "X ()
! Xa D R( h!)Xr CI Xc (6) SRNCEN.

whereh is camera altitudexc is camera position, anB( ) isthe  whereN(t) is the number of plates in the image at tirhe

2D rotation matrix. For the inner minimization of Equation (7), we used the
MATLAB nearest neighbor search functidnnsearch . For
the outer minimization of (7), we used the MATLAB function
fminsearch , which searches for local minima using the
simplex search method dfagarias et al. (19988pecifying a
reasonable start value for the search is important. Theahitlue

T T istakento be the translation that maps the center of mass of

2.4.3. Relative Recti cation

Camera motion information may be unavailable, incomplete, o
inaccurate. When this is the case, it is still possible to perfor
a ‘“relative" recti cation, nding positions of plates relag to
the centroid of the collection of plates-igure 4D). Relative
recti cation builds on the assumption that the plates move
only small distances between consecutive frames and trgd la the eld of platesf X (t C 1 t)gto the origin. The center of mass
apparent motion of the entire eld of plates is due to camera®’ % (t) is also at the origin and its major axis aligned with the

motion. Since images were collected every 15 s, this assnmnptlx axis. If necessary, the initial value forc_an be (_:hosen as the
is reasonable. Note, however, that relative recti catiempves smaller of the two angles such that the primary eigenvectéief

large-scale coherent motion of the group of plates. Theeefor position covariance matriC(t C 1 t) aligns with the x-axis. The

positions obtained through relative recti cation can be dse covariance matrix is

to analyze relative dispersion but not absolute dispersidre T )

process translates and rotates the eld of plates such that the () D hixii (t) xiyi (t) )
total movement of all plates from one frame to the next is xiyi (1) viyi (1)
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where averagindni is over all the plates at time However, 2.4.5. Dispersion Metrics

for plate dispersion experiments with a preferred direction ofThe evolution of the patch was quanti ed by computing the

motion, like the front described in section 3, this rotatiemnot  dispersion, the relative dispersion of pairs of plates, and the

necessary. relative di usivity. Dispersion ellipses,2, were t to the patch
Despite our best e orts, some sun glitter may be falselyf plates in each image for comparison with the results of

detected as “plates.” Unlike real plates, which persist froméra Okubo (1971) Ellipse- tting is not a ected by the time interval

to frame and move relatively short distances, sun glittees a between images or the number of plates detected and simply

ephemeral and change depending on waves, clouds, and cameraputes the variance along the major and minor axes of the

orientation. Therefore, distances between sun glittessnfone  patch of plates@Qkubo, 197). If 5 and p denote the variances

frame to the next tend to be larger than distances traveled bgf the distribution of plates along the major and minor axes,

plates. Because the experiments were set up to minimize platespectively, then

in areas of strong sun glitter, glitters also tend to be fartaway 5

from plates. Thus, the false positions can, to some extent, be D2ayp ©)

removed with a distance threshold to the closest plate. Ireord Indication of the presence of coherent structures comes fiioen

to avou:_ mc_ludElng ?_un g;ltters 'Q the m!?tlmliatlon llt(sjelfl;\:e anisotropy of the ow eld and is revealed by anisotropy in the
summation in Equation (7) can be re-written to exclude dispersion rates. 5 and y are, therefore, computed separately,

Iarggst plate” distances, whele is chosen to be some small and the ratio-2 is used to identify incidences of anisotropic
fraction of the total number of platebl. We used a distance dispersion b

threshold of 3.4 m and fractioM=N D 0.1. While Equation (9) provides a relatively simple method to
quantify the dispersion of a patch of plates, it does not provide
any information about the motions of individual plates insithe
I;i)atch. Trajectories of individual plates (see section 2.4@jhe
other hand, can be used to compute the relative dispersion by
examining pairs of initially proximal plates. Relative dispems®
computed as

2.4.4. Linking and Particle Tracking

Once the rectied plate positions in each frame have bee

determined, plate trajectories can be constructed by ligkin

individual plates between frames. The linking procedure tergea

one-to-one associations (links) between plates from frame t

frame such that the total distance between plates in consecut ZDh(ry(t) rat)?i (10)

images is minimized\Jalik et al., 1993; Chenouard et al., 214

While both the relative recti cation and linking procedures wherer is the position vector and plate pairs are indicated by

minimize total distance between plates, they dier in thatsubscripts. The relative dispersion provides a measure of the

recti cation transforms the plate elds (as described intsee  separation of initially proximal plates at a given timeaCasce,

