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Fig. 1. SLA and geostrophic current velocity around the Hawaiian Islands on March 28, 2018. SLA is negative in cyclonic (counterclockwise) eddies, and positive
in anticyclonic (clockwise) eddies. Range of current speeds: 0 ∼ 0.72 m/s. On the day represented by this map, a four-day quasi-Lagrangian study was initiated
within the cyclonic eddy (marked by the box) located immediately north of the central islands. Data source: Copernicus Marine Environment Monitoring Service
(CMEMS).

(see Fig. 1) can create enhanced stirring and vertical circulations
within frontal zones, which influence productivity and export of
carbon from the surface mixed layer [8].

Studies of how eddies influence open-ocean microbial pop-
ulations have largely relied on ship-based sampling strategies.
While this approach permits synoptic descriptions of eddies and
microbial populations, it cannot provide effective sampling of
DCM microbial populations in their natural frame of reference,
which is moving with ocean currents. Previously developed
Lagrangian platforms were used to measure volume transport
in the Gulf Stream [9] and Drake Passage [10], track water par-
cel motion in the convecting layer of the Labrador Sea [11]–[13],
and reveal mesoscale dynamics that influence the North Atlantic
spring bloom [14]. These passive Lagrangian platforms were
not designed to possess mobility for finding an oceanographic
feature. There is a growing effort toward enabling AUVs to au-
tonomously detect and track a variety of ocean features, such
as the thermocline [15]–[18], internal waves [19], [20], various
plumes [21]–[25], intermediate nepheloid layers [26], phyto-
plankton patches [27], [28], and coastal upwelling fronts [29],
[30]. In [31], an AUV demonstrated the ability to perform a
Lagrangian-box survey around a drifter. Some AUVs are now
equipped with water samplers to take advantage of the vehicle’s
mobility to collect material while underway [26], [32]–[36].

This study integrates multiple autonomous systems, including
surface and underwater vehicles, and a robotic molecular ana-
lytical instrument installed in one underwater vehicle, to study
DCM microbial ecology in its natural frame of reference on time
scales from hours to days, thereby permitting resolution of time-
dependent evolution of the microbial population in response to
environmental variations. The design of the March-April 2018

SCOPE (Simons Collaboration on Ocean Processes and Ecol-
ogy) Hawaiian Eddy Experiment is illustrated in Fig. 2, and
details are given in Section III.

A drifting second-generation Environmental Sample Pro-
cessor (2G-ESP, a robotic sample acquisition and analysis
system [36], [37]) has been deployed to study microbial ecology
off the northern California coast [38] and in the North Pacific
Subtropical Gyre [39], [40]. The 2G-ESP was suspended at a
fixed depth (23 m) beneath a free-drifting surface float, and took
water samples every 2 or 4 h. This drifting ESP was intended
for quasi-Lagrangian sampling, but windage from the large sur-
face buoy, and the fixed depth of all samples made it difficult to
stay in the areas of greatest biological activity within the water
column. In the study presented in this paper, our goal was to
accurately follow and observe a plankton community over mul-
tiple diel cycles in the DCM layer in a cyclonic eddy. The DCM
layer is not only deep, but also undulates in depth due to internal
tides and inertial oscillations. Hence, a 2G-ESP suspended at
a fixed depth from a surface float cannot accomplish the task.
A Tethys-class LRAUV equipped with a 3G-ESP and targeted
sampling intelligence enables precise and persistent occupancy
of the DCM layer.

LRAUV Aku containing a 3G-ESP (deployed in the 2018
Hawaiian Eddy Experiment) is shown in Fig. 3. The vehicle is
3.2 m long and 0.3 m in diameter at the midsection. A Tethys-
class LRAUV can run from 0.5 to 1 m/s using a propeller.
Using a primary battery, the vehicle has demonstrated a range
of 1800 km (three-week duration) at 1-m/s speed [41]. Long
range is realized by minimizing propulsion power consump-
tion through an innovative design of a low-drag body and a
high-efficiency propulsion system [42]. In addition, by using a
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Fig. 2. Illustration of collaborative operation of LRAUVs Aku, Opah, and Wave Glider Mola in the experiment. Opah and Mola both acoustically tracked Aku.
Aku tracked and sampled the DCM layer (marked by the orange curve). Opah spiraled around Aku to collect contextual data.