2.4.3) while linking does not, and linking produces one-to-200§ and is commonly used when analyzing large numbers of

one associations between plates while relative recti catioes  trajectories of virtual particles computed from numericakaa

not. We used a MATLAB linking algorithm called “Simple model (e.g.Haza et al., 20)4or HF radar velocity elds (e.g.,

Tracker" by Jean-Yves Tinevez (https://www.mathworks.coniZarlsonetal., 20)0and in limited cases when su cient numbers

matlabcentral/ leexchange/34040-simple-tracker). of drifter observations exist (e.g.aCasce and Ohlmann, 2003;
Linking performance degrades when the non-dimensionaPoje et al., 2004

spacingP D % becomes small or as position errors Following Okubo (1971)we compute di usivity ) from

due to uncorrected camera motion become large relative tdispersion

displacementyl t; Malik et al., 1998 While the Simple Tracker 2

has some ability to deal with data gaps when a plate is not aetect KD — (11)

for a frame but reappears in the next frame, the trajectories 4t

derived with this method for the sample grid deploymentspatial bin averaging d€ was performed using 5 m bins for
nonetheless tended to be relatively short, with an aversige t plates and 20 m bins for surface drifters. Bootstrap estimaites

span of 52 min, compared to the total length of the experimentthe mean Efron and Tibshirani, 1986and their 95% con dence
which was approximately 170 min. On average, plate spacingtervals were computed.

was 1 x 3.4 m, the time between images was D 15 s,

and the average velocity was 0.022 ms?, which results in 3. RESULTS

averagd®  10. HoweverP-values can be signi cantly smaller,

because maximum velocities may reach 0.22ms?, andplate  3.1. Experiment Setting

spacingl x decreases te 0.5 m as the plates cluster together.The STARSS dispersion experiment discussed here took place
Plate velocities were calculated by forward di erencing @ftel on 30 January 2016 approximately 130 km southeast of the
positions along trajectories. In order to detect and eliniéa Mississippi River Delta in a depth of approximately 140 m near
erroneous velocities due to incorrect links, each veloaitych  the region described b{p'Asaro et al. (2018)The front to be
diers by more than 2 standard deviations from the averagdargeted, extending from northeast to southwest, was ttiec
velocity in its neighborhood is eliminated from the staiist We in the aerial SST mosaid-igure 5), and its precise position
used the default 6.8 m for neighborhood radius. could be followed in real-time in the X-band radar backsaatte
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0.1 ms ! during the experimentFigures 9D,B. The meridional
surface Stokes drift velocities suggest that buoy 2 (red tot
Figure 9B and buoys 1 and 3 (blue and yellow dotsHigure 9
were on opposite sides of the front due to the consistently
opposite signs of their respective velocities. The Langmuir
number (see Equation 4 inhorpe, 2003 was approximately 0.01
throughout the experiment, which is typical of the open ocean
and indicates that the development of Langmuir circulatieey
was possible. The turbulent Langmuir numblea,

La?D U =us (12)

was approximately 0.39 throughout the experimévit{Villiams

et al., 199y In Equation 12U is the friction velocity U D
(=), where and are the wind stress and density of seawater,
respectively) andis is the surface Stokes drift. The windrows
commonly associated with LC were not observed in STARSS
imagery during this experiment. LC was observed during a
STARSS experiment that was conducted 6 February 2016, and it
will be discussed in detail in a forthcoming publication.

Winds were primarily from the west-northwest to the east-
the STARSS experiment (magenta triangle) shows a sharp frothat extends northeast_ Flgures 1OA’B' The two strongest wind events,
from the northeast to the southwest, with colder water on thewest and where wind speeds exceeded 9 IQhShad strong southerly
warmer water on the east side of the front. components and were recorded during the rst 30 min of
the experiment Figures 10C,D. These events, however, were
short-lived, lasting<5 min. A 6 min westerly wind event
was recorded approximately 150 min into the experiment

data Eigure 6). Post-processed X-band radar surface current§Figure 10Q. Throughout much of the experiment, the
(see section 2.3.4) showed that velocities were strongdr (gneridional component of the wind velocity remained northerl
ms 1) on the western side of the front and directed toward thewhile th_e zonal component was variable and changed sign quite
southwest Figure 6). Velocities on the eastern side of the front often (Figure 100.
were somewhat weaker (0.2-0.3 risand were directed toward
the west Figure 6). The thermosalinograph on the R/V Walton 3.2. Plate Dispersion
Smith showed that near-surface water was colder and fresiher A patch of plates was released near the front by a small work
the west and warmer and saltier on the east side of the frorttoat and was imaged by STARSS for nearly 4 hr, though the
(Figure 7). On larger spatial scales, surface drifter trajectorieanalysis presented here was limited to a 170 min segment. The
indicate that the front extended at least 140 Krigure 8. Some analysis began after the last plates were deployed and codtinue
of these drifters were observed in the front by aerostat dpesa until the elongation of the patch exceeded the FOV of the
on the bridge of the M/V Masco VIII during the dispersion imagery. A 17 mm focal length was used during this experiment,
experiment, along with patches of sargassum and freshwatesich corresponds to nadir-looking image dimensions of 318
vegetation. 212 m. The INS recorded incorrect heading data, the cause
The large-scale drift of the patch of plates is inferredof which is discussed in section 4, and, as a result, the STARSS
from drifter trajectories, before, during, and after theARSS images were rectied using a combination of absolute and
experiment, and the trajectories recorded by GPS receivers oelative recti cation. First, absolute recti cation (s#an 2.4.2)
three wave buoys (see section 2.3.3) that were deployed in thes performed using the horizontal position, altitude, pitch,
patch of plates. The drifter and wave buoy trajectories show and roll. Given the lack of accurate heading data and precise
general drift to the southwestF{gure 8). The average speed of synchronization between the camera and the INS, two redativ
the wave buoys was 0.15-0.18 mawith maximums of 0.25 and recti cation (section 2.4.3) passes were used. Between 250 an
0.28 ms ! observed in two buoys at the end of the experimen290 individual plates were detected in each image, whichledab
(Figure 9A). The wave buoys remained in the patch throughoutplate positions to be linked (section 2.4.4). However, change
the entire experiment despite their spherical shape and larga illumination and camera settings resulted in two gaps in the
(when compared to plates) above-water surface area that couldcti ed image sequence where insu cient contrast betwéba
have been subject to windage. ocean surface and the plates led to poor performance of the
Signi cant wave heights during the experiment were generallyletection algorithm (see section 2.4.1). While these dietec
small €1 m) and the dominant wave period was approximatelygaps did not pose a problem for cloud dispersion estimates, they
4-5 s Figures 9B,0. The surface Stokes drift ranged from 0.05 toresulted in three sets of trajectories for linked plates.

FIGURE 5 | An aerial SST mosaic (section 2.3.5) of the area targeted ding
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FIGURE 6 | A-D show the orientation of a density front that was targeted dung the STARSS dispersion experiment on 30 January 2016. Thigont is visible in
normalized marine backscatter intensity (greyscale; seeestion 2.3.4). Surface currents (black arrows), surface dter trajectories (yellow arrows) and the ship track
(blue) are also shown during the averaging period for eachaime. The black arrows in the image corners indicate image heting, mean ship heading, and wind
direction (counterclockwise from top right)(A) shows the front at approximately 30 min prior to the beginnig of the STARSS experiment. The radar data shown in
panels B-D correspond to times of 7 min, 105 min, and 170 min inFigures 9 —12.

Figure 11shows snapshots of the recti ed plate positions and=rom that point until the end of the analysis period (170
Supplementary Video 1shows the evolution of the patch of min) the streak deformed into a curved shapgéagure 11H. At
plates over the 170 min experiment. Shortly after deploymerthe end of the experiment the front appeared to break down
the patch began to contract and it reached its minimum areand the plates spread rapidly both along and across the front
at 5 min (Figure 11B. At approximately 16 min it began and many plates either left the FOV or were in uenced by
to stretch into a streak, reaching its maximum length at 3&he M/V Masco VIII. Westerly winds Kigure 10Q may have
min (Figure 11Q. The patch then contracted and varied in contributed to the apparent breakdown of the front, which was
size until the 112 min markKigure 11D), after which time it observed from 141 to 170 mirFigure 11Fand Supplementary
stretched rapidly, forming a long, narrow streakigure 115.  Video 1).
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FIGURE 7 | Sea surface temperature(A), salinity (B), and density (C)
recorded by the thermosalinograph on the R/V Walton Smith. Téastarting
location of the STARSS dispersion experiment is indicatedybthe pink triangle.