Fig. 3. LRAUV Aku deployed in the March–April 2018 Hawaiian Eddy Experiment. The 3G-ESP was installed in the vehicle’s fore-mid section. (The photos
were taken by Elisha Wood-Charlson during the experiment.)

buoyancy engine, the vehicle is capable of ballasting to neutral
buoyancy and drifting in a lower power mode. The LRAUV
thus combines the mobility and speed of propeller-driven
vehicles and energy savings of buoyancy-driven vehicles.
Aku’s science sensors suite (all in the nose section) includes
Sea-Bird Scientific (SBE) Glider Payload Conductivity-
Temperature-Depth (GPCTD) sensors,1 a WET Labs BB2FL

1The SBE GPCTD sensors are installed on the vehicle’s horizontal center
plane and just outside the hull. The temperature measurement range is –5 to
+ 42 ◦C with a resolution of 0.001 ◦C. The conductivity measurement range is
0 to 9 S/m, with a resolution of 0.00001 S/m. The depth measurement range is
0 to 350 m, with a resolution of 0.007 m.

fluorescence/backscatter sensor (chlorophyll fluorescence ex-
citation wavelength 470 nm and emission wavelength 695 nm),
an Aanderaa 4831F dissolved oxygen sensor, and a LI-COR
LI-192SA PAR (photosynthetically active radiation) sensor. The
WET Labs fluorescence sensor’s raw count output is converted
to chlorophyll concentration using a formula provided by the
manufacturer, and the sensor is periodically sent back to the
manufacturer for routine calibration. The PAR sensor points to
20◦ from the vertical (when the vehicle lies horizontal). In this
configuration, when the vehicle runs on a yo-yo trajectory of
±20◦ pitch angles, the PAR sensor will point upward on ascent
profiles for accurate light irradiance measurement.
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panel, Aku’s depth trajectory is overlaid on Opah-measured con-
textual temperature, which shows that Aku stayed on the targeted
isotherm corresponding to the DCM.

IV. CONCLUSION AND FUTURE WORK

In the 2018 SCOPE Hawaiian Eddy Experiment, a 3G-ESP
LRAUV ran our targeted sampling algorithm to autonomously
detect, track, and sample the DCM layer in a cyclonic eddy for
four days and acquired 38 water samples from inside, below,
and above the DCM layer. Molecular analysis of the samples
is underway, aimed at understanding the function, activity, and
environmental sensitivities of microbial populations over four
consecutive diel cycles. The result is expected to shed light on
how eddy physics affects biological processes and ocean pro-
ductivity over time.

In the Hawaiian Eddy Experiment, all cartridges were of
“archival” type, i.e., the samples were preserved for lab anal-
ysis after the LRAUV was recovered. We are currently working
on another type of cartridge that will allow on-board process-
ing of filtered material, creating a homogenate for downstream
in situ analysis [36]. To perform the in situ analysis, reactive
reagents are added to the filtered material, which is then heated
to release the genetic material and proteins. Additional reagents
are added to the sample, and the mixture is pushed from the car-
tridge to a detection instrument embedded within the 3G-ESP.
The detection instruments (under development) will target envi-
ronmental toxins or nucleic acids. Real-time molecular detection
and reporting opens exciting possibilities for 3G-ESP LRAUVs
to react to genomic findings and accordingly modify missions
to maximize scientific gains.

Multivehicle collaboration allowed continuous sampling and
contextual mapping in a moving eddy field, enabling quasi-
Lagrangian observation of DCM microbial ecology [53]. The
Wave Glider and the contextual-mapping LRAUV acoustically
tracked the sampling LRAUV, but there was no data exchange
between them. We are in the process of testing intervehicle
acoustic messaging. Exchange of key information (e.g., chloro-
phyll level and ESP status) will greatly improve efficiency,
flexibility, and persistence of autonomous targeted sampling
missions.
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