Cloud dispersion of the entire patch of plates was computed
using Equation 9 and the relative dispersion (RD) of pairs of
plates was computed using Equation 10. The temporal evolutian
of the dispersion of the patch of plates and the root-mean:
square (RMS) average of the RD is showrigure 12A The
contraction observed after deploymefigure 11B is evident in
a gradual decrease in cloud dispersion and RMS RD from 0 to|5
min (Figure 12A). A power law t to the cloud dispersion over | FIGURE 8 | Trajectories of LASER surface drifters deployed in the remi on
the interval 5-16 min suggests quasi—di usive dispersiorhwit (A) 29 January, (B) 30 January, and(C) 31 January reve_al the scal&_a_of the front

? {955 (determined by a power law  fothe subset of data (#1025 STATSS i s cors e pevous s
using Matlab's curve tting toolR2 D 0.91). The RMS RD during
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FIGURE 9 | (A) Drift speed of each wave buoy.,(B) Signi cant wave height (SWH) andC) dominant wave period (DWPd). The zonal and meridional compents of
the surface Stokes drift are plotted in(D,E), respectively.

this same interval remained relatively stable and did ndtilsix ~ corresponded to the super-Richard dispersion regime that was
any clear power law dependence. The elongation of the patch inftoted above. The dispersion ratio decreased rapidly from 141
a streak from 16 to 36 minAigure 11Q is re ected in super- to 170 min, during the apparent breakdown of the front, as
Richardson regimes for both cloud dispersior?( 188 R2 D  plates spread in both the along and cross-front directione (se
0.97)and RMSRD ¢  t*3 R D 0.96). The contraction and Supplementary Video }.
variability from 36 to 112 min is also clearly evident in bottet The relative diusivity, K, also exhibited large temporal
cloud dispersion and RMS RD. The rapid spread observed fronariability (Figure 12D). The initial K of 0.49m?s * declined to
112 to 170 min is evident in power law ts to both dispersion 7.0 10 ®m?s ! as the patch of plates contracted during the rst
metrics, with exponents of 14.8¢ D 0.93) and 8.8R% D 0.97) 5 min (Supplementary Video ). K increased to 1.110 2m?s *
for cloud dispersion and RMS RD, respectively. during the rst elongation into a streak (16—36 min). Di usityi

The major and minor axes of the dispersion ellipses andhen decreased, reaching 950 # m?s ! at 112 min and then
their ratio ( 4= p), or the dispersion ratio, are plotted in rapidly increased to 4.010 2 m?s * at 170 min. The scale-
Figures 12B,C The ratio of major and minor dispersion ellipses dependent di usivity computed from the dispersion ellipses
show anisotropic dispersion due to the front throughout the(Equation 11) shows that the STARSS experiment resolved spatia
experiment Figure 12Q with two peaks at 36 and 141 min that scales from 3 m to 42 mFgure 13A). However, the scatter at
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FIGURE 10 | (A) Direction frequency, or wind rose, of winds recorded on the MW Masco VIII during the STARSS experimen{B) Directional distribution of wind
speeds. Time series of(C) the zonal (blue) and meridional (red) components of the wingector and (D) wind speed.

FIGURE 11 | Snapshots of recti ed plate positions and ellipses afA) 0 min, (B) 5 min, (C) 36 min, (D), 112 min, (E) 141 min, and (F) 170 min. Supplementary
Video S1 shows all recti ed plate positions.
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FIGURE 12 | (A) Cloud dispersion, 2p2 4 p of the patch of plates (blue dots) and average relative dispsion of pairs of plates (pink dots) plotted as a function of
time on a logarithmic scale.(B) The major and minor axes of the dispersion ellipses are denedl by dark blue and cyan colors, respectively(C) The dispersion ratio

a= p- (D) The diffusivity () computed from Equation 11. Vertical red lines correspondatsnapshots inFigure 11 and times mentioned in the text.

the smaller scales (3—10 m) and during the rst 42 min of the(R% D 0.49). When compared with the STARSS plate results the
experiment suggests no clear dependen¢eai separation scale bin averaged drifter di usivities show consistent scalingrabe
(Figure 13A). The bin averaged di usivity (see section 2.4.5), onentire range of spatial scales resolvEdygre 13B. Figure 13C
the other hand scales 8 D 2.1 10 L4 (R2 D 0.98; shows thatthe scale dependence agrees well with Richardé&n's 4

Figure 13A). law, as well as with the dye-based result®bfibo (1971)GLAD
surface drifter results fronoje et al. (2014)and LES results of
3.3. Surface Drifter Dispersion Mensa et al. (2015)

LASER surface drifter trajectories were used to computeivela

dispersion and relative di usivity to extend the STARSS restalt 4. DISCUSSION

the submesoscale. A subset of drogued surface driftectogjes

was extracted from the quality-controlled LASER driftetat®t 4.1. STARSS Dispersion Results

(D'Asaro et al., 2017; Haza et al., 2R1Bhree-day trajectories The temporal evolution of the cloud dispersion and RD do not
of those drogued surface drifters that were within 10 km af th exhibit a local Richardson dispersion regime?(  t3) and,
STARSS experiment location at its beginning were extracted fr instead, show periods of quasi-di usive and super-Richardson
the quality-controlled and interpolated LASER drifter datet  dispersion Figure 12A). The bin-averaged di usivities, on the
(D'Asaro et al., 2017; Haza et al., 2D10f these 53 trajectories, other hand, exhibit a clear dependence on scale that agrees
21 drifter pairs with an initial separation 150 m were identi ed. well with Richardson's 4/3 law and previous observational and
The RD, relative di usivity, and bin-averaged relative di ugy  numerical results Kigure 130Q. Richardson scaling, however,
of each drifter pair were computed (see section 2.4.5). THaseir emerged from spatial bin-averaging di usivity estimatesnfro
drifters resolved dispersion over scales of 10-1,630 m duha the entire experiment while the periods of super-Richardson
3 day period consideredr{gure 13B. A power law ttothe data dispersion were short-lived, O(10 min), and corresponded
suggests the drifter di usivities scaled KsD 2.1 10 °L165 to periods of strong anisotropic dispersiorFigures 12B,G.
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The STARSS observations presented here extend
observational estimates of scale-dependent di usivity down
to 3 m (Figure 13. The bin-averaged di usivities exhibit a clear
scale dependence, which agrees well with a coastal study by
Matsuzaki and Fujita (2017ho tracked drifting buoys and
rubber mats. The range of di usivities (16 m?s 1to 0.4m2s 1)
agree with other observations at similar spatiotemporalescal
(Li, 2000; Carlson et al., 2010; Matsuzaki and Fujita, R0me
STARSS di usivity of 0.4ns 1 observed at 40 m and Okubo's
di usivity of 0.5 m?s 1 observed at 100 mF{gure 13Q show
reasonable agreement, which suggests that di usivitieshisf t
magnitude can be expected at these scales. This agreement
is striking when considering tha®kubo (1971)analyzed the
three-dimensional spread of dye releases, which are known to
behave di erently than near surface 2D motioiviénsa et al.,
2015.

4.2. STARSS Performance

STARSS met its design requirements (see section 2.2) and
satis ed the overall objective of quantifying small-scalerface
ocean dispersion in an open ocean environment, as evidenced
by the results of a dispersion experiment that was conducted
along a density front in the northern Gulf of Mexico. The plate
detection algorithms were able to distinguish between bambo
plates and ephemeral features like sun glitter and white caps
(see section 2.4.1). The use of painted plates had no disternib
e ect on detection success. Aerial images of plates wereeécti
using a combination of absolute recti cation (see sectioh.2)

and relative recti cation (see section 2.4.3) methods. Disipa
ellipses (Equation 9) quanti ed the spread of the entire patch of
plates, and the relative dispersion (Equation 10) quanti &é t
separation between individual pairs of plates.

The main drawbacks of STARSS were INS performance and
the size of the aerostat. The Inertial Labs INS was selected
as a compromise between cost and accuracy (MEMS-based
sensors are signi cantly cheaper, though much less acculete
beroptic gyro IMUs). Unfortunately, the INS did not function
as speci ed due to initialization errors. Inertial Labs regsd
the INS with an improved version that is designed for rapid
initialization on moving platforms. The INS also lacked anmve
trigger, hindering precise synchronization of the imagerghw
FIGURE 13 | (A) STARRS scale-dependent diffusivities, color-coded the INS data. Approximate absolute recti cation was performed
accor_ding to time since deployment, and bin—av_eraged diffsfvit?e_s (red dots). followed by a relative recti cation (see section 2_4.3), ckihi
(B) Bin averaged STARSS (red) and surface drifter (blue) diffusies. The large . . . . .
dots represent bootstrap estimates of the mean and the vertial lines represent Increasec_j the data a,naIySIS req.uwements and proce§3|pg time
95% con dence intervals. (C) Previous resultsOkubo (1971) Poje et al. (2014) The relatlvely |arge size and Welght of the INS made it ditul
and Mensa et al. (2015)are represented by black triangles, pink "x's, and light to mount on the camera and the combined weight of the
blue “+s. Richardson scalingk =) is shown as a solid black line. camera, lens, and INS prohibited the use of a gimbal for image
stabilization.

The large envelope of the aerostat provided 30 kg of lift,
which was su cient to lift the 10 kg onboard instrumentation
Individual di usivity estimates exhibited signi cant sdat, (Figure 1A). The lift safety factor allowed the safe recovery of the
especially in the 3-10 m scaldsigure 13A). Scatter is to be aerostat and instruments when the emergency de ation devic
expected in observational estimates of di usivity and can be d was mistakenly triggered. However, the lift requiremerftshe
to the complex ow eld, surface waves, anisotropic turbulenc aerostat required a relatively large number of helium cydirsd
and the fact that the plates were constrained to the sea surfato be stored onboard the M/V Masco VIII and the combined
and did not resolve three dimensional turbulent motioi@a(azar lift and drag of the aerostat required a custom electric winch
and Collins, 200p for retrieval. The winch, however, lacked the torque reqdito
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reel in the aerostat when wind speeds exceeded 13.n$his were connected to the submesoscale using surface drifter
problem could be solved by upgrading the winch but decreasingajectories and, when viewed together, the scale-depénden
the lift requirement would enable the use of a smaller aatpst dispersion suggest that Richardson's 4/3 scaling persists over
which would have the added bene ts of reducing the amounthe range of spatiotemporal scales sampled: 10-1,600 m and
of helium required to in ate the aerostat, which could, inrty  minutes to 3 days Rigure 13Q. In short, the presence and
permit the use of a smaller winch and allow for deployments fronpersistence of the front resulted in anisotropic dispersiomtth
smaller vessels. was observed in both surface drifters and plates down to
The heaviest components were the full-frame DSLR, sealegatial scales of O(10 m), which highlights the importance of
lead acid batteries, and the aluminum frame. The 50.6 megéapixresolving dispersion from the submesoscale down to oceanic
Canon 5DSR Mk 11l DSLR was selected because of its resolutidmundary layer turbulence scales. The apparent breakdown of
and image quality. Analysis of half-resolution images proetll  the front at the end of the STARSS experimeRig(re 11F
identical results when compared to full-resolution imagelich  and Supplementary Video ] also reveals focus areas for future
suggests that a smaller, lighter, and cheaper mirrorless rrameaesearch. The reason for the rapid dispersal of plates away from
could be used in future studies. Use of lithium polymer (LiPo)the front is not known. Given a Langmuir number of 0.01,
batteries and a carbon ber frame would also resultin sig@int  this behavior could have been due to the onset of Langmuir
reductions in weight. A mirrorless camera and a small INShwit circulation (LC) as wind speed increased and wind direction
an event trigger would also permit the use of a gimbal in futureshifted to cross-frontfigure 10and Supplementary Video }.
studies, though even a stabilized camera will be subjectdedie However, the windrows commonly associated with LC were not
sway, and surge due to wind gusts and ship motion transmittedbserved in STARSS imagery during this experiment. LC was
through the tether. observed during a STARSS experiment that was conducted 6
Since STARSS development began UAS ight capabilitigsebruary 2016, and it will be discussed in detail in a forthoam

and cameras have improved dramatically. UAS ights wouldpublication.
allow the tender vessel to stay well clear of the patch of To the best of our knowledge, this is the rst observational
bamboo plates. Most commercially available UAS, howeveattempt to simultaneously resolve surface ocean Lagrangian
were developed for cinematography and agricultural monitgri  dispersion at oceanic boundary layer scales and submessscal
and, therefore, may require some modi cations before they a STARSS-like observations can be easily replicated and atéegr
suitable for use at sea. Unlike tethered aerostat ights,ctvhi into existing and planned eld campaigns. However, we stress
do not require licenses or certi cations, research-refatdAS  that we do not expect STARSS to be duplicated exactly and any
operations are considered non-recreational by the FAA andombination of sensors and aerial platforms that can sattséy
require a commercial remote pilot certi cate. Thus, we arguaequirements summarized ifable 1 can be used. Given the
that aerostats o er a safe and stable aerial platform that arpopularity of UAS for low-altitude remote sensing applications
relatively simple to operate. For example, complete power loss ave can expect improved performance in terms of size, weight,
STARSS had no e ect on the ight characteristics of the aetostaand power in positioning systems, camera systems, and aerial
while power loss on a rotary-wing UAS would result in a crastplatforms, which, at the very least, would permit a smaller
and, therefore, signi cantly increases the risk of a compless  aerostat to be used. As UAS become more reliable, capable, and
of the system. Based on our experience, we recommend thatasordable they can also be a viable alternative to an aerostat
future implementation of a STARSS-like system address its-sho for studies of surface ocean dispersion. While some exipilit
comings as suggested above. In particular, integration 08 UAcertainly exists in the choice of aerial platform, imagingtsyn,
imaging and communications systems into a STARSS-likersysteand positioning system, the data analysis work ow presented i
could provide the convenience of “plug-and-play” hardware andection 2.4 can be applied to any imagery of drifting objects on
software with the stability of an aerostat. the sea surface, which will help Il a critical knowledge gapuat

how the ocean transports material at the sea surface and dt sma

spatiotemporal scales and will enable observations of digpersi
5. SUMMARY AND CONCLUSIONS to be obtained throughout the world's oceans. In addition to

improving our response tactics to oil spills, these resultsaidn
This paper presents the development and deployment of thiem understanding oceanic boundary layer turbulence in gaher
ship-tethered aerostat remote sensing system, data analyaisd complement numerical and laboratory studies of turbulent
techniques, and results of a dispersion experiment that wadispersion.
conducted at an o shore density front in the northern Gulf of
Mexico on 30 January 2016. The front was detected in aerial
SST imagery (section 2.3.5) and tracked by a scienti ¢ XdbanAUTHOR CONTRIBUTIONS
radar (section 2.3.4). A patch of plates was deployed on the
front, and STARSS documented the evolution of the patch fobC, TO, GN, CG, HC, MB, MC, ER, and LB aided in the
170 min (section 3). The contraction and dilation of the patchdevelopment, construction, and testing of STARSS. DC, TO,
of plates was quanti ed by computing the dispersion of theGN, CG, JM, SM, HH, MB, and MR participated in the LASER
entire patch and by computing the relative dispersion from plateexperiment. DC, HC, BF-K, JM, EF, HH, and AK developed
trajectories Figure 12. The small-scale STARSS observationgmage analysis algorithms. BL and JH provided X-band radar
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NOMENCLATURE

STARSS - Ship-Tethered Aerostat Remote Sensing System
GPS - Global Positioning System

DwH - Deepwater Horizon

GoM - Gulf of Mexico

GLAD - Grand LAgrangian Deployment

CARTHE - Consortium for Advanced Research on Transport
of Hydrocarbon in the Environment

SST - Sea Surface Temperature

LASER - LAgrangian Submesoscale ExpeRiment
FLIP - FLoating Instrument Platform

UAS - Unmanned Aerial Systems

M/V - Marine Vessel

R/V - Research Vessel

FAA - Federal Aviation Administration

NOTAM - NOTice to AirMen

IMU - Inertial Motion Unit

FFT - Fast Fourier Transform

HH - Horizontal transmit, Horizontal receive

LWIR - Long-Wave Infrared Radiation

U10- Wind speed at 10 m height

Hs- Signi cant wave height

DGPS - Di erential GPS

RTK - Real-Time Kinematic

HF radar - High Frequency radar

SUSTAIN - SUrge STructure Atmospheric INteraction
RSMAS - Rosenstiel School for Marine and Atmospheric
Science

DSLR - Digital Single Lens Re ex

GB - GigaByte

USB - Universal Serial Bus

INS - Inertial Navigation System

GNSS - Global Navigation Satellite System

Frontiers in Marine Science | www.frontiersin.org 22 December 2018 | Volume 5 | Article 479



